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Chapter 1

Introduction

The P vs. NP conundrum, and similar questions posed by theoretical computer science, con-
tain profound mathematical content and carry immediate practical importance. Even without
resolution of the main problems, the theory of NP-completeness and more recent extensions
regarding hardness of approximation and pseudo-randomness, have been useful companions
for practitioners in the field indicating when problems may be too hard to solve. Furthermore,
hardness results do not solely have negative implications. For example, the security of most
cryptographic systems used in practice is based on unproven hardness assumptions. Also,
through the hardness vs. randomness paradigm, hardness of functions has applications in the
derandomization of algorithms.

However, proving hardness, i.e., proving lower bounds on the complexity of explicit func-
tions, has turned out to be extremely difficult. For example, currently we still cannot exclude
the possibility of solving SAT in linear time on a Turing machine. Traditional techniques
for reasoning about complexity—such as simulation and diagonalization—do not seem to be
adequate because of the so called relativization phenomena [BGS75]. Recently, researchers
have taken a new approach by studying Boolean circuit complexity. Circuits promise to lend
themselves better to mathematical analysis than Turing machines because they are static finite
objects, and their analysis is not subject to diagonalization. Instead of proving P # NP directly,
the focus in this approach is to prove the stronger result that SAT does not have polynomial-size
Boolean circuits.

Unfortunately, proving lower bounds on general Boolean circuits has turned out to be
even more difficult. Currently, there is no explicit Boolean function in NP UE known to have
super-linear circuit size. The current best-known lower bound on the size of an { A, V ,=}-
circuit of an explicit function is 5n — o(n) [IM02]. Most progress with circuit complexity has
been made by restricting the model. For example, exponential lower bounds are known for
constant-depth circuits computing the parity function [FSS81, Has86, Yao85, Ajt83]. Progress
has not been made much beyond this low level, e.g., for all we know non-uniform TC? might
still contains all of nondeterministic exponential time! We have a good indication of where
current techniques are lacking, namely, all circuit lower bounds to this date have been obtained
by so-called natural proofs [RR97]. In the presence of pseudo-random generators (PRGs) of
certain hardness, for example in TC?, this type of argument is provably self-defeating. Namely,
proving circuit lower bounds for a given class would yield a statistical test for breaking PRGs
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contained in that class.

Arguably, the most promising approach for obtaining “non-natural” proofs is by the in-
volvement of sophisticated concepts from mathematics that are hard in a certain respect. A
promising area for such concepts is algebraic geometry. Algebraic geometry has a long history
of development and has many beautiful techniques and deep results. It already has a track
record of providing lower bounds, in work by Strassen et al. [BS82][Str73b], Bjorner, Lovasz
and Yao [BLY92], and Ben-Or [Ben83].

In order to increase the likelihood of being able to apply algebraic techniques, researchers
have considered arithmetical circuits instead of Boolean circuitry. Arithmetical circuits are
circuits built from addition and multiplication gates computing a polynomial in the input vari-
ables. An analog to the NP-theory exists in this model in the form of Valiant’s classes VP
and VNP [Val79a, Biir98]. Separation of these classes provides the same intellectual chal-
lenge as the P vs. NP question. Over fields of characteristic zero, under assumption of
the generalized Riemann hypothesis (GRH), it can be shown that VP = VNP implies that
NC3 /poly = PH/poly, and #P /poly = FP/poly [Biir00].

However, in this model the best-known lower bounds for explicit functions are obtained by
Strassen’s degree method [BCS97]. This method relates the size of the arithmetical circuit to
a well-studied algebraic invariant, namely the geometric degree, of a certain geometric object
obtained from the circuit. Unfortunately, the best possible lower bound we can prove with
this tec%n)lique for an n-variate polynomial of degree d is Q(nlogd), i.e., barely non-linear for
d =n°W,

In order to make further progress, researchers have considered more restricted arithmetical
circuits [SW99, ShpO1]. A natural one is the restriction to constant depth. Contrary to the
Boolean case, for fields of characteristic O (such as the complex numbers C, the real numbers
R, or the rational numbers Q) no super-polynomial lower bounds are known. For finite fields
the situation is similar to the Boolean case, and exponential lower bound are known [GR98].

1.1 XIIX-formulas

In characteristic zero, one of the first non-trivial constant-depth models is that of XIIX-
formulas, i.e., sums of products of sums of input variables. These networks turn out to be
surprisingly powerful. They capture a general form for computing polynomials via Lagrange
interpolation. For example, the elementary symmetric polynomial of degree d in n variables has
O(nz) YII¥-formula size, a result first noted by Ben-Or (See Chapter 2). In [SW99] quadratic
lower bounds are proved in this model, and optimal lower bounds are obtained for high-degree
elementary symmetric polynomials.

Their technique is based on considering the behaviour of the higher order partial deriva-
tives of a given polynomial f, under restriction to arbitrary affine linear subspaces. For a

d
polynomial f in variables x1,x2,...,x,, one can define the dth-order partial derivative B—Xf with
respect to a multiset of variables X of size d syntactically, with no need for considering a
limiting process. Letting 9¢(f) stand for the set of all such dth-order partial derivatives of f,

the dimension of the linear span of the collection of polynomials in 9¢(f) defines a measure
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of complexity of the polynomial f. One can generalize this to considering the dimension of
the set of dth-order partial derivatives after restriction to some affine linear space A, which is
denoted by dim[0?(f) ). This defines a “progress measure” that is subadditive: for any f,g
and A, dim[09(f + gl < dim[0¢(f) ]+ dim[0¢(g) 1. Let us sketch one of the lower bound
arguments of [SW99].

“Reasonable” estimates can be given that bound dim[9([T/_, L;)|,] for a product of linear
forms Ly, L,,...,L,, provided the degree r is “low”. For high degree multiplications this cannot
be done. They are dealt with by cancelling them out by means of the restriction to an affine lin-
ear space. Polynomials f for which dim[09 (f) 1) is “high” for any affine linear space A can be
seen to require large size XI1X-formulas by means of a trade-off argument. Namely, if there are
many high degree multiplication gates, the formula must be large to start with, but otherwise, it
becomes possible to define a restriction to an affine space A, which is designed to set to zero at
least one input of each high degree multiplication gate. Next using the subadditivity property
and the “reasonable” bound for low degree multiplication gates, and the fact that dim[0¢ (f) 1a)
is high, one obtains a lower bound on the multiplicative size of the formula for f.

In Chapter 3 we continue the study of XIIX-formula. We wil show a refinement of the
above described partial derivatives technique, which enables us to account for the number of
addition gates in the formula, rather than just multiplicative size. Taking circuit size to be
the total number of wires in the circuit, we obtain somewhat sharper lower bounds than the
Shpilka-Wigderson method would imply for a variety of polynomial families.

Also in Chapter 3, we introduce a companion technique for proving XI1X-formula size
lower bounds, which we’ll show to be useful in case the partial derivatives technique fails due
to an a priori low value of dim[0“(f)]. Our technique exploits a certain cancellation avoidance
property of polynomials under restriction to affine linear spaces. The crucial notion is that of
resistance of a polynomial f. Resistance depends on whether f, or more generally whether
some higher order partial derivative of f, is non-constant on all affine linear spaces of a given
dimension k. The smaller this dimension k, the more resistant the polynomial f is, and the
larger the XI1X-formulas for computing f are required to be.

All techniques, those of [SW99] and ours, currently known for proving XI1X-formula, are
limited to proving at best quadratic lower bounds. A major open problem is to prove super-
polynomial lower bounds for explicit functions on XI1X-formula size. Likely candidates to
require exponential size in this model are the determinant and permanent polynomials. In light
of [Val79a], polynomial-size XI1X-formulas for either one of these implies that all polynomials
in VP have polynomial-size depth 3 formulae. Note that recently Mulmuley and Sohoni pro-
posed a representation theoretic approach to prove the permanent requires super-polynomial
arithmetical circuit size [MSO1].

1.2 Restricting the Role of Constants

One of the central mysteries in arithmetic circuit complexity over infinite fields F is the com-
putational power conferred by the ability to use “for free” constants of arbitrary magnitude
and/or precision from F. These constants are a major technical obstacle in relating arithmetic
complexity to Boolean circuit complexity theory, and recent methods by translation to large
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finite fields (see [Biir00] after [K0i96]) seem to have limited domain of application. It is com-
monly observed (e.g. by [Mor73, Cha98, Mul99]) that classic important algorithms employ
only simple constants. A major exception is polynomial interpolation, but even here it seems
that over fields containing the rationals, small constants with enough bits of precision can be
employed equally as well as large ones.

To probe the significance of (the magnitude of) field constants, several researchers have
obtained (often asymptotically tight) size lower bounds on arithmetical circuits in which a
uniform bound is imposed on constants. Morgenstern [Mor73] proved that bounded-coefficient
circuits (henceforth, be-circuits) need size Q(nlogn) to compute the linear transformation for
the Fast Fourier Transform. Chazelle [Cha98] obtained similar bounds for geometric range-
searching problems, while Lokam [Lok01] obtained related size-depth tradeoffs for bc-circuits
computing linear transformations with certain degrees of rigidity. More recently Raz [Raz02]
broke through by obtaining Q(nlogn) lower bounds for a natural bilinear function, namely
multiplication of two \/n X \/n matrices. Biirgisser and Lotz [BL03] extended Raz’s ideas to
obtain tight Q(nlogn) bounds on be-circuits for cyclic convolution, and thence for polynomial
multiplication and related bilinear functions. These lower bounds hold even when the bc-
restriction is lifted for O(n!~%)-many “help gates.” The natural question is, can one obtain
similar lower bounds without the bc-restriction at all?

We will continue the study of bilinear circuits with bounded coefficients. In particular
our focus will be on the cyclic convolution mapping. It can be computed using the discrete
Fourier transform and its inverse by a O(nlogn) size bounded coefficient bilinear circuit, as is
a well-known folkore result. Our goal is to generalize the arguments of [Raz02, BL03] to more
general models of computation that allow for more unbounded coeffcients.

For this purpose we introduce in Chapter 4 our main bridging concept, resulting in a model
whose computational power lies somewhere in between the general unbounded coefficient and
bounded coefficient models. This is done by allowing certain linear transformations to be done
by the bilinear circuit at the input free of charge. For a bilinear function f(X,¥), we consider the
orbit of f under the natural “double action” Gf = {Ax,y.f(Ex,Dy) : D,E € G} of some group
G of n x n matrices. Such actions on multilinear maps f, like the determinant and permanent
polynomials, form the basis of Mulmuley and Sohoni’s above mentioned proposal on super-
polynomial (arithmetical or Boolean) circuit lower bounds [MS02]. Note that this model not
only works past the above-mentioned O(n!~¢) limit on “help” gates with unbounded constants,
it also does not constrain the linear circuit complexity of D and E themselves, which may be
as high as quadratic.

We note first that taking G to be all of SL,(C), the group of complex matrices of deter-
minant 1, is close to the arbitrary-coefficients case from the standpoint of lower bounds. This
means, however, that partial progress should further restrict either the matrices D, E or some
other aspect of the circuits. We extend the lower bounds in [BLO3] when D, E (also) have
bounded condition number.

In Chapters 5 and 6 we will invesigate the scenerio where the matrices D and E are re-
stricted to be diagonal, focusing on the circular convolution bilinear function. Here one is
naturally lead to questions about minors of the n x n Fourier matrix DF T,. Relations will be
established between our aims of proving lower bounds for the diagonal orbit model and discrete
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analogues of the Heisenberg uncertainty principle. Part of our lower bounds will be derived
from the Donoho-Stark discrete uncertainty principle [DS89], which gives bounds on the mea-
sure of simultaneous concentration of an n-vector x and its discrete Fourier transform DF T,,x.
As a main result, which will be of independent interest, we will establish a quantative bound
on the expected value of the determinant of certain Random Vandermonde matrices with nodes
on the unit circle in the complex plane. This result is then used to prove circuit lower bounds.
As a by-product we will deduce also an uncertainty type relation for the discrete analog of
the band-limited functions. Certain limitations of this approach will be probed by considering
results known about the so-called prolate spheroidal wave functions studied in [Sle78].

1.3 Depth Restrictions

Finally in Chapter 7, we will consider arithmetical circuits of constant bounded depth (not just
depth 3 as was done with the XITX-formulas). First we will establish several structural results
that focus on the relation that exists between arithmetical circuits computing a polynomial,
and circuits that compute all of it partial derivatives. An analogue will be proved of the Baur-
Strassen Derivative Lemma [BS82], in which a circuit for a polynomial p is transformed into a
circuit that compute a linear combination of all the partial derivatives of p with only constant
factor increase in size. This form of the Derivative Lemma has the additional advantage that it
truly does not introduce any new constants in the circuit. This is a property the Baur-Strassen
lemma notoriously is known not to satisfy. We will extend some of the results of [LokO1] to a
particular kind of bounded depth bounded constant ’linear combination” bilinear formula.

Next, we will consider bounded depth bilinear circuits without any kind of assumption
on the magnitude of constants. In [RR03] a weakly non-linear lower bound is proved for the
matrix multiplication bilinear map. The proof involves a “superconcentrator Lemma” to prove
the lower bound. We combine this lemma with the discrete uncertainty principle for cyclic
groups of prime order, as proved by Tao [Tao91], to obtain a non-linear lower bound for the
cyclic convolution bilinear map.
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Chapter 2

Preliminaries

2.1 Background Material

All rings are assumed to be commutative and have a multiplicative identity 1. We write [n] as
shorthand for {1,...,n}. We assume familiarity with standard notation for complexity classes
such as P = U>oDTIME[rf], NP = U;>oNTIME[r*], and so on.

2.1.1 Computational Models

Let R[x1,...,x,| denote the polynomial ring in variables xi,...,x, over a ring R.

Definition 2.1.1. Let Rbe aring and x1,x3,...,x, be a set of variables. An arithmetical circuit
over R is a 3-tuple (G,Y,x), where G = (V,E) is a directed acyclic graph and y:V — RU
{x1,x2,...,x,} U{+, x} is the gate identification function and K : E — R is the wire constants
function, satisfying:

1. if in-degree(v) = 0, then y(v) € RU{x1,x2,...,Xn},
2. if in-degree(v) > 0, then y(v) € {+, x},

The vertices and edges in an arithmetical circuit are called gates and wires. Gates with
in-degree 0 are called input gates, or inputs for short. All other gates are called regular gates.
For a regular gate v, if y(v) = +, then v is called an addition gate, and if y(v) = X, v is called
a multiplication gate. For a gate v, a wire of the form (u,v) is called an input wire to v, and a
wire of the form (v,u) is called an output wire from v. Note that constants can appear on wires
and as inputs.

Definition 2.1.2. Given an arithmetical circuit C = (G, Yy, k) we define the polynomials com-
puted by ( to be the function ¢ : V|G| — R[x1,...,x,] inductively as follows:

1. ¢(v) =y(v), if v is an input gate,
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2. 0(v) = Y7 x(e)d(v;), if v is an addition gate with input wires e; = (vi,v), e =
(v2,v),...,er = (v,,v), and

3. 0(v) =TI_, x(ei)0(v;), if v is a multiplication gate with input wires e; = (v1,v), ez =
(VZ,V), ceey € = (Vr,V)~

In the above definition, ¢(v) is called the polynomial computed by the gate v. If for a polyno-
mial p € R[x1,x2,...,x,] there exists a gate v € V[G] for which ¢(v) = p, we say p is computed
by C.

The size of an arithmetical circuit C = (G, Y, k), denoted by s(C), is defined to be the total
number of wires in G. The multiplicative and additive size of C, denoted by s*(C) and s*(C),
respectively are defined by

s°(C) = {(u,v) € E[G] : v(v) = X},

and
sT(C) = [{(u,v) € E[G] : ¥(v) = +}|.

Definition 2.1.3. An arithmetical formula is an arithmetical circuit ¥ = (G,Y,«) for which
all regular gates have out-degree at most one. For formulae, their size, multiplicative size and
additive size are denoted by £(F),¢*(F ), and £1(F ), respectively.

Note that in the above definition we did not provide subtraction and division gates. The
former can be handled in our model using addition gates with —1 on the second input wire. By
standard robustness results [BCS97], it is not necessary to include division gates for computing
polynomials.

Definition 2.1.4. Let py,p»,..., py be a collection of polynomials from R[xy,...,x,]. The cir-
cuit/formula complexity of p over R, denoted by sg(p1,p2,...,Pm) and Lr(p1,p2,-- -, Pm)
respectively, is the size of a smallest circuit/formula computing all of p{, p2, ..., p. For multi-
plicative and additive size, these are denoted by S}E (p1,p2,---,pPm) and [ IE (p1,p2,---,Pm), with
Oe{x+}

In case it is clear from the context which underlying ring R we are working over, we will
drop the subscript R in our notation. Sometimes the underlying field matters. For example,
over the complex numbers C, (& (x3 +x3) = 1 witnessed by the formula (x; + ix2) (x1 — ix2),
but over the real numbers R one has (g (x% —|—x%) = 2. Suprisingly however, many results and
properties are independent of R, or care only whether R is finite or infinite, and if so whether
its charateristic is 0, 2, or an odd prime.

We will now define several computational models of importance, that satisfy additional
restrictions.
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2.1.2 XII¥-formulae

As the main object of study in Chapter 3 we have the following model introduced by Shpilka
and Wigderson [SW99]:

Definition 2.1.5. A XI1X-formula is an arithmetical formula ¥ = (G,Y,x) such that on any
directed path (u,us), (u2,u3), ..., (m—1,uy) in G there do not exists indices 1 <i< j<k<m
such that y(u;) = y(ux) = x and y(u;) = +.

In other words, a XIT¥-formula can be thought of as having the following structure. First
there is a group of addition gates computing linear forms of the input variables, then there is a
group of multiplication gates that multiply these linear forms. Finally there is a last group of
gates that compute linear combinations of these products.

For a collection of polynomials py, p2, ..., p, we will denote the size of a smallest XITX-
formula computing p1,p2,...,pm by 3 r(P1,P2,--.,Pm). Similarly as before, we define /3 ,
and E;f & for multiplicative and addive complexity. Note that in Chapter 3 the underlying ring is
assumed to be an arbitrary field of characteristic 0, e.g., the complex numbers C, and we will
drop the R subscript there.

Given a XIIX-formula computing a single polynomial p with s multiplication gates in some
fixed order, we can write

where
d4
M;= Hj’zll,-’j,

and
lij=cijaxi+cijoxa+...+¢ijnXn+Cijo

Here d; is the in-degree of the ith multiplication gate, and ¢; ; x is nonzero if and only if there
is a wire from x; to the addition gate computing /; ;. Note that [; ; is homogeneous of degree
1, i.e., strictly linear, if ¢; j o = 0, and is affine linear otherwise. For an affine linear form /, we
will denote its strictly linear part by 1",

2.1.3 Linear and Bilinear Circuits

Definition 2.1.6. A circuit £L = (G,Y,X) is called a linear circuit if it has no multiplication
gates, i.e., for each gate v, Y(v) = +, y(v) € R, or Y(v) = x; for some variable x;. If for no gate
v, ¥(v) € R, the circuit is called homogeneous.

For linear circuits, R will be assumed to be a field. In a homogeneous linear circuit each
gate computes a homogeneous linear form: for each g € V[G], 0(g) = ajx; +axxp + ... +apxy
with @; € R.  An ordered list of k gates (gi1,82,...,8%) thus define a linear transforma-

tion R” — R given by mapping @ = (a1,as,...,ax) — (0(g1)(a),0(22)(a), ., 0(20)(a)). A
k x n matrix A likewise determines a linear transformation R* — R¥ defined by mapping
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a=(ay,ay,...,a,)" — Aa. We denote by s;;,(A) the minimum size of a linear circuit that
computes this linear transformation.

For bilinear circuits the set of variables is assumed to be partitioned into two sets
{x1,x2,. .., x0 } U{y1,¥2,...,ym}- We will study the following homogeneous bilinear circuit
model:

Definition 2.1.7. A homogeneous bilinear circuit is an arithmetic circuit B = (G, Y, k) satis-
fying:

1. for each multiplication gate v, the polynomial ¢(v) computed at v is a homogeneous
bilinear form in variables {xy,x2,...,x,} U{y1,¥2,...,Ym}, and

2. no input gate v has y(v) € R.

For a set of bilinear polynomials pi,p2,...,pr € R[x1,X2, ..., X0, V1,2, -+, Ym], We de-
note bilinear circuit complexity by s, g(p1,p2, ..., px). Similarly as before we define notation
sy, Ip, I, and [ for additive/multiplicative circuit/formula size.

Any homogeneous circuit computing a linear transformation wlog. can be assumed to
have no multiplication gates. Any homegeneous circuit computing a set of bilinear forms can
therefore wlog. be assumed to a homegeneous bilinear circuit of the structure defined above.

The above models will be considered under restriction of constants on the wires to bounded
coefficients. Generally, one could define (families of) bounded-coefficient circuits over C or R
by restricting constants on the wires to have norm O(1). We will adhere to a stricter definition,
with the knowledge that typical results easily generalize to O(1) size constants:

Definition 2.1.8. A circuit C = (G, 7, k) over C or R is called a bounded-coefficient circuit if
for every e € E[G], |k(e)| < 1.

We will use the sub/superscript “bc” to indicate bounded coefficient size of polynomials.
For bounded coefficient homogeneous linear circuits, lower bounds can be obtained through
the following result by Morgenstern:

Theorem 2.1.1 ([Mor73]) Let A be an n x n matrix, then sb¢ (A) > log, |det(A)|.

lin
We define the discrete Fourier transform matrix DF' T, by
(DFT,);j = 0",

27i/n

where ® = e . Its unitary version we denote by F;:

P DFT,
The conjugate transpose of a matrix A will be denoted by A*. A matrix A is called Hermitian
or self-adjoint if A* = A. A matrix is called unitary if AA* = A*A = I. As indicated above
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F,F,; = F,F, = 1. Alittle elementary linear algebra shows:
\det(DFT,)|* = det(DFT,)det(DFT,) = det(DFT,)det(DFT}) = n".

So by Morgensterns result:
bc n
Sim(DFT,) > Elogz n,

which is asymptotically tight, given that the circuits for DF'T,, as given by Cooley and Tukey
[CT65] are of size O(nlogn) and have bounded coefficients.

2.1.4 Perturbation Theory

We require the following basic results from perturbation theory, see e.g. [Bha97]. For vec-
tor x = (x1,x2,...,%,) € C", we define its f,-norm by ||x||> = \/X}/_; |xi|?>. The ¢-norm (or
spectral norm) of an m X n matrix A is defined by

A
||AH2:maXH x||2,
0 |[|x]]2

and the Frobenius norm is defined by

m n
HAllF =/ Y Y 1A%
i=1j=1

An eigenvalue of a complex square marix A is a complex number A for which there exist
a vector x such that Ax = Ax. For Hermitian matrices all eigenvalues are real numbers. We
denote the ith largest eigenvalue of an n x n Hermitian matrix A by A;(A), i.e. we have —eo <

M(A) <N—i(a) < ... <NM(A) <oo.
Theorem 2.1.2 (Weyl’s Perturbation Theorem) Ler A and E be Hermitian matrices. Then

max [A,(4) =4, (4+ B)] <||E] |2

We also need the following theorem.

Theorem 2.1.3 (Hadamard Inequality) For an n X n complex matrix A with columns
ay,az,...,ay,

|det(A)] < laill2.
=1

Intuitively speaking, for an n x n matrix A, |det(A)| is the volume of the parallelipiped
spanned by its columns (or rows). This volume is maximized by making the columns orthog-
onal, and it can then be computed by just taking the n-product of the lengths of these vectors.
This is essentially the content of the above theorem.
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2.1.5 Cyclic Convolution

Definition 2.1.9. The cyclic convolution x oy of two n-vectors x = (xo,x1,...,%,—1)7 andy =
(Y0,Y1,---,¥n_1)T is the n-vector (zo,...,z,_1)7 with components
%k = Z Xiyj
i+ j=k mod n
for0 <k <n.

For example, for n =5, we get

X0Y0 +X4Y1 +X3Y2 +X2Y3 +X1)4
X1Y0 +X0y1 +X4y2 +X3y3 +X2Y4
xoy= | X2yo+x1y1 +Xoy2 +X4y3 +X3y4
X3y0 +X2Y1 +X1Y2 +X0Y3 +X4Y4
X4y +X3y1 +X2y2 +X1Y3 +X0Y4

When fixing x = a = (ay, . ..,a,_1)", the induced map on y is computed by the circulant matrix
Circ(a), which we define by

ao ap—1 -+ az aj
a apg - a3 a
Circ(a) =
an—2 ap-3 -+ 4g dp—1
ap—1 dp—2 - a4 ao

That is, we have that
xoy = Circ(x)y = Circ(y)x.

Convolution can be computed using the Fourier transform, according to the following folklore
result:

Theorem 2.1.4 (The Convolution Theorem) For any a € C",
Circ(a) = F,diag(DF T,a)F); .

In the above, for a vector x = (x1,x2,...,%,)7,

xx 0 --- 0 0

0 xp --- O 0
diag(x)=| & :

0O 0 - x,—1 O

o o --- 0 x

Through the convolution theorem and using the O(nlogn) circuits for the Fourier trans-
form, we thus obtain
Spe(x0y) = O(nlogn).
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We also find it convenient to consider the “half convolution” defined by HCirc(x)y, where
HClirc(a) is the lower-triangular matrix

aop 0 0 O
al ag 0 O
an—2 ap-3 -+ agp O
ap—1 dap-2 -+ dip qao

Then x oy can be obtained by adding HCirc(x)y to the inverted vector
HCirc(xp—1,%—2,---,X1)(V1,Y2,--+,Yn—1), Which can be done by bilinear (bc) circuits with
linearly many extra + gates. Thus lower bounds on xoy extend immediately to HCirc(x)y. The
convenience is that HCirc(x)y is definable by recursion from HCirc(xy,...,x,—2)(V1,---,Yn—2)
needing only linearly-many extra binary * gates applied to xq,yo and elements of xg,...,x,—1
and yo,...,y,—1 and preserving the bilinear format. Namely, zero out the first column
and main diagonal of HCirc(a), observe that the piece in between is the lower triangle of
HCirc(ay, .. .,a,—») multiplying the interior n — 2 elements of y, and restore the summands
in the first column and main diagonal involving xo and yg. We use this fact in the proof of
Theorem 4.0.1.

2.1.6 Families of Polynomials

Let R be a ring. In general if /(n) is a strict monotone increasing function on natural numbers
and

P ={pn € R[x1,x2,...,X(s)] }n>0

is a family of polynomials one can define the (non-uniform) complexity as the function defined
by s(n) = s(p,(n)). For uniform complexity one would requires in addition the existence of
some Turing machine that can output descriptions of minimum circuits for each n, but in this
document we will only consider non-uniform complexity.

Let S, be the symmetric group. The determinant polynomial A,, and permanent polynomial
IT, on n? variables are defined by

n

Ay = Z Sgn(G) Hxi,c(i)a I, = Z Hxi,c(i)a

cEeSy, i=1 ceS,i=1

where sgn(o) is the sign of the permutation 6. Note that I1,, is the same as A, except without
the sign alternations, and these are the same polynomial when the underlying field has char-
acteristic 2. Valiant [Val79a] proposed a theory analogous to the theory of NP-completeness
in which the determinant and permanent play the roles of feasible and infeasible complete
problem. The determinant has polynomial size arithmetical and Boolean circuits. The perma-
nent is strongly suspected not to have polynomial size circuits of either kind [Val79b, Biir98].
Raz [Raz04a] recently showed that any multilinear formula computing the permanent or de-
terminant must have size n20°¢") Both A, and II, are expected to require exponential size
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in the XIIX-formula model. However, the best-known lower bound for both A, and II, is
Q(n*/logn), i.e., Q(N?/logN) in the number N = n? of variables [SW99].
Next we define the elementary symmetric polynomial of degree d:

Sz: Z Hx,'.

Tcn) €T
\T|=d

Ben-Or observed the surprising fact that S¢ has O(n?) size LIIX-formulas, where the constant
in the big-O does not depend on d. This is done as follows. Define the polynomial g(¢) =
IT'_,(t 4 x;). Observe that g(t) =Y/, S¢(X)t"=?. We can compute g(to),...,g(t,) for any
given constants fg...t, in parallel with n+ 1 multiplication gates of degree n. Now, from the
Lagrange interpolation formula, it follows that the coefficient of t"~¢, which equals S¢, is a
linear combination of g(to)...g(t,). Hence we obtain a XTTZ-formula for S¢ using a total of at
most 3n2 +4n + 1 wires. In [SW99] the following lower bound was obtained for SZ:

2d
d+2

05(524) > max (Q(nd

),Q(nd)) ,Vd < 4n/9.
In light of the Ben-Or upper bound, we see that this is tight for d = Q(n).

2.1.7 Algebraic Geometry

For results and definitions stated in this section see [CLO92, BCS97].
Definition 2.1.10. Let R be a ring. A subset / of R is an ideal if,

1. foranya €I, forallr € R, ra € I, and
2. foralla,bel,a+bel

For example, if ay,. .., ay are elements of R, then the set of all elements of the form ria; +
...+ rsas, withall r; € R, 1s an ideal. Itis called the ideal generated by ay, . . . ,a,, and denoted by
ajR+ ...+ agR orjust (ay,...,ay). If for an ideal there exist finitely many elements ay, ..., ds,
such that I = (ay,...,ay), then L is called finitely generated. 1t is a fact that the polynomial ring
Fxi,...,xp] is Noetherian, implying that all its ideals are finitely generated.

Let 1,J be ideals. Observe that /N J is an ideal, and that the set of all elements a + b with
a € 1,b € J, is an ideal. We denote it by I +J. More generally, for a family of ideals {/;}scs,
define Y cg/;, to be the set of all sums Y (cgas, with ag € I, ag # 0, for only finitely many s.
Let /- J be the set of all finite sums ) ; a;b;, with a; € I,b; € J; then I - J is an ideal.

Now let R = F[xq,...,x,]. The set F", of all n-tuples (ay,...,a,) with a; € F is called
n-dimensional affine space over F. The elements of F"* are called points.

Definition 2.1.11. Let / be an ideal in R. The affine variety defined by I, denoted by V(I), is
the subset of tuples (ay,...,a,) € F", such that f(ay,...,a,) = 0, for every polynomial f € I.

We have the following elementary proposition:
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Proposition 2.1.5 For ideals I,J,{I}scs in R, polynomials fi, ..., fs € R,
(Xsesls) = NsesV (L)
2.V{I-J)=v(I)uV().
3. V(R=(1))=0.
4. V((0)) =

The above Proposition shows that we can define a topology on n-dimensional affine space, by
taking as closed sets all varieties in F". This topology is called the Zariski topology.

1.V
Vv

Proposition 2.1.6 Let V be a subset of F". Then the set of all polynomials f € Fxy,. .. x,]
such that f(ai,...,a,) =0, for every point (ay,...,a,) €V, is an ideal. This ideal is denoted
by I(V).

We would like to define the geometric degree of an affine variety. In order to do so we
must introduce the concept of projective space. In the following, let R = F [x, ..., X,].

Definition 2.1.12. Let P" be the set of all (n+ 1)-tuples (ay, . ..,a,) € F**1/(0,...,0), where
we identify points (ag, . . .,ay) and (by, ..., b,), if there exist a nonzero A € F, such that a; = Ab;,
forall i € {0,...,n}. P" is called n-dimensional projective space. The equivalence class of a
point (ao, ...,a,) is denoted by [ag : ... : ay].

A polynomial is called homogeneous, if all its monomials are of the same degree. An
ideal I € R is called homogeneous if it can be generated by homogeneous polynomials. For a

polynomial f € F[xy,...,x,], it homogenization f” is defined by xgeg(f)f(x—‘ co ).

BRI
Definition 2.1.13. Let / be a homogeneous ideal in R. Let V() be the set of point (ag : ... :
a,) € P" such that f(ag,...,a,) = 0, for all homogeneous f € I. V() is called the projective
variety defined by I. Conversely, if V is a subset of P", then the ideal generated by all homoge-
neous polynomials f € Fxo,...,x,] that vanish on V, is called the ideal of the variety V, and
denoted by I(V).

As in affine space, the set of all varieties in P" forms a topology. We can embed n-
dimensional affine space into P" via the map ¢ : F" — P", defined by mapping (ay,...,a,) to
[1:ap:...:ap.

For a homogeneous ideal / in R, let / ) be the set of all homogeneous polynomials of /
of degree ¢, and let R be the set of all homogeneous polynomials of degree t. [ () is a vector
subspace of R"). Define H;(t) = codimension of 1) in R"). The function Hj(z) is called the
Hilbert function of the ideal I. We have the following classical result.

Theorem 2.1.7 (Hilbert-Serre, see [BCS97], p. 178) Let I be a homogeneous ideal of R =
Fxo,...,xn], and assume that V (I) is nonempty and of dimension d. Then there exist unique
integers ho,hy,...,hg, such that the polynomial

d
= Zh](g—]>

J=0
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satisfies h(t) = Hy(t), for all sufficiently large t > 0. The uniquely determined polynomial h, is
called the Hilbert polynomial of the ideal I.

Definition 2.1.14. We define the geometric degree GDEG(/) of the homogeneous ideal /, to
be the uniquely determined integer /g of Theorem 2.1.7. The geometric degree of a projective
variety V is defined as the geometric degree of I(V).

The above is the classical definition of geometric degree of a projective variety found in
algebraic geometry.

Definition 2.1.15. A subset V of a topological space X is irreducible, if it is nonempty, and
whenever we can write V = U UW, for sets U and W that are closed in V, then one of U and
W equals V.

Affine and projective n-space are Noetherian topological spaces, which implies that every
variety V has a unique decomposition V = V| U... UV into irreducible varieties, up to order
of terms. The V;’s are called the components of V. For an ideal I, define the radical of I to be
the ideal {f | 3n > 0, f" € I}. The radical of I is denoted by v/I. A cornerstone of algebraic
geometry is the following theorem:

Theorem 2.1.8 (Hilberts’s (Strong) Nullstellensatz) Over algebraically closed fields, for
any ideal I, it holds that

V(1)) = VI

This gives a 1-1 correspondence between radical ideals and varieties called the algebra-
geometry dictionary. An ideal / is called primary, if for every a ¢ I, for every b with ab € I, it
holds that " € I, for some n > 0. An ideal / is called prime, if for every a,b € R, if ab € I, then
aor bisin /. In the algebra-geometry dictionary prime ideals correspond 1-1 with irreducible
varieties. Every ideal I can be written as an intersection / = /1 N... NI of primary ideals, called
the primary decomposition of I, such that V(I;) U...UV () is a decomposition of V (I) into
irreducible components, and with radicals v/1 ;j being unique prime ideals.

Definition 2.1.16. For a non-empty affine variety V, let Vi,..., Vs be the irreducible compo-
nents of the closure of ¢(V) in the Zariski topology. We define! the affine geometric degree
gdeg(V) of V by
N
GDEG(Vy),
i=1

This can be computed from any ideal 7 such that V = V() by calculating a primary decompo-
sition of I as Iy N... NI, and then summing GDEG(+/T ;) over the factors. By convention we
let gdeg(0) = —1.

ICaution to the reader: this differs from [BCS97], def. 8.22., by decomposing ¢(V') rather than V. This makes
the affine case subordinate to the projective case, and Theorem 2.1.9 merely specializes the statement in [BCS97].
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Two facts about affine geometric degree:
1. gdeg(F")=1.
2. If f is a polynomial of degree d > 1, then gdeg(V (f)) < deg(f).

The main fact we will use about degree is the following from of Bézout’s Theorem stated as an
inequality:

Theorem 2.1.9 (cf. [BCS97], p. 181) For affine varieties X and Y, we have that

gdeg(X NY) < gdeg(X) - gdeg(Y).
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Chapter 3

Lower Bounds on XI12-formulae

In contrast to the case of Boolean circuit complexity, in arithmetical circuit complexity we
do not currently have exponential lower bounds (for “natural” mathematical functions) against
constant-depth circuits, or even constant-depth formulas, in case the underlying field has char-
acteristic zero. Shpilka and Wigderson [SW99] noted that such lower bounds are unknown
even for formulas that are sums-of-products-of-sums, the XITY formulas defined in Chapter 2.

These formulas have notable upper-bound power because they can carry out forms of La-
grange interpolation, including that needed to compute the symmetric polynomials S¢ (defined
to be the sum of all degree-d monomials in n variables) in quadratic size. This heightens the
contrast because the Boolean majority function, which is analogous to S,Ln/ 2l , requires exponen-
tial size in constant-depth Boolean circuits [Has88]. Thus XITX formulas present a substantial
challenge for lower bounds, as well as being a nice small-scale model to study.

The multiplicative size ¢* of an arithmetical formula or circuit with gates of bounded
or unbounded fan-in can be taken as the total fan-in to multiplication gates. Lower bounds
on ¢* imply lower bounds on the total circuit/formula size ¢, taken as the number of wires
in the circuit/formula. The best known lower bound for general arithmetical circuits has re-
mained for thirty years the Q(nlogn) lower bound on £* by the “Degree Method” of Strassen
[Str73a] (see also [BS82, BCS97]), which however applies to some simple functions such as
f(x1,...,x,) =xf+...+x5,. Shpilka and Wigderson [SW99] proved lower bounds on ¢* of
Q(n?) for ¢ when d = ©(n), n> 8@ for §¢ with small values of d, and Q(N?/polylog(N))
lower bounds for the determinant, with N = n2. Of course, many natural arithmetical func-
tions including the permanent [Val79b] are conjectured to require exponential size (for £*) for
general circuits, let alone XITY ones. Straight counting of equations for monomial coefficients
show that “generically” functions need exponential size. However, Strassen’s technique has
the limitation that Q(nlogn) is the best lower bound for a polynomial of total degree n°0) in
n variables that it can prove, and the main methods of Shpilka and Wigderson [SW99] have
a similar limitation of Q(n?) for LITZ formulas. Shpilka [Shp01] gets past this only in some
further-restricted cases, and also considers a depth-2 model consisting of an arbitrary symmet-
ric function of sums. This barrier provides another reason to study the XII¥ model, in order to
understand the obstacles and what might be needed to surpass them.

In this chapter we prove a sharp n> lower bound on ¢* for XITX formulas for the function

19
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f(x1,...,x,) =x7 +...+x]; computed over the real or rational numbers, and a lower bound of
n?/2 over any field of characteristic zero. Note the absence of “O,Q” notation. These lower
bounds are obtained via a new notion we introduce, namely the resistance of a polynomial.
A technique is introduced for proving up to quadratic XI1X-formula size lower bounds for
polynomials with high resistance.

Next we prove lower bounds on the total complexity ¢ for some of Shpilka and Wigder-
son’s functions that are significantly higher (but still sub-quadratic) than their bounds on ¢*
when the degree d of the function is small. This is done intuitively by exploiting a closed-form
application of the Baur-Strassen “Derivative Lemma” to XIIY formulas, showing that f and all
of its n first partial derivatives can be computed with only a constant-factor increase in ¢ and £*
over XIIX formulas for f.

3.1 Preliminaries

Let us recall the computational model. A XIIX-formula is an arithmetic formula consisting of
four consecutive layers: a layer of input gates, followed by a layer of addition gates, followed
by a layer of multiplication gates, followed by the output. Wires can be assumed to be present
only between consecutive layers. For a polynomial p, ¢3(p) will denote the size of a smallest
YIIX-formula computing p. Given a XI1X-formula for a polynomial p, we can write

where
M; =TI 1; ;,
and
lij=cijix1+cij2x2+...+CijnXn+Cijo-

Here d; is the in-degree of the ith multiplication gate (fix any order on the multipication gates),
and ¢; j x 1s nonzero iff there is a wire from x; to the addition gate computing /; ;. Note that /;
is homogeneous of degree 1, i.e. strictly linear, if c; j o = 0, and is affine linear otherwise.

3.1.1 Affine Linear Subspaces and Derivatives

An affine linear subspace A of F" is a set of the form A=V +w={v+w:veV }, where V is
a linear subspace of F"*, and w is a vector in F"*. The dimension of A is defined to be the vector
space dimension of V.

Let X = {x1,...,x,} be a set of variables. For any affine subspace A, we can always find
a set of variables B C X, and affine linear forms [, in the variables X \ B, for each x € B, such
that A is the set of solutions of {x = I, : x € B}. This representation is not unique. The set B is
called a base of A. The size |B| always equals the co-dimension of A.

To indicate how one obtains a base, say dimV = r and let R be an n X r matrix whose
columns form a basis of V. Then

A={RB+w:BeF}.
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Since row-rank(R) = col-rank(R) = r, there must be r independent rows. Let S be any r x r
submatrix of R with independent rows. B is taken to be the set of variables corresponding to
rows not in S. Any specified vector of values a can be obtain for variables in X /B: set f =
S~1(a—ws), where wg is the r-vector obtain by limiting w to the rows of S. Then the variables
in B are determined. Thus the affine linear forms I, are given by RgB = RpS~' (X /B —w),
where we denote by Rp the rows of R that are in B, and X /B the r-vector of variables not in B.

In the following, whenever we consider an affine linear subspace A, we assume we have
fixed some base B of A. Any of our numerical “progress measures” used to prove lower bounds
will not depend on the choice of a base. The following notion does depend on the choice of a
base:

Definition 3.1.1 ([SW99]). Let A be an affine linear subspace of F”, and let f € F|xy,...,x,].
Then the restriction of f to A is the polynomial obtained from f by substituting [, for the
variable x;, for each b € B, is denoted by f|,. If W is a set of polynomials, define W|, =

{fi, | few}.

Then we define:

Definition 3.1.2. For polynomial f € Fxy,...,x,|, define the first order gradient mapping V1 :
F" — F" by

)
Vi(ai,...,an)r= a—;;(al,...,an).

For linear polynomial / = cyx1 + ...+ cyx, + co, we denote "= cix; +... + cpx,. For aset S
of linear polynomials, " = {I" : h € S}. We have the following proposition:

Proposition 3.1.1 Let S be a set of s polynomials of degree 1 from F[x1,...,x,), such that S"
is an independent set. Then the set of common zeroes of S is affine linear of dimension n — s.

Proof. Let V be the set of common zeroes of S”. V is a linear space of dimension n — s. Since
Sh is an independent set, one can conclude there exists v, such that forall / € S, I(v) = 0. All of
v+V vanishes on S: forv/ € V, [(v+V) =" (v +V) +c=1"0) +1"(V) +c = 1(v) +1" (V') =0.
Conversely, if for w, for all [ € S, [(w) = 0, then writing w = w' +v. 0 =[(w) = I(W +v) =
MW +v) o= W)+ 1) +c=1"W)+1(v) =1"(W),sow €V,sowEv+V. O

3.2 Resistance of polynomials

We introduce the following notion.

Definition 3.2.1. A polynomial f in variables x1,x,...,x, is (d, r,k)-resistant if for any poly-
nomial g(x1,x7,...,x,) of degree at most r, for any affine linear subspace A of codimension &,
there exists a dth order partial derivative of f — g that is non-constant on A.
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For a multiset X of size d with elements taken from {x;,x2,...,x,}, we will use the nota-

tion %d—xf to indicate the dth-order derivative with respect to the variables in X. An elementary
fact is that the order of taking derivatives does not matter.

For polynomials with terms of different degrees, the middle parameter r in the definition
might be useful. However, typically in the applications r is set to be deg(f) — 1. Convention
will be that when we say a polynomial f is (d,k)-resistant, we mean f is (d,deg(f) — 1,k)-
resistant.

Definition 3.2.2. For a polynomial f(xy,xy,...,x,) we define its resistance factor u(f) by

: fis (d,k)-resistant},
and we take u(f) = 0 for constant f.

We have the following theorem:
Theorem 3.2.1 /5(f) > deg(f)u(f).

The above theorem will follow from the following general result:

Theorem 3.2.2 Suppose f(x1,X2,...,X,) is (d,r,k)-resistant, then

k+1
B =+ D

Proof. Consider a XI1X-formula that computes f. Remove all multiplication gates that have
degree at most r. Doing so we obtain a XI1X formula F computing f — g, where g is some
polynomial of degree at most r. Say ¥ has s multiplication gates. Write:

where
M; =TI 1; j,
and
li’j = Cjj,1X1 + Ci,j2X2 +...+ Ci,jnXn -+ Cij,0-

The degree of each multiplication gate in ¥ is atleast r+1,1.e. d; > r+1,foreach 1 <i <s.
Now select a set S of input linear forms using the following algorithm:

S=0
fori=1tosdo
repeat d + 1 times:
if(3j € {1,2,...,d;}) such that " U {llhj} is a set of independent vectors then
S=SuU{l;}



3.2. RESISTANCE OF POLYNOMIALS 23

Let A be the set of common zeroes of the linear forms in S. Since S” is an independent set, by
Lemma 3.1.1, A is affine linear of co-dimension |S| < (d + 1)s.

Claim 3.2.3 If at a multiplication gate M; we picked strictly less than d + 1 linear forms, then
any linear form that was not picked is constant on A.

Proof. Each linear form / that was not picked had [ already in the span of S”, for the set §
built up so far. Hence we can write [ = c+1" = c+Yoes cggh, for certain scalars cg. Since each
gh is constant on A, we conclude [ is constant on A. ]

We conclude that for each multiplication gate at least one of the following holds:
1. (d+1) input linear forms vanish on A, or
2. less than (d + 1) linear form vanishes on A, and all others are constant on A.

For each multiset X of size d with elements from {x;,x,,...,x,), the dth order partial derivative

L(gx_g) 3.1)
is in the linear span of the set
d;
(It 1<i<s, Jc{1,2,....d;}, /| =d }
i

Consider 1 <i<sandJ C {1,2,...,d;} with |J| =d. If item 1 hold for multiplication
gate M;, then

d;
[T (3.2)
j=1
J¢d
vanishes on A, since there must be one /;; that vanishes on A that was not selected, given that
|[J| = d. If item 2 holds for M;, then (3.2) is constant on A.

Hence, we conclude that (3.1) is constant on A. Since f is (d, r, k)-resistant, we must have
that the codimension of A is at least k+ 1. Hence (d + 1)s > k+ 1. Since each gate in ¥ is of
degree at least r + 1, we get that

k+1
03 > 1)——r-.
()= (r+ D3
Since F was obtained by removing zero or more multiplication gates from a XII¥X-formula
computing f, we have proven the statement of the theorem. 1

To prove lower bounds on resistance, we supply the following lemma that uses the syntac-
tic notion of affine restriction. In certain cases this will be convenient.
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Lemma 3.2.4 Over fields of characteristic zero, for any d < r, k > 0, and any polynomial
f(x1,x2,...,xy), if for every affine linear subspace A of codimension k, there exists some dth
order partial derivative of f such that

then f is (d,r,k)-resistant.

Proof. Assume for every affine linear subspace A of codimension k, there exists some dth
order partial derivative derivative of f such that

d
deg((%—)?)| )>r—d+1.

Let g be an arbitrary polynomial of degree r. Then

(%), - (%)
X /|, o \9x  9X )

B of g
- <8—X) la R (a—X) la ‘

d
The term <a—f) has degree at least r —d + 1, whereas the term <%‘1—Xg) can have degree
A A

X

A
at most r —d. Hence deg( <a /=g )| ) >r—d-+1> 1. Since over fields of characterstic zero,
A

0X
syntactically different polynomials define different mappings, we conclude adg); £ must be non-

constant on A. O

Let us make the following important remark: taking partials does not commute with affine
.. . ) d ) d+1
restrictions. For example, it is possible for all %—Xf to vanish on A, but to have some aa—Xf to be

non-constant on A. This is slightly counter-intuitive.

3.2.1 Applications

We will now prove lower bounds on the XII1¥X-formula size of several explicit polynomials.

Sum of Nth Powers Polynomial

Consider f =Y | x!'. For this polynomial we have XIl-circuits of size O(nlogn): for each
variable x; separately use ~ logn repeated multiplications to compute x' and add up the results.
This can be shown to be optimal using Strassen’s degree method. By that method we know
any circuit for f has size Q(nlogn). The following section investigates lower bounds on XITX-
formula size for f. The obvious LITE-formula has additive size n? wires in the top linear layer,
and has n multiplication gates of degree n. We prove that this is essentially optimal.
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Lemma 3.2.5 Over fields of characteristic zero, the polynomial f = Y[ | x} has resistance
factor u(f) > n/2.

Proof. We will show that f is (1,n — 1)-resistant. Let g be an arbitrary polynomial of degree
deg(f)—1=n—1. Letting g1, ..., g, denote the first order partial derivatives of g, we get that
the ith partial derivative of f — g equal

w1 = i1, ).

Note that the g;’s are of total degree at most n — 2.
We claim there is no affine linear subspace of dimension greater than zero on which f
is constant. To show this, it suffices to show that f is not constant on any affine line in F".
Consider an arbitrary affine line, parameterized by a variable :
Xxi =cj+djt,
where ¢; and d; are constants for all i € [n], and with at least one d; nonzero. Then W
restricted to the line is given by

n(c,' —i—dit)n*l — hi(t),

for some univariate polynomials 4;(¢) of degree < n— 2. Since there must exist some i such
that d; is nonzero, we know some partial derivative restricted to the affine line is parameterized
by a univariate polynomial of degree n — 1, and thus, given that the field is of characteristic
zero, is not constant for all . [l

Corollary 3.2.6 Over fields of characteristic zero, any XI1X-formula for f =Y\ x} has mul-
tiplicative size at least n* /2.

Proof. By Theorem 3.2.1, 5(f) > deg(f)u(f). Applying Lemma 3.2.5, we get that £5(f) >
n?/2. L
In case the underlying field is the real numbers R and 7 is even, we can improve the above

result to prove an absolutely tight n” lower bound. We start with the following lemma:

Lemma 3.2.7 Let f =Y | x. Over the real numbers, if n is even, we have that for any affine
linear subspace A of dimension k > 1, deg(f|,) = n.

Proof. Since f is symmetric we can assume without loss of generality that the following is a
base representation of A:

Xep1 = h(xr,..x)

X2 = D(xr,...x)

Xn = Lyg(xr, .o xk)-
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Then
flu=X+. g+ 4.+

We conclude that f, , must include the term x7, since each l;? has a non-negative coefficient for
the term x/, since n is even. O

Theorem 3.2.8 Over the real numbers, for even n, any XI1X-formula for f =Y | X} has mul-
tiplicative size at least n°,

Proof. Using Lemma’s 3.2.4 and 3.2.7 we conclude that over the real numbers f is (0,n— 1)-
resistant. Hence, by Theorem 3.2.2 we get that £3(f) > deg(f)% = n”. O

Let us note that f = Y | x}' is an example of a polynomial that, even for large d, has
relatively few, namely only n, partial derivatives. This makes application of the partial deriva-
tives technique of [SW99], which we will describe and extend in the next section, problematic.
Conversely, for polynomials that have many partial derivatives, in a sense to be made more
precise, the technique of [SW99] can be more straightforward in its application than the re-
sistance technique. The problem of analyzing precisely what is the minimal dimension of an
affine linear space on which f — g is non-constant can be quite hard for a given polynomial f
and arbitrary g with degree less than deg(f).

Blocks of Powers

Suppose n = m? for some m. Consider the “m blocks of m powers” polynomial

f= Z H x;”.
i=1 j=(i—1)m+1

The straightforward XI1X-formula for f, that computes each term/block using a multiplication
gate of degree n, is of multiplicative size n3/2. We will show this is tight.

Proposition 3.2.9 The blocks of powers polynomial f defined above is (0,m — 1)-resistant.

Proof. Consider an affine linear space of codimension m — 1. For any base B of A, restriction to
A consists of substitution of the m — 1 variables in B by linear forms in the remaining variables
X /B. This means there is at least one term/block B; := H?i (i=1)m Hx;?’ of f whose variables
are disjoint from B. This block B; remains the same under restriction to A. Also, for every other
term/block there is at least one variable that is not assigned to. As a consequence, B; cannot
be cancelled against terms resulting from restriction to A of other blocks. Hence deg(f|,) =

deg(f). Hence by Lemma 3.2.4 we have that f is (0,m — 1)-resistant. O

Corollary 3.2.10 For the blocks of powers polynomial f defined above, (3(f) > nm = n3/2.
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Proof. Follows immediately from Theorem 3.2.2 and Proposition 3.2.9. ]

Alternatively, one can observe that by substitution of a variable y; for each variable ap-
pearing in the ith block one obtains from a XITX-formula ¥ for f a formula for ' = Y7, y}
of the same size as F. Corollary 3.2.6 generalizes to show that ¢5(f’) > %n3/ 2, which implies
G5(f) = 302,

Polynomials depending on distance to the origin

Over the real numbers, x% —|—x% +...4x2 is the Euclidean distance of the point (x1,x2,...,X,)
to the origin. Polynomials defined in terms of this distance can easily be seen to be of high
resistance.

For example, consider f = (x} +x3 +...+x2)™. On any affine line L in R", deg(f},) = 2m.
Therefore, by Lemma 3.2.4, over the reals, f is (0,n — 1)-resistant. Hence by Theorem 3.2.2
we get that

Proposition 3.2.11 Over the real numbers, £3((x] +x5+ ... +x2)™) > 2mn.

Observe that by reduction this means that the “mth-power of an inner product polynomial”,
defined by g = (x1y1 +x2y2 +. .. +x,y,)™, must also have EITE-size at least 2mn over the reals
numbers.

Symmetric Polynomials

The special case of (0, k)-resistance implicitly appears in [ShpO1], or at least in so far that the
sufficient condition of Lemma 3.2.4 is used for the special case d = 0 in which no derivatives
are taken. For the elementary symmetric polynomial S, of degree » > 2 in n variables Theorem
4.3 of [Shp01] implies, using Lemma 3.2.4, that S}, is (0,n — ”T”)—resistant. Shpilka proves for
r>2,03(Sh) = Q(r(n—r)), which can be verified using Theorem 3.2.2: ¢3(S7) > (r+1)(n—

1) = Q(r(n—r)). For r = Q(n) this yields a tight Q(n?) bound as observed in [Shp01].

3.3 Bounds for +,*-Complexity

The partial derivatives technique of [SW99] ignores the wires of the formula present in the first
layer. In the following we show how to account for them. As a result we get a sharpening of
several lower bounds, though not on E; but on total formula size. The main idea is to utilize
a closed form of the Baur-Strassen Derivative Lemma as one can derive it for XI1X-formulae.
Let us describe this closed form here.

Consider a XITX-formula ¥ computing a polynomial p. Then one can write
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where
M; =T i,
and
lij = cijax14cijoxo+ ...+ Ci jnXn +Cij0-

Here d; is the in-degree of the ith multiplication gate, and ¢; ; x is nonzero if and only if there is
a wire from x; to the addition gate computing /; ;. Hence, using the addition and product rule
for partial derivatives, we get for any k,

op di
am ~ EL

s d; ;
= Y Y cip]]ts (3.3)
1 j=1

i=1p= J
J#Dp

We need a circuit-gadget G(z1,22,...,z4) that computes all d products of d — 1 distinct
input variables. Such a gadget can be constructed with size O(d) many wires:

Proposition 3.3.1 For each d > 1, there exists a circuit G4(z1,22,---,24) that consists of at
most 3d — 6 multiplication gates and at most 6d — 12 wires that computes all d — 1 products of
d — 1 distinct input variables.

Proof. Let us construct G inductively. Gz(z1,z2) is taken to consist of just the input vari-
ables z; and zp. Suppose we have constructed G;. Let g; be the gate in G, that computes
2122 -+ -Zi—1%i+1---24- Add a new input gate for variable z;,;. Add a g gate that multi-
plies z; and z4, 1. Peform the substitution z; = z4 - 7441 by replacing each wire going from
Zq to a gate by a wire that goes from g to that gate. For 1 < j < d, g; now computes
2122 - - -Zi—1%i+1 - - - ZdZd+1- The gate g4 computes 7122 ...z4—1. Hence add a multiplication gate
with input g; and z; and one with input g; and z;4| to compute the products “excluding z;”
and “excluding z441”. We added three multiplication gates and 6 wires in the induction, which
proves the proposition. U

From the expression given for g—g{ in (3.3), one can thus obtain a circuit that computes

(887"1, g—g, cen 8871:) from ¥ by first replacing each multiplication gate M;, which has arity d;, by

a gadget G, taking inputs /; 1,/; 2,...,1l; 4. Then add an addition gate for each k of arity

&

1

gl

1
#0

~.

1 p
Cip,

>~

that computes g—g{ according to (3.3). This layer is the mirror image of the layer computing the
linear forms /; ;: there is a wire going from variable x; with constant c if and only if there is
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a wire with constant ¢ going from the output of the ith gadget that excludes /; ; to the gate for
37’;. (Seen as linear transformations these layers are each others transpose). We can conclude
the resulting circuit for the partials has twice the number of wires fanning into addition gates,
and by Proposition 3.3.1 has at most 6 times the number of wires fanning into multiplication
gates.

When we utilize the above structural results, it turns out that the partial derivatives/atfine

restrictions technique factors through, allowing us to refine the [SW99] result for *-complexity:

Theorem 3.3.2 (ISW99]) Let f € Fx1,...,x,]. Suppose for integers d,D,x it holds that for
every affine subspace A of co-dimension x, dim(dy(f)|,) > D. Then
2

—to our result for +,*-complexity:

Theorem 3.3.3 Let f € Fxy,...,x,). Suppose for integers d,D,X it holds that for every affine
subspace A of co-dimension K, ¥.!_| dim[ad(%)| .} > D. Then

2 D
£3(/) 2 min( . )
d

Comparing the two theorems, we see that the result by Shpilka and Wigderson provides
a lower bound on multiplicative complexity, while our result gives a lower bound on the toral
number of wires. We do get an extra “factor n” of additions with the Y | dim[ad(g—g)‘ J>D
condition compared to just dim(dy(f)|,) > D. Potentially this can lead to improved lower
bounds on the total size of the formula, better than one would be able to infer from the lower
bound on multiplicative complexity of Theorem 3.3.2 alone. We shall see that we can indeed
get such kinds of improvements in the applications section below.

We employ the following suite of concepts and lemmas from [SW99] directly. We include
proofs for completeness in case they are fairly short.

Definition 3.3.1 ([SW99]). For f € F[xi,...,x,), let d;(f) be the set of all dth order formal
partial derivatives of f w.r. to variables from {xi,...,x,}.

For a multiset X of d variables, for any polynomial f, denote the d-th derivative of f by variables

d
X by aa—){ Then

o4
24(f) = {a—){ : Xis a multiset of d variables € {x,x2,...,%,}}.

For a set of polynomials A = {f1,..., f;}, let span(A) = {Y}_, cifi | ci € F}, i.e., span(A)
is the linear span of A. We write dim[A] as shorthand for dim|[span(A)]. We have the following
elementary sub-additivity property for the measure dim[d,(f)].
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Proposition 3.3.4 ([ISW99]) For f1, f> € F|x1,...,x,] and constants cy,c; € F,
dim[dy(c1 fi +c2/2)] < dim[d4(f1)] +dim[du(f2)]-

Proof. By the addition rule for (formal) partial derivatives:

deifi+afr 0 o >
=] +c

oxX “ox T ox
Hence each basis vector in d,(c1 f1 + c2f2) is in the span of d,4(f1) Ud,(f2). Since for vector
spaces A and B, dim(span(AUB)) < dim(A) + dim(B), we get the statement. O

One also needs to bound the growth of dim[d;(f)] in case of multiplication. For multipli-
cation of affine linear forms, we have the following two bounds.

Proposition 3.3.5 (ISW99]) Let M =117 ,l;, where each l; is affine linear. Then
dim[dy(M)] < ()

Proof. span(d;(M)) C span {ITiesl; | S C [m],|S|=m—d}. 1
For a product M = IT._,J; of affine linear forms, we define M" to be the set {l{’, 1M of
strictly linear parts of its input linear forms.
Proposition 3.3.6 ((SW99]) Let M be a product gate with diim[M"] = m, then for any d,
dim[d;(M)] < (Zﬂ'd).
Proof. Let [1,l,...,1, be a set of input linear forms for which {l{’, .. .,lf,’l} are independent.

Then any other input linear form r; of M is an affine linear combination r; = ag ; +ay ;I +
az,jly+ ...+ am, jl,. We have

M=]]u-

i=1

k
(a0,j+a1,jll —l—az’jlz—f— - —|—am7jlm) = p(ll,lz, - ,lm)
=1
for some polynomial p(yy,y2,...,ym). Hence by the chain rule, and the fact that any % isa
J

constant, we can see that the set of all dth-order derivatives of M is contained in the linear span
of

p
:forany d; > Owithdy +dr+...d, = d},
{ (adlyladZyz NN admym) la ydi= ! 2 " }
where “[4” is the substitution y; = /1,2 = lp,...,ym = ly. Since there are ("19) ways of
writing d as a sum of m non-negative integers, we get the result. |

Note that for polynomials fi,...,f;, span(fi,...,fs),, = span(fi oo ,fs‘A), and that
dim[W),] < dim[W]. Now we modify Proposition 3.3.4 a little to get a result implicitly used by
Shpilka and Wigderson in their arguments.
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Proposition 3.3.7 (cf. [SW99]) For fi, f> € F[x1,...,x,] and constants c,cy € F, and affine
linear subspace A, we have that diim[dg(c1f1 +c2f2)|,] < dim[dg(f1)|,] +dim[dg(f2),]-

Proof. By the addition rule for (formal) partial derivative and by the fact that substitution is a
homeomorphism one gets that

deifi+erf _. 1 Lo f
oX la : X |, 2 oX |y

Hence each basis vector in dy(c1f1 + c2f2)|, is in the span of d4(f1)|, Uda(f2),. Since for
vector spaces A and B, dim(span(A UB)) < dim(A) 4 dim(B), we get the statement. O

Finally, we require:

Lemma 3.3.8 ([SW99]) For every n,X,d, and every affine subspace A of co-dimension K, we
have that

dim[dq(S3%) ] > (57).

| d

Proof. The polynomial S,%d is multilinear, so only dth-order derivatives with respect to d dis-
tinct variables D = {x;,,x;,,...,x;,} will be potentially non-zero. Let X be the set of all n
variables x;. Observe that
9’534 (X)
oD
From [Got66] as used by [SW99] one has that

= S3_a(X/D).

span({S?_,(X /D) : for all subsets D C X of size d})

has as basis the set of all multilinear monomials in variables X of degree d. There are (”;K)
such monomials that are unchanged under the restriction |4, which gives the result.

O

Now we can prove our sideways improvement of Shpilka and Wigderson’s main Theo-
rem 3.1 [SW99].

Proof of Theorem 3.3.3. Consider a minimum-size XIIX-formula for f with multiplication
gates M1, ...,M;. We have that

where for 1 <i <y,
M; =TI 1; ;
with
lij=cijixi+cijoxo+...+CijnXn+Cijos
for certain constants c; ; x € F'. Computing the partial derivative of f w.r. to variable x; we get
of 5
I

i=1j=

d.
i M
Ci,j,kl._l.- (3.4)
1 L]
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Let
S = {i:dim[M?] > «}.

If [S| > 755, then £43(f) > dK—jz- Suppose [S| < 735. If S =0, then let A be an arbitrary
affine subspace of co-dimension K. Otherwise, construct an affine space A as follows. Since
S|(d +2) < k, and since for each j € S, dim[M"] > «, it is possible to pick d + 2 input linear
forms /; 1,...,l; 442 of each multiplication gate M; with j € S, such that {l;’j1 ey l?7d+2\j €S}
is a set of |S|(d +2) < x independent homogeneous linear forms. Define

A={x:1j(x)=0, foranyi €S, je[d+2]}.

By Lemma 3.1.1, we have that the co-dimension of A is at most k. W.l.o.g. assume the co-
dimension of A equals k. For each i € §, d+2 linear forms of M; vanish on A. This implies
that

. M,
dlm[ad(r)|A] =0.
ij

for any i € S. For any i ¢ S, by Proposition 3.3.6,
: M,

dima(3),] < (5).

i,j

Let Dy = dim[ad(a—f)| ,J- By Proposition 3.3.7 and equation (3.4),

axk

. M;
Dk SZ Z dlm[ad(l—l>|A]
i¢S J ij
¢ j k70
Dy
. @) . .
from x, to gates in the first layer. Hence in total the number of wires to the first layer is at least

D; D
;'1:1 (erd) > (erd)' I:'

Hence there must be at least terms on the r.h.s., i.e. there are at least that many wires

We can apply a similar idea to adapt the other main theorem from [SW99]:

Theorem 3.3.9 (ISW99]) Let f € F|x1,...,x,]. Suppose for integers d,D,x it holds that for
every daffine subspace A of co-dimension x, dim(dy(f|,)) > D. Then for every m > 2,

BF) = min(om, o).

(7)
We get:
Theorem 3.3.10 Let f € Flxy,...,x,|. Suppose for integers d,D,x with d > 1, it holds that for
every affine subspace A of co-dimension K, Y| dim[ad(%‘ )] > D. Then for every m > 2,
ila

0(f) > min(%l{m, %
d

).
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Proof. Consider a minimum size XI1X-formula for f with multiplication gates M1, ..., M;. We
have that

where for 1 <i <y,
M; = H?’;lli,j,
with
lij = cijixi+cijoxa+...+CijnXn+Cijo-

If there are 5 multiplication gates M; of degree greater than m then already ¢3(f) > %Km So
suppose the number ¢ of multiplication gates of degree greater than m is less than 5. Wlog.
assume these gates are given by

M ,M>,... M;.

Fori=1,2,...,¢, pick two input linear forms /; 1,/; » of M;, such that for the total collection
li1,0 2,--,1i1,1i » we have that the strictly linear parts l{”l , l{"z, . ,lffl,lffz are independent. It
might be that at some i < ¢, we cannot find any /; 1 or [;» with lf‘l or lf‘z independent from the
previously collected linear forms. In this case, we just pick /; | if that one is still independent,
and skip to the next index i. If we can’t even find /; ; for which /; ; is independent, we pick no
linear form and proceed to the next i.

Let A be the zero set of all the collected input linear forms. Then A has co-dimension at
most K, by Lemma 3.1.1. Wlog. we may assume that the co-dimension of A equals k. Observe

that
0 di i
S 3D WATL TR (5)
i=1j=1

Now for a multiplication gate M; of degree > m, there are three cases: either we picked two
input linear forms of M;, or we picked just one, or none at all. In the first case,

=0
ol
in the r.h.s. of (3.5), for all 7, j. In the second and third case, we know that for every input / of
M; that was not picked, I” is a linear combination of ll-h’s for [;’s that were picked. Hence

.
l(; = Zci(lf‘|A) = constant.
i=1

As a consequence, (2’1—]’) = constant in the r.h.s. of (3.5), for all i, j. Since d > 1, in either three

la
cases, we obtain that ad(%‘ ) = 0. For multiplication gates M; of degree at most m, Proposition
iJ |z

3.3.5 gives us that dim[ad((%)‘A)] < (Zl—l ). Let Dy = dim[ad(aa—i;| )]. By Proposition 3.3.4,
i, A

we see there are at least Dy / (Z’_l ) terms in (3.5). This implies that there are at least that many
wires fanning out of x;. Adding up for all variables, we conclude that £3(f) > D/("1). [
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3.3.1 Some Applications

2d_
In [SW99] it was proved that for d < logn, £5(527) = Q(%). Note for d = 2, this lower
bound is only ©(n). We can apply Theorem 3.3.3 to prove the following stronger lower bound

on the total formula size of $2¢. In particular for d = 2, we get an Q(n%) bound.

2d

Theorem 3.3.11 For 1 <d <logn, (3(5>%) = Q(@)-

Proof. For any affine subspace A of co-dimension k and d > 2 we have that

L a2 - 2d —
Z;dlm[ad’l(a—x,-)“] > dim[da(S,")|,] = (57°)-

The latter inequality follows from Lemma 3.3.8. Applying Theorem 3.3.3 we get that

' 2 n—x ' 2 n—x —|—d
£3(824) = min( 5 (%,_f ;) = min it Egﬂ,; =5). (3.6)

d
Set k= %nm. Then we have that

(Z_K)K+d > (n_K)dK+d
(¥*dy d T ‘k+d’ d
R TL )dle-d
2/9nd+i
4 K+d
— 44pam
"
> X
—pd+
= 9"
> nii
: o opd 2d e
Hence (2) is atleastmln(m,nd+l):§2( 7 ) O

Corollary 3.3.12 /3(S%) = Q(n*/3).

Another function considered in [SW99] is the product of inner-product function. For two
inner-products, i.e. 4n variables, it is defined by

n n
PIP,% = (Z ajbj)(z cid;).
= i=1
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Note the lower bound in [SW99] on PIP? for the special case d = 2 is Q(n). We can prove a
non-linear lower bound for this function as follows.
Set d = 1,k = n?/3. Observe that aaszclf" = b;id;. Let A be any affine subspace of co-
iCj

dimension Kk with basis B. At least n — K variables in {by,...,b,} are not in B. Symmetrically,

at least n — x variables in {di,...,d,} are not in B. So for at least (n —x)? indices (i, j),
o’PIP2  _ 9*PIP?
dajc; la — dajc;
the fact that for any f(xi,...,x,) and any affine subspace A we have that

. These are independent terms, hence dlm[az(PIPz)‘ ] > (n—x)?. Observe

Zdlm [04( gf)A] > dim[dg41(f),]-

n/3 (nfnz/3)2

Applying Theorem 3.3.3 we get that (3PIP? > min(*5-, pev ) = Q(n*3). We have proved:

Theorem 3.3.13 (3(PIP2) = Q(n*/3).

More generally, we can apply Theorem 3.3.10 to obtain improved exponent for lower
bounds on PIPY. We define over 2d variable sets of size n (superscript indicate different vari-
ables, each variable has degree one):

PIP] = H Z .

i=1j=
Theorem 3.3.14 For any constant d > 0, £3(PIP¢) = Q(n%).

Proof. Let f = PIP¢. Essentially we have that

Of _ iprpd-
P YiPIPy ",

J
where the PIP,f ~1 must be chosen on the appropriate variable set. Let A be an arbitrary affine
linear subspace of codimension k. Then

d n d
Y Y dim[o,_ 1(§,|A)] = Y Y dim[os 1 (;PIP; ' [a))]

i=1j=1 =1 j=1

~.

> (dn—1x)dim[og_ (PIPY™'|4)]

The last inequality follows because at least dn — x of the y-variables are not assigned to with
the restriction to A. From Lemma 4.9 in [SW99] one gets

dim[9,_ (PIP?~14) > nd~1 =224 g2,
Using Theorem 3.3.10 we get
K_z (dn — ) (n91 — 224—1pd=2)
2 (1)

¢3(f) > min( ).
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. d_
Taking ¥ = n+7, one gets for constant d that

(3(PIPY) = Q(ni1).

For comparison, in [SW99] one gets £5(PIP?) = Q(n%).

3.4 Conclusion—Possible Further Tools

We have taken some further steps after [SW99], obtaining an absolutely tight (rather than
asymptotically so) n> multiplicative size bound for a natural function, and obtaining somewhat
higher bounds on +,*-size for low-degree symmetric and product-of-inner-product polyno-
mials. However, these may if anything enhance the feeling from [SW99] that most of the
concepts being employed may go no further than quadratic for lower bounds. One cannot after
all say that a function f(xi,...,x,) is nonvanishing on an affine-linear space of co-dimension
more than n. The quest then is for a mathematical invariant that scales beyond linear with the
number of degree-d-or-higher multiplication gates in the formula.

One tool that has so far disappointed comes from various forms of the degree notion used
by Strassen [Str73a]. The gradient of the sum-of-nth-powers function, namely the regular
mapping (¥{~',...,x"~1), has algebraic degree d, = (n— 1)" at each of its points in the range,
and likewise the “mapping ideal” (y; —x’l"l ooy Y0 — X1 has geometric degree (n—1)" (see
ch. 8 of [BCS97]), which is the highest possible for a degree-(n — 1) regular mapping. The
attraction here is that the gradient of a multiplication gate, i.e. of a product zy,...,z,, has
algebraic degree only m — 1, although its mapping ideal has exponential geometric degree
14 (m—2)2""!. A XIIX formula with s multiplication gates of degrees d; and total fan-in
N =Y;_,d; can be decomposed as a composition of a linear map from F" to F N then a vector
of multiplications in variables zy,...,zy, and then a singular linear transformation back to F".
A similar decomposition holds for formulas computing the gradient (and higher derivatives) of
the function. If the two linear maps did not affect the algebraic degree of the composition, then

by the product rule for degree one would get the inequality
N
do <[J(di—1).
i=1

Upon finding a way to dispense with multiplication gates of degree less than n (or degree o(n)),
similar to what we did in the proof of Theorem 3.3.3, this inequality would yield quadratic
lower bounds on ¢;( f) for a great variety of functions f. Unfortunately the linear maps do af-
fect the algebraic degree, and the inequality is false. In fact, our computer runs have found that
random XITY formulas consisting of one *-gate of fan-in n and some small number of binary
multiplication gates already achieve the maximum possible algebraic degree. It is possible that
deeper uses of algebraic/geometric degree may yield invariants that scale to exponential size,
but the simple notion’s failure to pass even the quadratic threshold is not promising.
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Suspiciously absent in current lower bound techniques for YIIX-formulas are random
restriction type arguments, whereas all the results for Boolean constant depth circuits of
[Ajt83, FSS81, Yao85, Has89] proceed using random restrictions. Note that Raz manages
to use random restritions in conjunction with a partial derivatives based technique in his work
on multilinear arithmetical formulas [Raz04a, Raz04b]. In any event, the search for stronger
mathematical techniques to prove exponential lower bounds in the self-contained XIIX formula
case continues.
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CHAPTER 3. LOWER BOUNDS ON XIIX-FORMULAE



Chapter 4

Orbit of Bilinear Forms

The seminal motivation of this and the next two chapters is to remove a major restriction from
notable recent lower bounds by Raz [Raz02] and Biirgisser-Lotz [BL0O2]. The work will be
done exclusively over the field C of complex numbers. We are interested in borrowing the
following set of concepts from representation theory, see for example [NS82]. Note also the
work by Mulmuley and Sohoni [MS02], who have outlined an approach via geometric invariant
theory to showing P # NP and other questions, involving some of the same basic concepts.

Definition 4.0.1. Let G be a group and X be a complex linear space # {0} and denote by
Linc(X) the set of all linear operators X — X. A group representation is a mapping T : G —
Linc (X) such that

1. T(e) = idx, where idy is the identity operator on X, and e is the identity of the group G.

2. forall g1,82 €G,T(g182) =T(g1)oT(g2).

We are interested in the special case where X is taken to be the vector space
Clxo0,X1,---,X—1]m of homogeneous polynomials of degree m in variables xq,xj,..., X,
over C, and considering G to be a group of n x n invertible matrices under multiplication.
Then for invertible matrix E € G, we can define linear transformation 7(E) by mapping
f € Clxo,x1,...,X—1]m according to:

T(E)(f) = f(E"'x).

In other words, for vector of variables x = (xo,x1,...,%,—1)7, mapping T (E) is defined by
performing the substitution

x;:=(E"'x);. foreachi=0,1,...,n—1,
on the polynomial f. This defines a linear transformation on X:
(uf +8)(E™"x) = uf (E™'x) +g(E™"x),

for any constant i, any homogeneous polynomials f and g of same degree and invertible matrix
E. Tt also is a representation, for the identity matrix 7, 7'(1) is the identity map and for any two

39
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invertible matrices E and D,
T(DE)(f) = f((DE)
(

= f
=T

_1x)
E~'D7ly)
(D)F(E™'x)
= T(D)oT(E)f.

For a homogeneous polynomial f and group representation of G as above the set
{f(E"'x):EcG}

is called the G-orbit of f. More generally, for multi-output polynomial mappings given by a
tuple of polynomials F = (f1, f2,- .., fm), we define the G-orbit of ¥ to be the set

{(AET), LE),.... fu(E"X) E € G}

We are interested in proving sweeping lower bounds on the arithmetical complexity of all poly-
nomials f(E~'x) that appear in the G-orbit of some explicitly defined polynomial f (or more
generally for a multi-output polynomial mapping ¥ ), for certain matrix groups G. In particular,
we will focus on bilinear multi-output mappings over disjoint variable sets {xo,xj,...,x,—1}
and {yo,y1,...,Vn—1}. In that case it is more natural to let two matrices £ and D act on the
variables separately. We define:

Definition 4.0.2. Let £ and D be n X n non-singular complex matrices, and let x =
(x0,X1,-.-,%,—1)7 and y = (yo,y1,...,yn_1)" be vectors of variables. An orbit circuit is the
composition I'(Ex, Dy), where T is a bounded-constants bilinear circuit. The size of the circuit
is taken to be the size of I'.

To emphasize, the entries of the matrices E and D above are not restricted to be of norm at most
one. An orbit circuit thus has the potential help of 2n2-many unbounded constants, although
flowing through only 2n-many input gates. In Section 4.3 we also consider having an n X n
matrix at the output gates.

If for a bilinear mapping b(x,y) one proves that any orbit circuit that computes it requires
size s, this means that for any invertible E and D, the polynomial »(E~'x,D~'y) must have
regular circuit size at least s. Namely, from the ordinary circuit:

L(x,y) =b(E~'x,D"'y)
we obtain an orbit circuit of size s by substitution:
[(Ex,Dy) = b(E~'Ex,D™'Dy) = b(x,y)

that computes b. In this sense, any of our results that follow prove generic lower bounds on
entire families of polynomials. Even when we are forced to make further restrictions on the
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groups E and D are taken from, or even drop the entire group concept, and just consider sets
of matrices, this should be kept in regard. The computational model may seem increasingly
exotic this way, but from the point of view of proving generic lower bounds no such objection
holds.

First, any bilinear circuit C can be converted to an orbit circuit I" of the same size with
diagonal matrices E and D. If g is a 4 gate with m outgoing wires with constants cy, ..., ¢, and
constants d, e on its incoming wires, then we may take c to be the maximum of |cy|,..., |cul,
replace each ¢; by ¢;/c (which has norm at most 1), and make cd, ce the new constants on the
incoming wires. If g is a % gate, we need only propagate cd, e upward. Iterating this from the
outputs up pushes all unbounded constants up to the wires from the inputs. Repeating this one
more time pushes the unbounded constants onto the inputs themselves as nonnegative reals,
and they can be the entries of £ and D. None of the final constants will be zero unless the
corresponding input was already zeroed out. Thus the orbit model with G = GL,(C), namely
the group of all invertible complex matrices, is no less general than the unbounded-coefficients
case (possibly more so, if D and E have high circuit complexity by themselves). Actually, the
above shows that taking G to be the group of all invertible diagonal matrices yields a model
equivalent in power as the unbounded-coefficients case. In fact, we could take the matrices at
the input to be constant multiples A/ of the identity matrix, and multiply by the appropriate
constants less than one to correct for this at the cost of adding n unary addition gates.

Note that in Chapter 6 we will establish some orbits model lower bounds relative to diag-
onal matrices for circular convolution.

Things become more interesting with G = SL,,(C). If (the function computed by) C ignores
inputs xo and yo, then we can create diagonal matrices D, E of determinant 1 by taking the first
entry to be 1/K"~! and the remaining entries to be K, where K is the maximum real constant
obtained in the pushing-up process. The tiny entry in D and E gets thrown away while the
large ones feed the be-circuit I' left over from the process. If we insist on attention to functions
f that depend on all of their inputs, then lower bound techniques that tolerate two unbounded
“help gates” (not needing the n' ~¢ allowance in [BL02]) still imply lower bounds in the general
case, with xo and yp becoming the help gates. If we disallow this but “relax” orbit circuits I"
by allowing access also to the un-transformed inputs xo and yg, we can still prove rigorously
that SL, (C)-orbit be-circuit lower bounds imply unbounded-coefficient lower bounds, for half-
convolution and functions with a similar recursion:

Theorem 4.0.1 Bilinear circuits C of size s computing HCirc(x)y can be converted into “re-
laxed” SL,-orbit circuits T of size s+ O(n) computing HCirc(x)y.

Proof. Convert C to I'g by pushing up constants as before, along with the above diagonal
D,E € SL,(R). Now reduce I'y by zeroing the constants out of xo and yy, splicing out gates their
wires connect to. The resulting circuit computes HCirc(xy,...,x,—2)(y1,-..,yn—2). Finally use
the free access to the untransformed inputs x and yq to re-create HCirc(x)y as above, adding
2n-many * gates and 2n — 1 + gates at the outputs. On products xoy; with i > 0, the constant K
on y; from D is counter-acted by a constant 1 /K on the wire from x¢, and similarly for products
x;yo. This yields the desired “relaxed” orbit bc-circuit I'. O
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The significance of the orbit model is threefold. Firstly, it is natural and bridges between
the bounded coefficient and general cases. Secondly, it defeats the proof methods of Raz and
Biirgisser-Lotz. Thirdly, the orbit model leads to cutting edge problems in Fourier theory, as
we show.

The proofs in [Raz02, BLO2] rely on bounding the volume-expansion factor on all r-
dimensional subspaces of C”", for some value r = ®(n). Matrices of this form can expand
volume in many of these subspaces by the unbounded factor K (or rather by K”), and it seems
not to matter that the first co-ordinate is crushed by 1/K"~!. We adapt these methods for cases
where we can avoid or contain this problem.

The backbone of our lower bound technique will be the same as in [Raz02, BL0O2]: to
simplify the bilinear circuit into a linear circuit using the probabilistic method. The idea is to
fix scalar values a = (ao,ay,...,an—1) for x = (x,x1,...,X,—1) such that the “x side” of the
bilinear be-circuit I', which computes linear forms say ¢1(x), 2(x), ..., ¢;(x), keeps the values
|01(a)l,|l2(a)l,...,|l(a)| “reasonably small” while leaving the complexity of the induced lin-
ear map A(yo,...,yn—1) “high”. Substituting those values at the *-gates and building them up
additively from bounded constants leaves a bc-linear circuit C computing A of the same order
of size as I', hence I" must obey the size lower bounds known for C.

Recall we defined the cyclic convolution x oy of two n-vectors x,y as the n-vector

(z0y- - -,2n—1) With components
x= ) Xy

i+j=k mod n

for 0 < k < n. In terms of circulant matrices:
xoy = Circ(x)y.

Our main focus in this and the next two chapters will be to establish orbit model lower
bounds for this bilinear form. We conjecture:

Conjecture 1. For any two n X n matrices E and D with determinant equal to one, any bounded
coefficient bilinear circuit I" with I'(Ex, Dy) = x oy requires Q(nlogn) gates.

We also believe that the statement of the conjecture holds for arbitrary matrices E and D,
but obtaining unbounded constant lower bounds seems hard with known techniques, whereas
the above conjecture seems to lie within our present reach. The conjecture is equivalent to
asserting that any bilinear map in the SL,(C) orbit of x oy requires bounded coefficient circuit
size Q(nlogn). One must be careful here, for example one cannot prove an SL, (C)-orbit lower
bound for the tri-linear form p(x,y,z) = z! Circ(x)y. Namely there exists a polynomial in the
SL,(C)-orbit of p that has linear size! By Theorem 2.1.4:

7! Circ(x)y = 7! F,diag(DF T,x)F,'y

so if we substitute z7 := zTFn*, y:=F,y, x := F,x, we get the polynomial

n—1
Vnz'diag(x)y = v/n ¥ zixiyi.
i=0
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This polynomial can be computed by a circuit of size 3n + O(log/n) = O(n), by com-
puting each of the n terms x;y;z; and add these, and next using O(log+/n) repeated additions
to multiply by /n. The key point in this example is that we are dealing with a single output
circuit. For example, using the repeated addition trick to multiply n outputs of a circuit by \/n
would cost ®(nlogn) in size, since you have to repeat for each output individually.

4.1 Definitions and Background

We next introduce some of the required concepts. We will provide proofs for completeness in
case they are short.

4.1.1 Standard Gaussian vectors

A random vector x € C is called standard Gaussian if the real and imaginary parts of all
components x; comprise 2n independent standard normally distributed random variables. An
important fact is that if ' is any unitary transformation, then Fx is again standard Gaussian
distributed, see e.g. [BLO2].

For an r-dimensional linear subspace U, we say that a random vector a is standard Gaussian
distributed in U if we can write a = Byv; + ...+ B,v,, where B is standard Gaussian in C”
and {v;}; is an orthonormal basis for U. This representation is independent of the choice of
orthonormal basis.

We will use the following two Lemmas from Biirgisser and Lotz [BLLO2]. A random vari-
able ¢ is exponentially distributed with parameter 1 if it has density function p(t) = e~ for
t >0, and p(t) = 0 otherwise.

Lemma 4.1.1 ([BLO02]) Let (xy,...,x,)" be standard Gaussian in C". Let f = (f1,...,fn)T €
C". Then S := fix1 + ...+ fux, is normally distributed with mean 0 and variance || f||*. Fur-

thermore, T := ISP
’ 2|1 £11?

variance both equal to 1.

is exponentially distributed with parameter 1. Hence T has mean and

As in [BLO2], when we say a vector z € C” is normal distributed with mean 0, we mean
that the real and imaginary parts of each component z; are normal distributed random variables
with mean 0.

Lemma 4.1.2 ([BL02]) Letz= (z1,... ,z,)T be a normal distributed random vector in C" with
mean 0. Define the complex covariance matrix ¥ of 7 to be entry-wise expectation of the outer
product zz*, i.e. £ = E[zz*]|. Then we have

]
Pr(|z1]?- |z > & det(2)] > 5

for some absolute constant & > 0. More precisely, 8 =2~ "tV20) yith y = ﬁ fg"t’%e_t logtdt,
and § = %f(;x’ e 2 log2 tdt. (Here O is approximately 0.02.)
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4.1.2 Mean Square Volume & Matrix Rigidity

Given an m x n matrix A and sets / C {1,...,m } of row indices and J C {1,...,n} of column
indices, define A; ; to be the matrix of elements with row index in / and column index in J. We
let Ay stand for A; (. ,) and Al for Aq1,...m},- Pervasive in this work will be applications of

.....

the Binet-Cauchy Theorem, which states:

Theorem 4.1.3 (Binet-Cauchy Theorem) Let A be an m X n matrix and let B be an n X m
matrix with n > m. Then

det(AB) = Z det(A”) det(By).
IC{12,....n}
[I|=m

It is well known that the volume of the parallelepiped subtended by the rows of a matrix
A € C"" is given by |det(A)|. Morgenstern [Mor73] proved that log |det(A)| is an asymptotic
lower bound on the size of a linear arithmetical circuit with bounded coefficients computing
the linear transformation given by A. For further lower bounds it is useful to define variations
of volume for r-subsets of the n coordinates. The two versions [BL02, BL0O3] of the work
by Biirgisser and Lotz refer to two different “r-volume” notions, and it suits our purposes to
include both, giving them different names.

Definition 4.1.1 ([Raz02, BL02]). Given A € C"™*", and r such that 1 < r < minm,n, define

vol,(A) = r‘ﬂa_x(det(AlA}"))l/z, 4.1)
voll(A) = |1ﬁﬁ§(‘det(Al’J)|)' 4.2)

The centerpiece definition in [BL02, BL0O3], however, involves taking the Euclidean norm
rather than the max-norm.

Definition 4.1.2 ([BL02]). Given A € C™*", and r such that 1 < r < minm,n, define the r-
mean square volume msv,(A) of A by

1/2
msv,(A) = <Z|det(A1,J)\2> )

IJ

where I and J range over all r-subsets of {1,2,...,n}.
These definitions are related by:

Lemma 4.1.4 ([BL02, BL03], respectively) For A and r as above,
voll(A) < msv(A) < (™) (M) 2yl (A), (4.3)
vol.(A) < msv.(A) < (") vol,(A). (4.4)

r
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Proof. The inequalities given in (4.3) are immediate. For (4.4) use Theorem 4.1.3. O

An important fact is that mean square r-volume is invariant under unitary transformations.
That is:

Proposition 4.1.5 For m x n matrix A and any unitary matrices U € C™" and V € C"",

msv,(A) = msv,(UAV).

Proof. By the Theorem 4.1.3:

msv2(A) = Z det(Mp ),
[I|=r

where M = AA*. Hence the right-side invariance msv,(AV) = msv,(A), for any unitrary V is
clear: msvZ(AV) = Y 1= det(Ny 1), for

N =(AV)(AV)" = AVV*A* = AA™ = M.
For the left-side invariance, it is clear from the definition that for any matrix B,
msv,(B) = msv,(B").
Hence the left-side invariance follows from the right-side invariance by observing that
msv,(UA) = msv,((UA)*) = msv,(A*U") = msv,(A") = msv,(A).
O

So one can express msv,(A) in terms of the singular value decomposition of A as folows.
We first define:

Definition 4.1.3. The ith singular value 6;(A) is defined to be
Gi(A) = Mi(AA")',
where A;(AA*) is the ith largest eigenvalue of AA*.

The singular values of a matrix are non-negative real numbers. Recall the following theo-
rem (See e.g. [Bha97]):

Theorem 4.1.6 (Singular Value Decomposition) For any m X n matrix A with m > n, there
exist unitary matrices U € C"™"™ and 'V € C"", such that

UAV = diag(61,03,...,0,),

where G| > Gy > ... > G, > 0 are the singular values of A.
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Hence by the unitrary invariance of mean-square-volume we have that
msvZ(A) = msvZ(UAV)
= msv?(diag(c1,02,...,0,)
= Yo
[1|=r i€l

= §(67,03,...,062),
where ), is the elementary symmetric polynomial of n variables of degree r.
There is also the following characterization of the singular values of a matrix (See
[Bha97]):

Theorem 4.1.7 (Courant-Fisher minmax Theorem) Ler A be an m X n with m > n, matrix

then foranyi=1,2,...,n,

6i(A)= max min Lile
ORI

where S ranges over all linear subspaces of dimension i.
From this it is immediately clear that for any matrix A, 6;(A) = ||A||,. Also one has that
|AllF = 61(A) +05(4) + - +05(A).

As we have remarked above, msv, is not preserved under transformations in SL,(C) (un-
less r = n). The following theorem states the use of the mean square volume measure for
proving lower bounds.

Theorem 4.1.8 (IBL02]) For A € C™*", and 1 < r < min(m,n), we have that a linear
bounded-constant circuit computing A has size at least logmsv,(A) — £ log(™)(").

Next we introduce Raz’s notion of geometric rigidity.

Definition 4.1.4 ([Raz02]). Let A € C™*" be a matrix with with row vectors a;, The r-rigidity
of A is defined to be

rig,(A) = dlrnl;l‘l/n , max dist(a;,V),

where V ranges over all linear subspaces of C”, and dist(a,V) = min,cy ||a — v||>.

This notion relates to the r-volume measures defined above in the following way:
Lemma 4.1.9 ([Raz02]) For any r, vol,(A) > rig,(A)".

If one considers an arbitrary topological sorting of the gates of a bounded coefficient linear
circuit f1, fa,..., fs, then we can think of the f;’s defining an s X n matrix A. One can argue that
each gate f; can at most double the r-volume:

VO]F(fl?fZa"'?fi) < 2'V01r(f17f27"'7fi—1>7

which implies vol,(A) < 2° ™), for any bounded-coefficient linear circuit I' computing A. Com-
bined with the above lemma this then yields the following theorem:
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Theorem 4.1.10 ([Raz02]) For A € C"™*", and 1 < r < m, every linear bounded-constant cir-
cuit computing A has size at least rlogrig,(A).

We will use the following Lemma from [BLO2]. Here for f,a € C", we think of f as a linear
form via f(a) = f*a.

Lemma 4.1.11 ([BL02]) Let f1,..., fr be linear forms and 1 < r < n. Then there exists a
linear subspace U of C" of dimension r such that for a € U standard Gaussian, we have that

Prfmax|fi(a)| < 2(VinaRyrig, (] ... )] = 5.

4.2 Well-Conditioned Orbit Circuits

In this section, we will consider orbit circuits I'(Ex, Dy) for which matrices E and D are well-
conditioned in the following traditional sense.

Definition 4.2.1. The condition number K(E) of a non-singular matrix E is defined to be

c1(E)
6, (E)

IIE||]2- [|[E~!|2 (see [GVL96]). We will fix some absolute constant ki, and stipulate that a
well-conditioned matrix E has x(E) < K.

the ratio of its largest and smallest singular value. This is the same as the product

Let us remark that well-conditioned matrices do not form a group. Unitary matrices have
condition number 1, and do form a group. That the results of [BL02, BLO03] carry over to orbits
under unitary matrices follows immediately on the “x side” because the image of a standard-
Gaussian vector under unitary transformation is standard Gaussian, and on the “y side” because
unitary transformations preserve msv,. For bounded condition number, the *“y side” needs only
the following easy proposition:

Proposition 4.2.1 For any two n X n matrices A and B where B has determinant equal 1, for
any 1 < r < n, msvZ(AB) > k(B) " >"msvZ(A).

Proof. Applying Theorem 4.1.6, let B= UDV be the singular value decomposition of B. Then

msv2(AB) = msv2(AUDV) = msv2(AUD). So the general case reduces to the case where B

is diagonal with real entries. So assume B = diag(by, ...,b,). Observe that each b; > k(B) L.

Hence

msvZ(AB) = Xj|det(AB);|?

= Xy []Ipjl*| detAs,|?
jeJ

> (B) 72r2[7] ‘ detA;y ‘ 2

= k(B) ¥msv(A).
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O

However, the “x side” needs more care that the deviation from standard Gaussian distribu-
tion incurred in going from x to Ex does not disturb the statistical machinery by too much. The
crux of the matter lies in the following generalization of a lemma in [BLO2].

Lemma 4.2.2 Let 1 < r <n, and let E and D be an n X n complex matrices with determinant
1 that are well-conditioned. Let U be a linear subspace of dimension r, and let a be standard
Gaussian in U. Then

1 1
Pr[s% (Circ(Ea)D) > irlogn —cn| > X

where c is some absolute constant.

Proof. By Theorem 2.1.4, we can write

Circ(Ea) = F,diag(Ao, . .. ,kn,l)Fn’l,

where
(Ao, -..,An_1)! = DFT,Ea.
Leto = % By invariance of mean-square-volume under unitary transformation, we get that
msv2(Circ(Ea)) = msv>(diag(Ao,...,An 1))
2
= LIl
J jel
2
= I’Lr Z H |OLJ| y
J jeJ
where J ranges over all subsets of {1,...,n} of size r. By definition of standard Gaussian, we
can write a = V3, where V is an n X r matrix with orthonormal column vectors vy, ..., v, and
standard Gaussian in C". Let W = F,EV. Then o = F,Ea = F,EV[ = W}.
For a subset J of {1,...,n} of size r, let W; be the sub-matrix of W consisting of rows

indexed by J, and let oy = (a j)jTe ;. Observe that oy = W;fB. The covariance matrix of o is
given by

L = E[oyoj]
= E[W;Bp"W/]
= WE[BB*IW)
= WW;.

The last line follows because B is standard Gaussian distributed. We get that det(X) =
| det(W;)|?. Applying Theorem 4.1.3 yields that

Y |detW)|* = det(W*W) = det(V*E*EV).
J
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n—1

We claim now that det(V*E*EV) > Kfer, where x| > 0 is a global constant. To prove
the claim, observe that in terms of singular values 6;(EV) we have

det(V*'E*EV) Hcl (EV)?

By Theorem 4.1.7:
6, (EV)= |rr|11n [|EVx||2.

x[|2=1

Since V has orthonormal columns, for x with ||x||> = 1, ||Vx||» = 1. So for any x,

|EVx||2 > |n‘nn ||Ez||2 = on(E).

l|z]|2=1

For the matrix £ we have
1 =det(E*E) Hc, 2

gl gg < K1, where K is an absolute constant. Hence we conclude
that

and hence that
—2r ﬂ

det(V'E*'EV)>x, ",

thus proving the claim.
Hence we conclude that there exists a set J such that

) n_ _
[det (WP =%, 7 7 (1)
Applying Lemma 4.1.2 to the vector o7, we get that with probability greater than % that

2r”71

H‘(xi|2 > 5rdet(2) > SrKl_ T(;z>71,

icJ
where 0 is an absolute constant. Hence
msv?(Circ(Ea)) > n’?)’lcl_zrn";l( ) > a2
Hence by Proposition 4.2.1,
msvZ(Circ(Ea)D) > n"8 k427"

Hence applying Theorem 4.1.8 we get:
s¥¢ (Circ(Ea)D) > logmsv,(Circ(Ea)D) —log (n)
r

> —r lo —
n—con
= 9 g )
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where c is an absolute constant. ]

Combining the above lemma with Lemma 4.1.11 in the same manner as in [BL02] yields
the main theorem of this section.

Theorem 4.2.3 Any orbit circuit I'(Ex,Dy), where E and D have determinant equal to 1 and
are well-conditioned, computing cyclic convolution x oy must have Q(nlogn) gates.

Proof. Let I'(Ex,Dy) be an orbit circuit computing xoy. Fix r = %n Canceling the ma-
trices E and D, we get that I'(x,y) computes Circ(E~'x)D~!y. Let fi,..., fi be the linear
forms computed by the circuit in I'(x,y) in the variables x,...,x,. To be precise, if a gate
computes ¢1xj + ...+ cpX,, then its corresponding linear form as a vector is (cy, ... ,cn)T.
Let R = rig,_,(fT,..., fkT ). Observe that E~! and D! have determinant 1 and are well-
conditioned as well. By Lemmas 4.2.2 and 4.1.11, there exists an a € C" such that:

bc
1. Slin

2. max;|fi(a)| <2vIn4kR.

(Circ(E~'a)D~!) > Zrlogn — cn, for absolute constant ¢, and

Let o= max; | f;(a)|. ThenI'(a,y) computes the linear mapping Circ(E ~'a)D~!. Asin [BL02],
we can make this circuit into a bounded-constant linear circuit by

1. replacing each multiplication with f;(a) with a multiplication by 20~ ! f;(a), and

2. multiplying each output with % using at most log(%) additions and one scalar multipli-
cation of absolute value at most 2.

Letting S(I") denote the size of I', we thus obtain a bounded-constant linear circuit that has
at most S(I') + nlogar < S(T') +nlog(2v/In4kR) gates computing Circ(E~'a)D~!. We can
assume k < n?, and by the rigidity bound of Theorem 4.1.10:

STy > sk (fF,.... ;D) > (n—r)logR—n. (4.5)
So we obtain the inequality
S(T) +nlog(2V4n?R) > Z logn — cn,
which together with (4.5) yields S(I') = Q(nlogn). O

To summarize, the main idea in the above proof is that the two lemmas show the existence
of a value a to fix for x, so that simultaneously the values of the linear forms ¢ (a),...,¢(a) are
manageably small and the bc-complexity of the resulting linear map in y is high. The values
l1(a),...,¢(a) are small enough that the linear circuit obtained from the original bilinear bc-
circuit I" by plugging them in and deleting the “x side” can be converted into a linear bc-circuit
adding not too many gates, leading to the conclusion that I" itself must have been large.
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4.3 Orbit circuits with exactly » multiplication gates

In previous sections we indicated why it is still difficult to prove super-linear lower bounds on
SL,(C)-orbits of natural functions, but we obtained such lower bounds when the matrices have
bounded condition number. Now we show that if we restrict I' to have only » multiplication
gates, then a tight Q(nlogn) lower-bound on the complexity of cyclic convolution applies, for
arbitrary matrices in SL,(C) acting not only at the inputs but also at the outputs. Let x denote
the entry-wise product of vectors, i.e. (a x b); = a;b;, for each i.

Theorem 4.3.1 For any 0 < € < %, for all but finitely many n, for any n X n matrices C,D,E
such that
E(Cx x Dy) = Circ(x)y,

one of the following conditions must hold:
1. |det(C)| or |det(D)| is at least n"(59), or

2. |det(E)| is at least n®".

We note that such a circuit exists, via Theorem 2.1.4. The proof works by showing that up to
movable factors this representation is essentially unique.

Proof. Given that the range of Circ(x)y equals C", we note that the matrix £ must be non-
singular. For 0 < k < n— 1, define an n x n matrix V¥ by

(VR)ij = (CT D),

for 0 <i,j <n—1, where C; and D; denote the ith row of C and D, respectively. Now we note
some elementary lemmas:

Lemma 4.3.2 For 0 <k,j<n-—1, (EVk)j = ¢ mod n where e; denotes the ith standard

basis vector, and (EV¥) ; denotes the jth column of EV*,
Proof. (EV¥);=E (V}‘ ), where

T
V= ((C3Do)kjs---+(Ch_1Dn-1)ij) " -

For each i, (ClT D;)ij is the coefficient of the term xiy; computed at multiplication gate i,
since there we compute polynomial (Cix)(D;y). Hence E(V;‘) equals the n-vector of coeffi-
cients (r1,...,r,), where r; equals the coefficient of x;y; in (Circ(x)y);, which in turn equals

€k+j mod n* 0

Lemma 4.3.3 For0<k<n-—1,

vk = E~shift(I,k mod n),
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where Ishift(1,i) is the matrix obtained by wrap-around shifting the columns of I by i steps to
the left.

Proof. Using Lemma 4.3.2, we get that

k . . .
EV® = ¢, mod n€k+1 mod n* > €k+n—1 mod n = 1$hift(I,k mod n).

Since E must be invertible, we get the lemma. O

Lemma 4.3.4 For 0 <k <n—1, Vk = Ishifg(vk-1modn 1)

Proof. Using the fact that Ishift(AB,i) = A - Ishift(B,i) and Lemma 4.3.3, we get that
Ishife (VA1 m0dn 1y — i (E 7 Ishife(I,k — 1 mod n), 1)
= E shift(Ishift(1,k — 1 mod n), 1)
= E Ushift(I,k mod n)

= vk
O
Lemma 4.3.5 For 0 <i<n-—1, the matrix CiT D; is a circulant matrix with
T T
(Ci Di)st = (C; Di)s—l mod ni+1 mod n»
forall0 <s,t<n—1.
Proof. Consider arbitrary 0 < s, <n— 1. Then using Lemma 4.3.4 we get:
D)y = Vi
s—1 mod n
— it+1modn
T
= (G Di)sfl mod n,+1 mod n*
O

Proposition 4.3.6 All entries of C and D must be nonzero.

Proof. Suppose on row i of C there is a zero entry. Then CiT D; has one of its rows all zero.
By Lemma 4.3.5 this implies that C! D; has all entries zero. This means the output of the ith
multiplication gate is always zero. Hence the output of the circuit is strictly contained in C”,
which is a contradiction. For example, for x = e, Circ(x)y = Iy. By symmetry, we conclude
that also D must have all entries nonzero. ]
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Lemma 4.3.7 For 0 <i<n-—1, there exists an nth root of unity f such that for0 < j <n—1,

Cij = C i1 mod n and
Dij = fDi,j+1 mod n

Proof. Observe that if some f satisfies the above, then f” = 1. Fix 0 <i <n—1. Let us use
the short-hand c; and d; for the entries C;; and D;;, respectively, and we drop the mod 7 in
the subscript, assuming all indexing is done mod n. By Lemma 4.3.5, for any s and ¢, and any
number [, c;d; = ¢y d; ;. Fixt =0 and [ = —1. Since all entries of C and D are non-zero, we
get for any s that

Cs _dn—l
Cst1 do
Letf:dzlg‘.Forongn—l,
ci
J
fejri=——¢cjr1=¢j.
Cj+l1

Similarly we get for any 0 < j <n—1, that

dj_ Co
)
di ¢y

which implies the statement for the D;;’s of the Lemma, and note the multiplier f is indeed the
same for C and D. O

The above lemma tells us that for each row i there is a root of unity f and nonzero a;
and b; so that C; = (a;, fai,. .., " 'a;), and D; = (b;, fb;,..., " 'b;). It is not too difficult to
see that these multiplier must be distinct for different rows. Namely, if for i # j, rows i and
J use the same multiplier, then C; = AC; and D; = ED, for certain scalars A and &. But then
(Cix)(Djy) = A&(Cix)(Djy). In other words the ith and jth multiplication gate are restricted to
be some fixed scalar multiple of each other. Hence the input to E is of dimension less than n,
hence the output of the circuit has dimension < n, which is a contradiction.

So the full set {0°,®,...,0" '} with w = ¢2™/" is used. Without loss of generality we
assume w' is used for row i. Hence we get

C = diag(ao, . ..,an—1)DFT,
D = diag(bo, ..., by_1)DFT,. (4.6)

From (4.6), and the fact that {rl-Tri :0 <i<n—1}is alinearly independent set with r; equal
the ith row of DFT,,, we obtain:

Proposition 4.3.8 The set of polynomials {(Cx x Dy); : 0 <i <n— 1} is linearly independent.
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The above proposition tells us that there is exactly one matrix E such that E(Cx x Dy) =
Circ(x)y. It can be verified using Theorem 2.1.4 that the matrix

E = lDF T di ! !
= . 1ag(aobo,...,an_lbn_1 )
fits the equation.
We now complete the proof of this section’s main theorem. Let A =
diag(aobo, - . . ,an—1by—1), dc = |det(diag(ao, . ..,an—1))|, and dp = |det(diag(bo,...,by—1))|.
Then |det(A)| = dedp. Fix 0 < € < 1/2. If dc > n~"€/>+1/4) then

|det(C)| = dc|det(DFT,)| = den? > n"(1/4-¢/2),

Similarly, if dp > n="€/2+1/4)then |det(D)| is at least n"(!//4~¢/2)  Otherwise |det(A)] is at
most n~"(&+1/2)_ This implies that |det(E)| is at least n®". O

As a corollary to the above theorem we get the following:

Corollary 4.3.9 For any n x n matrices E, D and F with determinant equal to 1, any orbit
circuit FT'(Ex,Dy) with exactly n multiplication gates computing Circ(x)y must have size at
least Q(nlogn).

Proof. Let M, and M, be the linear maps computed at the input in the x and y variables, re-
spectively, and let M,, be the linear map of the circuit at mapping the values from multiplication
gates to output. These are all maps from C" to C"'. By Theorem 4.3.1, one of the three linear
mappings, call it M, of the output circuit must have determinant of absolute value at least n"/.
The map M can be written as a product of a determinant-1 matrix that does not count towards
the circuit size, and another matrix N that is computed by gates. Hence using Theorem 2.1.1,
the number of gates to compute N is at least logn™/® = Q(nlogn). O

The above corollary implies a lower bound on bounded-coefficient complexity (when re-
stricted to n multiplication gates) of the entire bilinear SL, (C)-orbit of the mapping Circ(x)y.
Namely we have:

Corollary 4.3.10 For any two n x n matrices E and D in SL,(C), the size of a bounded-
coefficient circuit with n multiplication gates computing Circ(Ex)Dy must be Q(nlogn).

4.4 Orbits of XI11X- Formulae

In this section we extend our lower bounds from Chapter 3 to XIIX formulas with arbitrary
linear transformations at the inputs. These linear transformations might themselves require 7>
formula size. More precisely, we consider orbit circuits of the form C(Ex), where E € GL,(C)
and C is a XIIX-formula. To emphasize, constants on wires are unrestricted. Let ¢§(f) denote
the smallest number of wires for a XIIX-formula C for which there exists invertible matrix £
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such that C(Ex) = f. Regular LITX-formula size, that is fixing E to be the identity map in the
above, is denoted by /3(f).

Let us note that for polynomial f and affine subspace A of codimension K, we can represent
fi, by a substitution f(Bx+ b) for some matrix B of rank n — % and vector b. For a set of
polynomials 7', dim[{¢(Bx+b) : t € T}] is the same for all B of equal rank and fixed vector b.

Lemma 4.4.1 Let g € Clyy,...,yy] and let E € GL,(C). Suppose f = g(Ex). If it holds that
for every affine subspace A of codimension x, dim(dy(f)|,) > D, then also for every affine
subspace B of codimension K, dim(d4(g)|z) > D.

Proof. Suppose there exists affine subspace B of codimension k such that dim[ad(g)| s)] <D.
LetS=0(g), S(Ex) = {s(Ex):s € S} and T = 0(f). Observe that T C span(S(Ex)). Suppose
the restriction to B is represented by substitution (Bx +b). E !B is also affine of codimension
K, and by the remark before this lemma,

dim[0?(f)z-15] = dim[{p(E~'Bx+E~'b): p € T}]
Since {p(E~'Bx+E~'b) : p € T} is contained in the span of S(Bx + b), we obtain a contra-

diction. ]

Theorem 4.4.2 Let f € Clxy,...,x,|. Suppose for integers d, D, X it holds that for every affine
subspace A of codimension X, diim(dg41(f)|,) > D. Then

2D
B 2 min 5. )
d

Proof. Suppose f = C(Ex), where C is a LITX formula with ¢3(f) many wires and E is some
invertible matrix. Write Let g = C(y). Observe that by Lemma 4.4.1 we have for any affine A
of codimension X,

L d
y dim[ad(a—j)A] > dim[dy+1(g),,] > D. 4.7)
i=1 l

Let My, ...,M; be the multiplication gates of C. We have that g =Y; | M;, where for 1 <i <y,
M; =119 I; ; with deg(l; ;) = | and d; = fan-in(M;). Write

lij=cijiyr+cijoy2+...4cijnyn+cijo-

Computing the partial derivative of g w.r. to variable y; we get

ag s d; Ml
— = CijkT—- (4.8)
Ik l; ,; L
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Let S = {i|dim(M") > «}. If |S| > %5, then (3(f) > d+2 Suppose |S| < 7%5. If § = 0, then let
A be an arbitrary affine subspace of codimension k. Otherwise, we have d +2 < K. It is possible
to pick d+2 input linear forms /; 1,...,1; 44 of each multiplication gate M; with j € S, such
that {1” ineeolia +2\ jE€S}isaset of at most ¥ independent homogeneous llnear forms. Define

A= {y\lw( ) 0,i €S, j € [d+2]}. By Proposition 3.1.1, we have that codim(A) < k. Wlog.
assume codim(A) = k. For each i € S, d+2 linear forms of M; vanish on A. This implies that

dlm(ad(M ),,) =0.

>J

For i ¢ S, by Proposition 3.3.6,

dim(@a(})) < (5°)

Let Dy, = dim(9d4( yk)| ,)- By equation (4.7), we have that }'}_, Dy > D. By Proposition 3.3.7
and equation (4.8),

Des X dim ad(Mj)M)

Ci j, k#o

Hence there must be at least terms on the r.h.s., i.e., there are at least that many wires

Dy
()
from y; to gates in the next layer. Hence in total the number of wires to fanning out from the

inputs of C is at least Y"1 ,Hd) > (;ed)' L

We compare the above with Theorem 3.3.3 and Shpilka and Wigderson’s result that we
quoted as Theorem 3.3.2. Let us define

Pai(f)= min  dim[d,(f)]

codim(A)=k

Lemma 4.4.1 implies that for f in the GL,(C)-orbit of g, i.e. f = g(Ex), for some non-singular
matrix E, that pg «(f) = pax(g). However, it does not hold in general that

min (édim[ad(%>|A]> =  min (édim[ad(g—iﬂ,;]) .

codim(A)=k codim(A)=k

This is the reason that we lose the “potential extra factor of n” arising from the summation
in Theorem 3.3.3. Theorem 4.4.2 comes very close in its statement to Theorem 3.3.2. The
only essential difference is the condition dim[dy(f)|,] versus dim[dy1(f)|,]. We will give an
example in the applications that shows how this enables in certain cases for our Theorem 4.4.2
to outperform Theorem 3.3.2.
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4.4.1 Lower Bounds
2d

Theorem 4.4.3 For 1 <d <logn, Eg’(S,%d) = Q(@)-

Proof. By Lemma 4.14 in [SW99] we have that for any affine subspace A of codimension k
andd >0,
dim(3+1(5372) ) = (435)-

Applying Theorem 4.4.2 we get that

A
[\
—~
QU
+ |
—A
N—

/9 2d+2 > .
—  min( < (ZiK)n_K_d_l)
N d+27 (%) d+1
2 (T)n-2«
> mi d 4.
2 min(g ) a1 (4.9)

subject to the condition (d + 1) < k. Set Kk = %n%. Then we have that

(7 ) n—2xk L (MoK gn—2K

(—)

(¥*dyd+1 = ‘x+d d+1
> 8/9‘111+1>dn—21<
2/9nT2 d+1
d n—2K
— 4dpaa
AT
2442
n d+2
> .
- d+1
di2 2442 2442
Hence (4.9) is at least min(grl‘(ilfz) ) ndd++12 )= Q("dd%zz). O

Recall the product-of-inner-product polynomial:
PIP,% = (Z ajbj)(z Cl'di).
j=1 i=1

We prove:
Theorem 4.4.4 (§(PIP2) = Q(n*/3).

2
Proof. Set d = 1,k = n%/3. Observe that % = b;d;. Let A be any affine subspace of codi-
i€j

mension K with basis B. At least n — K variables in {by,...,b,} are not in B. Symmetrically,
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at least n — x variables in {di,...,d,} are not in B. So for at least (n —x)? indices (i, j),
2 2
%ZZ‘ L %Z{Z’ These are independent terms, hence dim(az(PIP,%)| ) > (n—x)%. Applying
. 2/3\2
Theorem 4.4.2 we get that ¢4(PIP?) > min(#, (r:lz/n3+1) ) = Q(n*/3). ]

The above is an example, where the different conditions of dim[d,(f)|,] > D versus
dim[dg11(f)|,] > D in the statements of Theorems 3.3.2 and 4.4.2 matter. Recall our pre-
vious remark that [SW99] yields only a trivial Q(n) lower bound for this polynomial. More
generally, we have the product of d inner products:

d n
PIPY =T](} a'b)),
i=1 j=1
for variables a’, b’ with i, j € {1,...,n}.

Theorem 4.4.5 For constant d > 2, {3(PIPY) = Q(ndz_fl).

Compare with £5(PIP?) = Q(n%) in [SW99].

Wl

Theorem 4.4.6 (3(z” Circ(x)y) = Q(n3).

Proof. Let f = z' Circ(x)y. Aply Theorem 3.3.3 for d = 1. Since 9! (g—f) contains all variables

i

X1, .. .,%,, we conclude dim[d' (g—zf) 1) is at least n — « for any affine A of codimension k. Hence
03(f) = min(x?/3, "2 Taking k = n?/3 yields 63(f) = Q(n*/?). O

Note that z” Circ(x)y can be computed in O(nlogn) size using a bounded constant LITETIE
circuit, and also note that Theorem 3.1 and 3.2 of [SW99] are rendered useless for this poly-
nomial, because the dimension of the set of first partials and also the dimension of the set of
second partials is just O(n).

We cannot prove a non-linear lower bound on Eg(zTCirc (x)y), because there exists a poly-
nomial in the orbit of z’ Circ(x)y that has O(n) LIIZ-formula size! Namely, separately in
each set of variables, apply DFT, ! to x, F,, to y and F,~! to z. By Theorem 2.1.4, Circ(x) =
F,diag(A)F, ! for A = DFT,x. Hence we get ' F, !Circ(DFT, 'x)F,y = 7! diag(x)y .

The above is an example of a polynomial where the extra factor of n obtained by the
summation in Theorem 3.3.3 matters: dim[d2(f)|,] = O(n), but };dim|[0; (g—g)] > n(n—x), for
any affine A of codimension K. This polynomial also provides us with a counter-example to the
claim that for any f = g(Ex),

. N of _ no g
dim[dy(5-)1,] | = dim[94(=>);,] | -
codir?ri&):k (E{ iml d(axi)|A]> COdir?ri&):k (Z; im d(axi)|A]>

If this were true, we could prove equally strong lower bounds for the XITX-orbit model as
obtainable with Theorem 3.3.3 for regular XII¥-formulas. However, this does not hold, and we
had to weaken Theorem 3.3.3 somewhat, resulting in its analogy Theorem 4.4.2.
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As a last application, we define

Definition 4.4.1. For d > 1, define the linear-sum of the product of d n x n matrices X', ..., X¢
to be the polynomial

n n
MMy =YY aij(X"-X*.. - X%
i=1j=1
We prove the following lower bound:

Theorem 4.4.7 For constantd > 1, {§(LMM»41) = Q(n4_ﬁ).

Proof. Rewrite

_ 12 2d+1
LMMy441 = Z Qig,inar1%ig, iy Xi1,i2 -+ Kinging 1

0005004 +1 6{1,...,n}

Consider fixed indices i, . ..,ir411. Taking (d + 1)-order partial with respect to the variables
1 3 2d+1

Yig,ivMigizr e+ Xingina 1 of LMMya-1 yields the monomial
o 2 4 2d
Qig,ina 1%y iy i i+ King_1.ina-

Consider an arbitrary affine subspace A of codimension k. Since in each matrix there are at
least n> — k unassigned variables when doing the substitution corresponding to restriction to A,
we conclude that there are at least (n> —)¢*! choices for the indices, which produce a partial
derivative that is not altered by restricting to A. Since each choice yields a different partial we
conclude dim[dy 11 (LMM2q+11)|,] > (n? —x)4*!. Taking x = ndr and applyingTheorem 4.4.2
yields the result. O

4.5 Remarks

As a stepping stone towards proving lower bounds for unbounded constant circuits, we defined
a computational model that allows for more unbounded constants than previously considered
in the literature (e.g., see [BL02]), but that does this in some moderated sense. The model
also serves the dual purpose of investigating the computational complexity of all mappings
that are present in the G-orbit of a given bilinear map, for various matrix groups G under
consideration. Given that taking G = GL,(C) results in a model that is at least as powerful
as the unbounded constants case, the next natural thing we attempted was to lift the random
substitutation technique of [BL02, Raz02] to the SL,(C)-orbit model.

This turned out to be hard because of two conflicting issues. Namely, there is the apparent
requirement in the random substitution technique to select the random input from a subspace
U of some dimension €n with € < 1, which seems to be about the only way to make the outputs
of the linear forms on which substitution is performed ‘“reasonably” bounded. Provided that
is true, they can be replaced by “few enough” repeated additions, and this way a reduction to
the (well understood) linear case is achieved. Unifying this modus operandi of the restriction
technique with the abundance of ill-conditioned matrices present in SL,(C) is problematic.
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Geometrically speaking only n-dimensional volumes retain the same volume under such trans-
formation, but any lower dimensional volumes can be arbitrarily stretched or squashed. In any
configuration of the argument we considered this becomes an issue. Either the msv,-volume of
the target linear form one reduces to is negatively impacted, or, attempting to salvage this, the
outputs of linear forms on which one performs substitution are ill-behaved, and vice-versa.

We did manage to show that techniques from [BL02, Raz02] continue to stand while al-
lowing the circuit to have for free at the inputs linear transformations in SL,(C) that have
condition number O(1). In particular unitary matrices present no problem. We also managed
to show the desired result of proving an Q(nlogn) size SL,(C)-orbit model lower bound for
circular convolution assuming only n multiplication gates are used.

We considered orbits in conjunction with XITX-formulas. The fact that lower bounds for
x-complexity are maintained unaltered under such an extension is trivial. Interestingly enough,
we showed +, x-complexity lower bounds can also still be established, although in certain cases
the results are weakened.

In the next two chapter we will focus on DL, (C)-orbits, that is, allowing for free arbitrary
diagonal matrices of determinant 1 at the inputs. Also these matrices can be arbitrary ill-
conditioned, and hence will still provide a formidable proving ground.

We first will make an exposition of the complexity theoretic issues that are involved in
interlude Chapter 5, outlining the global structure of the lower bound proof we are going to
pursue. Then in Chapter 6 we will set up a framework that allows for a rigorous attack on
the involved problems. Using Fourier analysis, in particular involving a discrete variant of
the Heisenberg uncertainty principle, we will be able to establish some lower bounds for the
circular convolution bilinear map. We will also establish a result about random Vandermonde
matrices, and derive a circuit lower bound from that. Finally, some limitations will be explored
using result known about the asymptotic eigenvalues of the prolate matrix [Sle78].



Chapter 5

Diagonal Orbits

Our aim is to extend the arguments by Raz and Biirgisser-Lotz [Raz02, BL02] with regard
to the number of unbounded constants allowed in the circuit, and to give lower bounds on
entire orbits f(Dx,Ey), where f is a natural bilinear function like matrix multiplication or
convolution, and D, E are matrices of unit determinant. We begin with the very special case
where E is the identity and D is a diagonal matrix. Handling this case is not sufficient, but it
brings out connections to major matrix problems about minors, in case of convolution about
the discrete Fourier matrix DF T;,. The general two-sided case will be dealt with in Chapter 6.
Accordingly, in this chapter and the next, we focus on circuits of the form

1—‘n(xl : d?? s Xn d:lmyhyZ? s 7yn)7
where {I', },,~0 is a family of bounded-coefficient bilinear circuits and
{Dn = ( ?7d£l7 s 7d2>}n>07

is a family of n-tuples satisfying that for any n,

n
[T =1
i=1

These circuits compute bilinear mappings in the set of variables {xj,x2,...,x,} and
{»1,¥2,---,yn}. As done before for orbit circuits, for circuit size we only count the size of
I',,. In other words, the constants ;' do not count against the size. They can be considered
unary helper gates.

In this chapter we lay out the complexity theory side of the lower bound strategy. The next
chapter attacks the mathematical problems involved, and establishes some lower bounds, and
also indicates some limitations of the taken approach.

5.1 Strategy and Conditional Result

As in [BL02, Raz02], one of the inputs is going to be fixed by constants (we fix y), thereby
reducing the bilinear case to a question about linear circuits. Once y is fixed, the outputs of the

61
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linear forms in y output constants that are used at the multiplication gates. These multiplica-
tions with constants can be replaced by performing repeated additions. In a way to be made
more precise later, one can only do this, if the outputs of the linear forms in the y variables are
“reasonably” bounded. If this is true, only few repeated addition will be needed, leaving the
blow-up in size of the circuit limited. Also, with y fixed, the circuit computes a linear transfor-
mation in the x variables. If one manages to fix y so that the resulting linear map has provably
high complexity, while at the same time leaving blow-up in size caused by the repeated addition
to be limited, one would conclude the original circuit must have been of “high” complexity.
For the purpose of bounding the magnitude of the linear forms when fixing y, we prove the
following lemma.

Lemma 5.1.1 Given k x n matrix F computed by b.c. linear circuit I" with n inputs and k
outputs, for all 0 < [ < n, there exists U C C" of co-dimension [ such that for all a € U
3s(D)+3n

max |(Fa)| < |la||-2 7.
1<i<k

Proof. By the min-max charaterization of singular values (Theorem 4.1.7)

6,(F) = min ||Fal|,.

llall2=1

If 6,(F) < 1, add n gates to the circuit that make a copy of the inputs. We obtain a circuit I’
of at most s(I') 4+ n gates computing a K’ X n matrix G with 6,,(G) > 1 and ¥’ > n.
Consider G*G. Using Theorem 4.1.3 (Binet-Cauchy), we get that

K /

det(G'G) = Y |det(Gr)|* < ( )zM ).

IT|=n n

The last inequality follows from Morgenstern’s Theorem 2.1.1. So
det(G*G) S 2]8225(1—‘/) S 235(F’) S 235(1—‘)4—3”.

Also

det(G*G) = ﬁGi(G)z.
i=1

For arbitrary 0 </ < n,

o111(G)" < []ei(G)

A
—
9
B

IN
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3s(I)+3n . .
Soo;41(G) <2 =l By Theorem 4.1.7 (Courant-Fisher-Weyl min-max)

0/.1(G)= min max ||Gx||2.
1+1(C) codim(U)=luniter|| I

Hence we conclude that there exists U C C”" of co-dimension / such that for all unit x € U,

3s(I)+3n
max [(Fx)| < max [(Gx)i = [|Gal . < [|Gal 2 < 2775
1<i<k 1<i<k/
The statement of the lemma now follows by linearity. |

We compare the above with the proofs of Lemma 4.1 in [Raz02] and Lemma 4.2 in [BLO3].
There the definition of rigidity is used to obtain a subspace U from which selecting a random
input a yields a bound on the magnitudes of Fa with high probability. We obtain a subspace U
such that for all unit a € U these magnitudes are bounded, alas with a slightly weaker bound.
Namely, a standard Gaussian vector in an n — [ dimensional vector space has expected norm
vn—1, but this factor crucially gets dampened in [BL0O3] and [Raz02]. Nevertheless, Lemma
5.1.1 will suffice for our purposes. We have the following conditional theorem:

Theorem 5.1.2 Let {D, = (d},d5,...,d};) }n>0 be a family of n-tuples satisfying that for any
n, [T, d! = 1. Suppose {I',},~0 is a family of bounded-coefficient bilinear circuits such that
for all n,

Co(xy-df, ... x,-d",y) = x" Circ(y).

Let
I, =Ai: 0§i§n—1withdf<l},

and define L, = |I,|. If for every & > 0, there exists a ko > 0 so that for all but finitely many n,
for any affine linear space U of codimension Li—gj, there exists a € U with ||a||2 = 1 such that

Circ(a) has an £, x £, minor M with rows I, with
|det(M)| > 2 nloen
then there exists Y > O such that for infinitely many n,
s(Iy) > ynlogn.

Let us first make some preliminary remarks. Suppose that in the above ¢, = Q(n).
This means there exists an 0 < €y < 1 so that for all but finitely many n, ¢, > €mn. In
this case we think of the 4} that are larger than 1 as help gates as in [BLO2]. There are at
most (1 —&p)n many such help gates. Currently known techniques can already handle this
amount of unbounded constants. Namely, Theorem 6.4 of [BL02] tells us that in this case
s(I'y) = Q(nlogn). The question we would like to address is whether we can manage to deal
with n — o(n) many unbounded constants in the circuit. This situation arises when ¢, = o(n).
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Proof. (of Theorem 5.1.2) Wlog. we assume all d}' values are distinct. (If this is not true
make infinitismal perturbations of the d' and add n gates to correct these again.) For each n,
let iy p,...,inn be such that

dar <d,-"2_n<d{; <l<d!

Un Up+1,n

<...<db .

In,n

In case
n

log H d;,, = o(nlogn),
]:£n+1

then we can replace the constants which are bigger than 1 by bounded constant repeated addi-
tions. This takes at most Z;?: 0,+1108 dl”jn = o(nlogn) additional gates. Hence we would obtain
a family of regular bounded-coefficient bilinear circuits of size s(I',) + o(nlogn) computing
xT Circ(y), but such a family must have size Q(nlogn) by [BL02]. Hence we would conclude
s(Iy) = Q(nlogn).

So assume that there is a 8 > 0 such that for infinitely many n, [T}_, |, di., > pdnlogn,
This implies that for infinitely many n,

€I‘L
[l < o ~dnlogn (5.1)
j=1

Let us consider some large enough n for which (5.1) holds, and let us drop the sub and
superscipts n on our variables.

We are going to perform the following substitution on the circuit. Set x;; = 0 for all j > ¢
and substitute x; =25 /d; i otherwise. This yields a bounded coefficient bilinear circuit of size
no bigger than s(I'), and it computes

(z1,...,z¢)diag(d; 1, ...,d- )M,

ip Ty

where M is the ¢ x n minor of Circ(y) corresponding to rows I,,.

Now setr =n — L%j, where k is the constant that is assumed to exist by the statement of
the theorem for %’ Let f1,..., fr be the linear forms in y of I'. Lemma 5.1.1 provides us with a
linear subspace U of dimension n — L%j such that for any unit a €g U , we have that

3s(I'y) +3n

< 2[0ko] +2° (5-2)

logmax |fi(a)

For any unit a € U and any ¢ x ¢ minor My of Circ(a) with rows I we can obtain from I',, a
bounded coefficient linear circuit computing the C" — C™ map

(Zla 7Zm)dlag(dll 9. di;l)M()?

by removing the outputs not corresponding to My and replacing multiplications with f;(a) by
fi(a)/u and correcting this by adding at most /logu repeated additions at the output gates,
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where u = max; | fij(a)|. Hence the number of gates we added is at most
3s(I,) +3n

= "2[l/ko] +2

< ko3s(L,) + 3nko

< 4k0s(l“n).

logmax |fi(a)]

So the size of the resulting b.c. linear circuit is at most (4kg+ 1)s(I"). However, by the condition
of the theorem, and given that n is assumed to be large enough, the above can be done for a
minor M for which

)
|det(Mo)| = 272108,

This means that 5
\det(diag(dlql,...,d;l)Mo)‘ > p3nlogn.

However, by Morgenstern’s bound (Theorem 2.1.1) any bounded coefficient circuit com-
puting diag(dijl, e ,di;l)Mo then requires at least %nlogn gates. Hence s(I',) > Wiznlogn.
L]

5.2 Finding good minors

Using the notation of Theorem 5.1.2, and given our preliminary remark, we see that we are
essentially left with establishing the following condition:

(Condition I) For every family {7, C {0,1,...,n—1}},>0 with £, = |I,| = o(n), and every
O > 0, there exists a kg > 0 so that for all but finitely many n, for any affine linear space U of
codimension L%J’ there exists a € U with ||a||> = 1 such that Circ(a) has an ¢, x ¢, minor M
with rows I,, with
| det(M)| > 27 %logn,

By our preliminary remark, we know the conclusion of the theorem is true for ¢, = Q(n),
without need to establish anything further. So actually, for complete coverage of all cases, we
would want to establish the condition for functions ¢, that are not Q(n), but we are already
going to be content with the weaker theorem that would result from satisfying condition I for
l, = o(n).

Let us remark the sets /,, and the subspace(s) U mentioned in the condition are adversarial
in nature, they are determined by a hypothetical orbit circuit for circular convolution of size
o(nlogn), that we are trying to show does not exist. Hence the universal quantification over
these quantities in the statement of condition 1.

Given that Theorem 2.1.4 allows us to write

Circ(a) = F,diag(DF T,a)F,’,
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it is no supprise that condition I is related to finding minors of DF'T;, on a given set of rows I,
that have “reasonably” large determinant. We state the following condition:

(Condition II) For every family {f, C {0,1,...,n— 1}},~0 with ¢, = |I,| = o(n), and
every 8 > 0, there exists a ko > 0 so that for all but finitely many n, for any L%J columns
Jo € {0,1,...,n— 1}, there exists an ¢, x £, minor M of DFT, with rows I, and columns
disjoint from J,, with

| det(M)| > 27 9logn,

Theorem 5.2.1 If Condition I holds, then so does Condition II.

Proof. Suppose Condition I holds. Let {7, C {0,1,...,n—1}},>0 be given, and define ¢, =
|I,|. Assume that ¢, = o(n) and let > 0 be given. We want to argue it is now possible to select
a kg > 0 so that for any family

{Jn - {07 l,...,n— 1}}n>0;
with |J,| = L%J’ for all but finitely many n, there exists ¢, x ¢, minor M of DF T,, with rows I,
and columns disjoint from J,, with
| det(M)| > 27 %logn,

For each n, define U, to be the subspace of vectors v for which (F,v); =0 for all j € J,. This
subspace has dimension n — |J,| = n — Li—gj By condition I, for any & > 0,there exists k;, > 0
so that, provided n is large enough, we have unit a € U, such that Circ(a) has a square minor
M with rows I, such that

| det(M)| > 2~ nlogn, (5.3)
Let Q(a) = Circ(a)Circ(a)*. Using Theorem 2.1.4 write
Q(a) = DFT,diag(|Ao|?, |M1[%,. .., |Au_1|?)DFTS, (5.4)

where A = F;,(a). Note that [|A||; = 1.
Using Theorem 4.1.3 (Binet-Cauchy Theorem) and (5.3) we get

det(Q(a)y, 1) = Y. |det(Circ(a);,s|* > 272%mloen, (5.5)
‘S|:£n
where in the sum S ranges over all subsets of size ¢, of {0,1,...,n—1}. Also using Theorem
4.1.3 and now using (5.4) we can write
det(Q(a),s,) = Y, |det(DFT}, 5)P 1Al (5.6)
|S|=¢y sES

Since ||A||2 = 1, for any S of size £, Y ,cs|As|> < 1. Using the arithmetic-geometric mean
inequality, we then get

[T < ()"

sES n
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By our choice of U, the only terms in (5.6) that are possibly non-zero are those for those sets
S that avoid J,,, namely [T,cs|As|? is zero for all others. Combining (5.5) and (5.6) we get that
there exists some set S disjoint from J,, that has

|d€t(DF7}Z7S)|2H ‘7\43‘2 > 2728/n10gn7n’
ses

and hence /
|det(DFTIZ’75)|2 > 2—28 ”103"_”£fl”_

The above holds for any &' > 0, so with &' chosen small enough we get that

—28'nlogn—n pby —onl
2 nlogn ngn 2 2 n ogn,
This way we see Condition II is satisfied, provided Condition I holds. |

In other words Condition II is a necessary condition for establishing Condition I. In Chap-
ter 6 we will see that Condition II would also be a sufficient condition for obtaining Condition
I. However, now that we have extracted the more fundamental notion of finding “good” mi-
nors on the Fourier matrix, let us have a look at some issues that are involved in establishing
Condition II.

As it turns out, Condition II is too strong to satisfy for arbitrary families of rows {I,, },~0
and columns {J, },~0. To give an example of what can happen, suppose 7 is a square. Then
it can be seen that any /n x /n minor of DFT,, that has rows which are multiples of \/n and
avoids columns that are multiples of \/n is singular. For example, letting ® = e/ DFTy is
given by:

1 1 1 1 1 1 1 1 1

Il o 0 o o o o o ol
1 o o 0 0 o o @ o
1l o o 1 o o 1 o o
1 o o o o 0 o o o
1l © o o o o o o8 o
1l o o 1 o o 1 o o
1l o o o o o o o o
1 o o o o o o o o

Selecting rows 0, 3 and 6:
1 1 1 1 1 1 1 1 1
1l o o 1 o
1 o o 1 o

and then removing columns 0, 3 and 6:

1 1 1 1 1 1
@ o © 0 o o
o @ o o o o
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leaves a matrix with only two different kinds of columns, so any 3 x 3 minor of it will be
singular. More generally, whenever n = ¢ -k, any ¢ x ¢ minor with rows 0,k,2k,...,(¢{ — 1)k
and columns avoiding 0,/¢,2¢,...,(k— 1)¢ can be seen to be singular. Consequently, one can
observe that for ¢, = ®(y/n) Condition II does not hold. In the next chapter we will therefore
try to establish weaker versions of condition II, and derive (weakened) diagonal orbit lower
bounds therefrom. The final lower bound theorem we will arrive at, while deriving some
mathematical results that are interesting in their own right, will be the following result:

Main Result 5.2.1 Let {D, },~0 be a unit helper family, and suppose {I',},~0 is a family of
bounded-coefficient bilinear circuit such that for all n,

Cu(xy-d},... . x,-d",y) = x! Circ(y).
Define I, = |D, N (0,1)|. We have that

1. Ifl, = O(n%), then there exists Y > 0 so that s(I',) > ynlogn, for infinitely many n.

2. Ifl, = O(ng) and {Dy, }n~0 is asympotically contiguous, then then there exists Y > 0 so
that s(T') > ynlogn, for infinitely many n.

3. Ifl, = Q(n), then s(T';)) = Q(nlogn).

In the above, a family {D, },~0 where each D,, is an n-tuple of distinct positive real num-
bers (df,...,d);) such that [T, d!' = 1 is called a unit helper family. If for all but finitely many
n, the entries in D, of value less than one are contiguous (in the circular sense), we say that
{Dy}n>0 is asymptotically contiguous. In other words, the theorem proves a lower bound for
orbit circuits of the form I'(Dx,y), where D is diagonal and with unit determinant, but with
some further restrictions on how many helper constants are less than one, and how they are
located relative to each other.

Curiously, in the above theorem it is not the unbounded constants that form a problem, but
rather the seemingly innocent ones that are less than one, which the circuit could have supplied
itself without problem. Note that the above theorem implies that we can handle, without further
assumptions, any n — o(y/n) many unbounded constants. At its most extreme this allows for
n — 1 unbounded constants in the circuit, balanced against a single small helper constant that
makes the product of all helper constants equal to one. This improves the €én many allowed
unbounded constants for fixed € < 1 from [BL02]. Although it must be said that we have strict
requirements on where the constants are located in the circuit, and we have the requirement
that their product is one. [BLO02] has neither of these additional restrictions. Of course lifting
the latter requirement puts one in the arena of the general unbounded constants case, which,
even for linear circuits, has been a standing open problem in theoretical computer science for
over 35 years.
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5.3 Symmetry properties of cyclic convolution

We refer to Hungerford [Hun80] for the group theoretical notions used in the following. A
curiousity is that in Chapter 4 we managed to lift the results of [BL02], amonst others, to orbit
circuits of the form I'(Upx, U;x), where Uy and U are unitary. This includes the case where
the free maps are permutation matrices. However, Theorem 5.2.1, or better said its proof, is
incompatible with any such generalization. Of course, the two conditions of a unitary and
diagonal matrix together, leave only the identity matrix, but more can be said. Namely, there is
a certain lack of symmetry in the cyclic convolution map. In the following let S, be the group
of permutations on n-vectors. We think of each € §,, to be a bijection & : Z,, — Z,, where
Z,=1{0,1,...,n—1} is the additive group of integers modulo 7.

Definition 5.3.1. Call a permutation t € S,, retrievable if there exist permutations 7| and 7, in
S,., such that

7o [m(x)Circ(m; (v))] = xCirc(y).

for n-vectors of variables x = (x0,X1,...,%,—1) and y = (y0,¥1,---,Yn_1)".

In other words, a permutation is retrievable if application of it to the n-vector of variables x can
be undone by applying a permutation to the n-vector y, and applying one to the result vector
obtained by convolution of the permuted x and y vectors. Elementary reasoning yields the
following:

Theorem 5.3.1 For any n, the retrievable permutations form a group, and are precisely those
permutation © : Z,, — 7L, for which there exists b, g € Z, with g relatively prime to n such that
foreachicZ,,

(i) = b+ gi.
Proof. See Appendix B. ]

The retrievable permutations form a subgroup R, of S, of size at most n> — n, hence there
are in general vastly more unretrievable permutations than retrievable ones. So the circular
convolution map enjoys nice symmetry properties, but, perhaps unexpectedly, is not “all sym-
metric”.

We conclude that for any n > 3, it is not in general possible to undo a permutation on the x
variables by permuting the y variables, and then permuting the final result vector. If one could
do this, then one could easily convert any circuit computing 7t(x)Circ(y) into one computing
xCirc(y). Namely, simply permuting the y variables at the inputs and the outputs of the circuit
with the 7; and 7, that work for &, and one is done. By taking inverses, this would mean
that for any m, any circuit for xCirc(y) can be converted into a circuit computing 7(x)Circ(y).
Perfoming this conversion on an orbit circuit

[(x1dy,x2,. .., Xpdy,y) = xCirc(y),
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we would get a circuit I such that
F’(xn(l)dl,xﬁ(z), oy X (n)dn,y) = xCirc(y).
which means we have a circuit I’ with
I (x1dyp-1 (1):X2dr1(2)5 - -+ s Xnd1 (), ) = xCire(y).

In other words, we would have a means of permuting the helper constants on the variables.
This would then allow us to at least establish item 2 of Theorem 5.2.1 without the contiguity
requirement.

From the above we conclude that one cannot in general convert a circuit for mt(x)Circ(y)
into one computing xCirc(y) by permuting the y-inputs and outputs. However, something
weaker would suffice for our purposes. Namely, if for every permutation 7 there exists a
reduction that converts a circuit for 7(x)Circ(y) into one for xCirc(y), using only o(nlogn)
additional circuit hardware, then one would obtain the same conclusion of establishing item 2
of Theorem 5.2.1 without the contiguity requirement. It is not clear whether this can be done.

5.4 Contiguity and Chordal Product

Given that we cannot establish Condition II in general, one natural scenario to consider is
whether we can establish Condition II in case the set /,, is contiguous. Here we mean contiguous
in the modular sense: n — 1 and 0O are adjacent. In other words, I,, is contiguous if and only
if it is of the form {b+rmod n : i < r < j}, for certain integers b,i and j. Establishing this
weaker condition, would yield us a diagonal orbit lower bound for more restriced orbit circuits
for which the helper variables that are less than 1 appear as a contiguous block, i.e. are all
adjacent (again in the circular sense).

It is not hard to see that w.l.o.g. we can assume then that 7,, consists of rows 0,1,...,¢, —1
of DFT,. All ¢, x ¢,, minors M with these rows are Vandermonde matrices of form M =
V(o,0,,...,0, ) where the @’s are nth roots of unity. Using the determinant formula for a
Vandermonde matrix, we have that |det(M)| = CP(®;,,,...,0y, ), where we define for any
finite set P = {p1,p2,...,px} of points on the unit circle in the complex plane their chordal
product

cr(P)= [] Ipi—npjl

1<i<j<k

Let Q = {®p, ®1,...,0,_1 } be the nth roots of unity. Condition IT now becomes:

(Condition II') For ¢, = o(n), and every & > 0, there exists a kp > 0 so that for all

but finitely many n, for any Li—gj many roots of unity J, C Q, there exists ¢, roots of unity

X1,X2,...,%, € Q\ J, such that
CP(x1,x2,...,Xp,) > o ~dnlogn

Without the presence of the set of “off-limits” points J, the CP(x1,x2,...,X;,) is max-

imized at éf,”/ 2 by selecting the ¢, points with equal separation between adjacent points on
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the circle. Namely, Wlog. we select the /,th roots of unity. Hence CP(x1,x2,...,x,) =

|det(DFTy, )| = o2, By the Hadamard Inequality (Theorem 2.1.3), this is the maximum mag-

nitude of the determinant of any ¢, x ¢, matrix with unit entries.

The above means for example that for ¢, = O(/n) it will be simple to satisfy Condition
IT'. Say ¢, < d+/n, for some constant d > 0, for all large enough n. For simplicity lets assume
that /,, divides n. Selecting ky so that Li—gj < ﬁﬁn ensures that of the ﬁ sets of ¢, equally

spaced points, since L]l” > é\/r_z > %Kn, there must exist at least one that contains no off-limit
point from J,,.

As we will see, we can actually establish condition II for ¢, = O(y/n), so there is no need
for a contiguity requirement in this case at all. For general ¢,, = o(n) there is no such simple
argument as we described above. We are faced with the following problem:

Problem. For some large n, consider the set Q = { wp, ®y,...,0,_1 } of all nth roots of unity
on the unit cirlce in the complex plane. Let R C Q be a given set of roots that are “off-limits”.
For any ¢, what is the optimal strategy to select { roots of unity ®;,,®;,,...,0; € Q\R that
maximizes CP(®;,,®;,,...,0;,) ?

Related to this question, what sets R in the above provide the worst-case scenario? That is:

Problem. For any k, ¢, for what kind of sets R C Q of size k is

max CP(S)
SCQ/R
IS|=¢

minimized, and what is this min-max value ?

We have some indication that sets R that are contiguous provide this worst-case scenario,
but the question is related to some standing open problems [DS89] that turn out to be supris-
ingly hard to solve, as we will discuss in the next chapter.

For establishing item 2 of Theorem 5.2.1 we consider a randomized strategy: pick the ¢,
points uniformly at random from the collection of points that are allowed. This strategy works
fairly well. It enables us to get out desired lower bound for £, = O(n/4).

For ¢, = n®, with € a constant arbitrarily close to 1, we give evidence that there is no
strategy at all that enables us to satisfy Condition II'. We will give evidence that Condition
IT' cannot be satisfied, even for € = 4/5 + 3, where 8 > 0 is constant. We do so by employing
what is known about the asymptotic spectrum of the discrete prolate spheroidal wave functions
[Sle78].
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Chapter 6

Uncertainty Principles & Matrix Games

The Heisenberg uncertainty principle in quantum mechanics is widely known, even to the
extent of having had a cultural impact. The principle is a theorem derivable from the axioms
of quantum mechanics, and expresses the inherent impossibility of simultaneously knowing,
to arbitrary precision, certain complementary observables in nature. For example, one cannot
simultaneously, through measurement, determine both the position and velocity of some given
elementary particle to arbitrary precision.

Physical interpretation aside, the uncertainty principle can be expressed quite generally as
a mathematical statement about operators in a Hilbert space #. Following Selig and Somaraju-
Hanlen [Sel01, SHO5], say # has inner product denoted by (-,-) and norm || -|| = (-,-)/2. For
a linear operator A : #{ — H we denote its domain by D(A). Define the normalized expected
value of A with respect to f € D(A) by

(Af,f)
<f7f>

and the standard deviation of A with respect to f by

oa(f) = [[(A=Ta(N))SII-

The uncertainty principle relates the standard deviations of two operators A and B to their
commutator [A, B], which is defined as [A, B]| = AB— BA. An operator A is said to be symmetric
if (Ax,y) = (x,Ay) for every x,y € D(A).

Ta(f) =

Theorem 6.0.1 (Uncertainty Principle, see [SHO05]) Ler A and B be symmetric operators in
some Hilbert space H. Then

([A, Blf, /)]

ca(f)os(f) > 5 :

forall f € D(AB)ND(BA).

For the Hilbert space L?(R) of all square integrable functions f : R — C, with inner prod-
uct defined by

(.9 = | fo)gdx

73
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the above implies the following classic uncertainty statement about the measures of concentra-
tion of a function f € L?(R) and its Fourier transform f : R — C, defined by

fw) = [ e

Namely we have that

Theorem 6.0.2 (see [SHO5]) Let f € L*(R) with ||f|| = 1. Let

Xg = /Do x| f(x)[?dx,

o= [ _olf(@)ax,
A= [ =P If()Pdx, and

Ao — / " (0—0,)%|f (o) 2do.

Then
AxA® > 1t/2.

The above shows that for a function f : R — C one cannot simultaneously localize f and
its Fourier transform £ to arbitrary extent: the smaller the standard deviation Ax of f, the larger
the standard deviation Aw of f must be. Going back to physical interpretation briefly, in this
scenario f could be the wave function of some particle (in one dimension, at some fixed time),
in which case one obtains the probability of detecting the particle by square integration of the
wave function. The position of the particle is a random variable, and the quantity x, is the
expected location of the particle. Ax is the standard deviation of this position random variable.
As it turns out, f is the wave function in momentum space, that is ®, and A® are the average
and standard deviation of the momentum of the particle. The position and momentum arise
from probablity distributions as one can witness them in reality by carrying out some large
number of identically prepared experiments. The above gives limits on how much one can
narrow down simultaneously the deviations for position and momentum.

There are severals settings in which one can observe the uncertainty phenomena. The
above scenario is ‘“continuous-to-continuous”, i.e. the Fourier transform and its inverse
move functions between continuous domains. Donoho and Stark [DS89] investigated several
“discrete-to-discrete” analogues of the above uncertainty relation. That is, for n-vector x and its
discrete Fourier transform X = DF T, x, they considered as measure of localization the support
supp(x), which is the total number of non-zeroes of x. They also defined a more quantatively
subtle notion of e-concentration of a vector x on a set of indices T C {0, 1,...,n— 1},which is
defined as the />-norm of x restricted to 7'. For these two measures they proved inequalities in
the spirit of Theorem 6.0.2, showing the limits on the simultaneous concentration achievable
for any Fourier pair (x, £).

Uncertainty relations of the kind obtained by [DS89] are closely related to properties of
minors of the Fourier matrix DF'T,. For proving lower bounds in the orbit model for the
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circular convolution bilinear map x” Circ(y), precise quantitative statements about these minors
regarding the magnitude of their determinant is exactly what we need, as we saw in Chapter 5
with Conditions I and II expressed there.

In the following sections we will express particular sufficient conditions for yielding orbit
model lower bounds in terms of certain games played on the DF T,, matrix. These games will
take the place of Conditions I and II of Chapter 5. Using this linguistic tool will conveniently
suppress some of the lengthy quantifier alternations in our statements that we would otherwise
have.

To outline the idea, the game is played between a player and an adversary. The adversary
chooses a set of rows R and a set of columns C. Then the player tries to select a minor of DF'T,
with rows R avoiding columns C in order to maximize the determinant. We will establish
connections between the existence of certain good strategies for this game to uncertainty type
relations in the “discrete-to-discrete” setting. We will then use this to prove Theorem 5.2.1.

For the first item of this theorem we will involve an uncertainty relation proven in [DS89].
Unfortunately, this argument breaks down, for reasons indicated in Chapter 5, for ¢,, beyond
o(n'/?).

In order to establish some further results, we make additional assumptions on the con-
stant d; present at the inputs. In case they are asymptotically contiguous, we can press on the
statement of our theorem for larger ¢, up to 0(n3/ 4). Namely, in this case it will turn out that
for lower bounds it is sufficient for the player to win the more relaxed version of the Fourier
matrix game in which it is assumed that the set of rows R the adversary chooses in contiguous.
Consequently, determinants of Vandermonde matrices will play a role.

The problem becomes the following: with some number /,, of the nth roots of unity being
disallowed by the adversary, how do we select £, other roots of unity xi,x2,...,xs, in order
to maximize the determinant of the Vandermonde matrix V(x1,x2,...,xy,) supported by those
points? We will show a randomized strategy for the player that is sufficient for proving orbit
model lower bounds in which we can tolerate up to 0(n3/ *) roots being disallowed by the
player. In order to achieve this result we prove a lower bound on the expected value of the
determinant of the Vandermonde matrix V (x,x2,...,xy,) with nodes on the unit circle. This
result is interesting in its own right, and may have further applications.

One application we give, is an uncertainty-type relation for a discrete analogue of the
bandlimited functions. In the continous setting, a function f : R — C is called bandlimited if
there exists Q € R such that f(®) = 0 for all || > Q. For bandlimited functions more intricate
details are known about simultaneous concentration of f and f than the standard uncertainty
principle. See for example [Sle78] for a study in the “continuous-to-discrete” domain.

Interestingly enough, [S1e78] will also give us some indications on the limits we can expect
with our taken approach. Desirable would be to find player strategies that can tolerate any
¢, = o(n) number of roots being disallowed by the adversary. The worst-case scenario appears
to arise when the adversary chooses these roots to be contiguous. When he/she does, we have
some indication that there is no good strategy for the player (in a sense which we will make
more precise later) once £, = Q(n*’log!/> n).
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6.1 Minor Games on Matrices

Definition 6.1.1. We define the circulant game CIRC-Game(n,l,k,B) to be the following
single-round game against an adversary agent:

Adversary: selects a linear subspace U C C" of co-dimension k and / dis-
tinct rows ry,r2,...,r1 € {0,1...,(n—1)}.

Player: selects a € U with ||a||, = 1, and selects an [ x I minor M of Circ(a)
with rows ry,r,...,..., 1.

Result: The player wins if and only if |det(M)| > B.

Related to the above game is the following game on the DF T;, matrix:

Definition 6.1.2. We define the Fourier matrix game DFT-Game(n, [, k, B) to be the following
single-round game against an adversary agent:

Adversary: selects [ distinct rows ry,r,...,r; and k distinct columns
C1,¢2,...,cin{0,1,... (n—1)}.

Player: selects an [ x [ minor M of the n x n Fourier matrix DF T,, with rows
r1,12,...,r; and columns disjoint from ¢y, ¢z, ..., ct.

Result: The player wins if and only if |det(M)| > B.

We define DFT-Game*(n, [, k, B) and CIRC-Game*(n, [, k, B) to the same games as above,
but with the relaxation that the adversary can choose only sets of rows R that are contiguous in
the cyclic sense: R={b+imodn:0 <i<I[—1} for some base point b.

For the contiguous circulant game it is immediately obvious that we can assume without
loss of generality that the adversary chooses any particular contiguous set R of our preference,
since for any two chosen sets Ry and R, the matrices Circ(a)g, and Circ(a)g, just differ by a
cyclic shift. We can make the same assumption without loss of generality for the contiguous
Fourier game. Namely, for any / columns C = {cy,c¢3,...,c;} and two contiguous sets R; and
R, with base points b and b, respectively, we have that

DFTRhC = DFTRZ,C . diag((ﬂrcl , (l)rcz, cee (L)rcl)7

where r = by — by, and @ = e*™/", Hence |det(DF T, c)| = | det(DF Tk, c)|.

We begin by proving a generalization of the phenomena we sketched in Chapter 5 with the
DF Ty example: for this matrix, any 3 X 3 minor with rows 0, 3, and 6 and columns avoiding 0,
3, and 6 is singular. In general we have the following:

Theorem 6.1.1 Ifn=1-k, then the adversary has a winning strategy for DFT-Game(n, 1, k,0).
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Proof. A winning strategy for the adversary is to take rows
ri = ki,
fori=0,1,...,(I—1), and columns
Ci = li,

fori=0,1,...,(k—1).
Let A be the / x n minor of DF T;, with rows ro,ry,...r;_1. The rth column A, of A equals

(l,ar,azr, .. .,OL(Z’I)’)T, where o = 'k = ¢’ Hence for any r,

Ar= Ar+l mod n*
With columns 0,17,21, ..., (k—1)I disallowed, there are therefore only / — 1 distinct columns in
the remaining set, so any / X [ minor of A that avoids the disallowed columns will be singular.

O

Corollary 6.1.2 If n is a square, then the adversary has a winning strategy for
DFT-Game(n,+/n,/n,0).

So if n = [ - k, there 1s not much honor to achieve in general for the player as it comes to
playing DFT-Game(n, [, k,-). This will also have a negative impact on the general lower bound
result we are trying to prove, as we will see. It is the reason why in Theorem 5.2.1 for item 1 we
stated a limitation of ¢, = O(nl/ 2). In case k- I < n however, this pathetic case does not apply,
and the player does have a non-trivial strategy. For & - [ below n, perturbation theory kicks in,
and by applying the Binet-Cauchy Theorem one can guarantee the existence of a minor with a
“reasonable” lower bound on the magnitude of its determinant. We have the following result:

Theorem 6.1.3 The player has a winning strategy for DFT-Game(n,l,k,B), provided k-1 < n,
and U2
A
B< (n—kl)l/2<n 1 ) .

Proof. Suppose the adversary chooses [ rows R and k columns C. Let N = {0, 1,...,n— 1}.
Let A= DFTg y/c and B = DFTg c. Then

AA* =nl — BB*

Both AA* and BB* are Hermitian, so by Theorem 2.1.2 (Weyl’s Perturbation Theorem), pro-
vided ||BB*||, < n, for each i, the ith eigenvalue A;(AA*) > n— ||BB*||2. We can write

BB* =Y cicj,
icC

where ¢; is the ith column of DF Ty y. Since ||cic}||2 < ||ci||3 = I, then by subadditivity of the
¢y-norm, ||BB*||, < kl. Hence

det(AA*) > (n—kl)'.
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By Theorem 4.1.3 (Binet-Cauchy Theorem),

det(AA*) = ) | det(Ag.s)|>.
IS~

Hence we conclude there exists S of size [ such that
L2
|det DF Ty | > (n— k1)!/> (” l ) .

O

For our lower bound results for circular convolution, we require good strategies not for the
Fourier matrix game, but rather for the circulant matrix game. Fortunately, these two games
are closely related. In one direction we have the following theorem:

Theorem 6.1.4 If the adversary has a winning strategy for DFT-Game(n,l,r,B), then it has

a winning strategy for CIRC-Game(n,l,r, (";r)n_%B). The same statement holds with Game
replaced by Game™.

Proof. Let R and C be the sets of [ rows and r columns of the adversary’s winning strategy
in the fourier matrix game. Then for the circulant game the adversary chooses the set R for
the rows, and takes U to be the subspace of vectors v for which (F,v); =0 for all i € C. This
subspace has dimension n —r.

Say the player picks unit a € U, and say T is the set of columns of the minor he chooses.
Using Theorem 2.1.4 write

1
Circ(a) = TDFTndiag(k)DFTZ,
n

where A = F,(a). Then ||A|[, = 1.
Using Theorem 4.1.3 (Binet-Cauchy Theorem) we can write:

det(Circ(a)rr) = Z (H As)det(DF TR s) det(LDFTS*,T).
|S|=l s€S \/ﬁ

Since ||A||> = 1, for any S of size I, Y cg|As| < V/I. Using the arithmetic-geometric mean
inequality, we then get
1
[TIAl < (=),
ses \/Z
and note that there are at most n — r nonzero A because of the choice of U. By Theorem 2.1.3
(Hadamard inequality) we then have

=

1
|det(—=DF T3 7)| < (=)

n

S
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Since det(DF Tg s) < B for any S disjoint from C, and [];cgA; = O for all other sets S, we get
that

irc(a Ll ﬂl: ner nt?
daCin@enl < ¥ B (")

This proves the statement for the regular versions of the game. The statement for both
versions of the relaxed game can be verified analogously. ]

From this we see that the same pathetic case n = k - [ arises for the circulant game. In this
situation again there is not much glory to achieve for the player. Namely, we have the following
corollary:

Corollary 6.1.5 If n = [ - k, then the adversary has a winning strategy for
CIRC-Game(n,l,k,0). In particular, the adversary can win Circ-Game(n,+/n,/n,0) in
case n is a square.

We can also prove a relation between the circulant and Fourier game in the reverse direc-
tion. The following lemma yields a way for the player to tranfer his strategy for the Fourier
game to the circulant game. The strategy for the player in this case is to use some randomiza-
tion: given the subspace U that the adversary selects, the player selects a standard Gaussian
vector in U. Given that the player has a “good” strategy for the Fourier matrix game, this will
combine to be a good strategy for the circulant game as well.

Theorem 6.1.6 For any n,r,l with | +r < n, if the player has a winning strategy for
DFT-Game(n,l,r,B), then the player has a winning strategy for CIRC-Game(n,1,r,B), where

B/ 861/2

(:’) A (n—r)!

Y

and & is a constant approximately 0.02.  More precisely & = 2-WtV20) \igh v =
ﬁ f(;x’t’%e" logtdt, and ¢ = 5 [ e~ 2 log?tdt. The same statement holds with Game replaced
by Game™.

Proof. Suppose the adversary chooses subspace U of dimension n — r and a set of / rows R in
the circulant game.

Consider standard Gaussian randomly selected a €g U, then A = F,,a is also standard Gaus-
sian.

Write A = Ao, where A is an n X (n — r) matrix that has orthonormal columns that span
F,U, and a is standard Gaussian in C"*~". Apply Theorem 4.1.3 (Binet-Cauchy):

Y |det(Ag)|> = det(A*A) = 1.
|R|=n—r
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Hence there exists a set R of n — r rows with |det(Ag)|* > (;’)71. Since the player can win
DFT-Game(n,l,r,B), let T be a subset of R such that

|det(DF Tx.1)| > B.

Note that det(A7A}) > () ! Namely det(A7A%) = det(MM*), where M is obtained by adding
n—r — [ rows to A7 which are orthonormal and orthogonal to the span of the rows of A7. Since
each row r of A has ||r||> < 1 we must have that |det(M)| > | det(Ag)|. That is, the |det(M)] is
the maximum determinant one can get by appending n — r — [ rows of norm at most 1 to the /
rows Ar.

The matrix A7A7 is the covariance matrix of centered Gaussian vector (A;);c7. By Lemma
4.1.2, with probability greater than % we have that

~1
H \Mz > § det(A7A}) > &' (n) )
ieT r
where 0 is a constant approximately 0.02. More precisely, Lemma 4.1.2 gives § = 2~ (rtv29)
withy= - Jo i 2e  logrdt, and ¢ = L [ e~ Tlog?tdr.
Now let us bound the norm of the vector A. We have that
E[[IM3] = Ellled 3] = (n = r)E[jou "] = 2(n —r).

The last equality follows from Lemma 4.1.1. By the Markov inequality,
1
Prf| M < 4(n—1) > 5.

From the above we conclude there must exist a vector a € U such that if we let A = F,a, then
||A||3 < 4(n— r) and simultaneously

-1
[Tnf*>d (n> :
r

icT
a
llall2*

Say the player chooses a’ = which is unit. Theorem 2.1.4 (Convolution Theorem) implies:

Circ(d') = DF T, diag(\)F,,
where ' = F,d’. Let D = Circ(a’)Circ(d’)*. Then
D = DF T,diag(|A)?, M) %, ..., [N, |?)DFT.
Using Theorem 4.1.3 (Binet-Cauchy), we can write

det(Dgg) = Y. (J]MIP)det(DF Tg,s)[?
|S|=1 i€S

> (HWIz)Idet(lDFTR,T)\2
ieT

B23!
()"
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Applying Binet-Cauchy once more, we have that

det(DRjR) = Z |det(Circ(a’)R,S)\2.
|S|=1

Hence there exists S such that
381/2
()4 =)

|det(Circ(a')r.s)| >

This is the minor that the player chooses.

The above argument goes through in case of playing the contiguous games. In this case
the R chosen by the adversary is contiguous, so to get the result it suffices for the player to
invoke its winning strategy for DFT-Game™(n, [, r, B) instead.

[

As we can see in the above Lemma 6.1.6, there is some loss in the threshold B by which
the player can win the game. In our application in Section 6.5 however, it will turn out that
this loss is ignorable as a lower order term in our estimates. This gives us the convenience of
focusing on the more fundamental notion of playing the Fourier matrix game.

6.2 Random Vandermonde Matrices

We are going to employ the probabilistic method to show the existence of good strategies
for playing the contiguous Fourier matrix game. For the contiguous Fourier matrix game the
essential question becomes the following:

Problem. For some large n, consider the set Q = { wp, ®y,...,0,_1 } of all nth roots of unity
on the unit circle in the complex plane. Let R C Q be a given set of roots that are “off-limits”.
For any ¢, what is the optimal strategy to select { roots of unity ®;,,®;,,...,®;, € &\ R that
maximizes the Vandermonde determinant:

[T loi,—o;l ?

1<s<t</

Related to this question, what sets R in the above provide the worst-case scenario? That is:

Problem. For any k, ¢, for what kind of sets R C Q of size k is

minimized, and what is this min-max value ?
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6.2.1 Related Work

The above two questions are related to the following. Suppose T C D :={0,1,...,n—1}.
What sets R minimize || DFTy g||2 ? If we let M = DF T g and N = DF T} p\- then
MM*+NN* =nl.

So using the Theorem 2.1.2, if || DF T} g[|2 < K we get that each eigenvalue A;(NN*) > n—K,

and consequently that |det(NN*)| > (n—K)!, where £ = |T|. Then applying Theorem 4.1.3 one

l
gets that there exists an ¢ x £ minor of N with determinant of magnitude at least % Donoho
.
and Stark considered the opposite question of which sets T and R maximize ||[DF T} y||2. They
define the “index-limiting” operator Pg = diag(1g), where 1 is the 0, 1-valued n-vector that
is 1 precisely for all indices in R, and the “frequence-limiting” operator Py = F,"diag(17)F,,.
Note that ||PrPg||2 = ||DF Tr r||2. They conjecture:

Conjecture 2 ([DS89]). For interval 7 and set R with |R|-|T| = n, ||PrPg||> is maximized
when R is also an interval.

Potentially, maximizing || DFT7 g||> yields the converse effect of forcing |det(NN*)| to be
small, although one cannot directly conclude this from Theorem 2.1.2. Forcing | det(NN*)| to
be small also depresses the value

max CP(S), (6.1)
SCO\R
|$|=t

where CP(S) is the chordal product of S, which we defined in Section 5.4 by

ce(S)= [] lp—al-

P#qES

So as answer to the second problem above, it appears plausible that the bad sets R that minimize
(6.1) are when R is chosen to be an interval, i.e. if R is a set of indices that is contiguous in the
modular sense. Computer runs seem to corroborate this idea, and in the analysis that follows
such R indeed seem to form the major difficulty.

Also related to our work, is the question of the conditioning of a Vandermonde matrix. For
real numbers ry,ry,...,rs, the Vandermonde matrix V (ry,r2,...,ry) infamously can be highly
ill-conditioned [Gau75]. For Vandermonde matrices with nodes in the complex plane, where
the nodes are arranged to be nicely spread out the situation can be better. Ferreira [Fer99] gives
some bounds for Vandermonde matrices with nodes on the unit circle in the complex plane that
show the matrix can be quite well conditioned provided the nodes are spread around the cirle
evenly.

We should also mention the powerful work done by Camdes, Romberg and Tao [CRT04].
They prove that for any 7 of size 0(@), if one selects the set S by independently choosing
for each column k to be in S with probability T, where T is some fixed constant, then with high
probability for M = DF T} q, the determinant det(MM™) is “not to small”. Unfortunately, their
moment method approach is not robust against the adversarial set R of points to avoid. At a
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critical juncture in their proof they rely on the cancellation property of the roots of unity, which
states that for any r not divisible by n we have

n—1 )

ri
Y o=
i=0

where ® is any primitive nth root of unity. The presence of the set R implies that not all roots
appear with equal probability, indeed some may appear with probability 0. Consequenctly, after
taking expectations and doing a brute force application of the inclusion-exclusion principle, not
all roots of unity are guaranteed to appear in the final expression to be cancelled. Hence the
attempt to adapt their proof to our situation breaks down. Seen more holistically, since their
proof makes no assumption about 7', except on its size, the presence of the set R must make
their proof break down, because of the phenomena we sketched in the introduction. Recall our
observation that if n is a square, then there exist sets 7 and R of size y/n such that all minors
with rows 7" and avoiding columns R are singular. The question is whether we can do better by
assuming that 7" is contiguous. We will now turn to this question.

6.2.2 Randomized Selection Strategy

We first prove an estimate on a particular sum that is involved in the analysis.
Define the “In-of-chord-length” function f(¢) = In|l —e"|, for t € R\ {k2n : k € Z}.
Straightforward geometry gives us:

ft)= %ln(Z —2cost),

2 1—cosa

which can be rewritten using the relation sin % =-—5—as

t t
@) =ln25in§ =1n2—|—1n]sin§\.

We will also consider a discretized version of this function, which per abuse of notation will
also be denoted by f. It will be clear from the context, whether f is referring to the discrete or
continuous function.

Lemma 6.2.1 Ler €(t) = In|t| — f(¢). Then for any t with |t| < 1,
2
t

0 1) < —.
<£()<12

Proof. Firstof all forany ¢, f(¢) =1In|1 —e"| <In|t|. We thus see that &(¢) is non-negative. For
t € (0,2m), we have for the error function €(¢) = In|f| — f(¢) = In Il Fort >0, sint >1— %

2sin%”
.. 2 _ 2
So on this interval, €(f) < lnt_t% = —In(1—4;). For 35 <x < 5, In(14x) >x—%. So for
2
0<r<l,
2 4 2
t t t
O0<et) < =+ —=<—=

24 1152 " 12°
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The lemma follows by symmetry of f(¢) and In |¢. O

Lemma 6.2.2 Let n > 7, and let ® = ¢*™/". Define the discrete function f(d) =In|l — ¢
ford=1,2,...,n—1. Then

1

n—1 2
27
E d)>2—In2——.

Proof. Using the fact (see e.g. [RWO04], p. 182, equation 55) that

TC\Z T
/ In(sinx)dx = —=1In2,
0 2

we get that
2n 2n t
/ f(t)ydt = 2nln2+/ Insin = dt
0 0 2

T t
= 27tln2+2/ Insin —dt
0 2

m\2

= 27t1n2—|—4/ Insinxdx
0

= 0.

For j=0,1,,...,n—1, define interval /; = [j%“,(j—i— 1)2%]. By the above,

n

m n—1 m n—1 2

Y @) = Y @ [
d=1 d=1

0

(nfl)z—“

1T 21 /n 27t"_1 2
= 7f(1)—2/0 f(t)dt+7d§,2f(d)—/2 f()dr.  (6.2)

n/n

We will approximate f(z) by Inz for ¢ close to 0, and estimate the error incurred by this to
bound the first two terms of (6.2). Using Lemma 6.2.1 , provided n > 7,

27 21 on w2
D> gy >mt -
f()_lln (n)_.nn 3

and

2n/n 2n/n
/ f(tydr < / Inzdt
0 0

< [t —07"

2T, 2m  2®;
—1n

n n n
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Hence (6.2) is at least

2t 2n 27 4m. 2m 4m 2mcl (n—1)%

e P LA P L ) B fdi >

R W nnn+n+nd§’2f() /27:/;1 far =
ot n  4n 2mxd 2mndl (n—1)%&
—In—+———+ — d) — t)dt. 6.3
n n2ﬂ:+ n  3n + n dg‘zf( ) /2n/n 1) (3

We will now bound the last two term in the above expression. Let us first consider the case
when n is even.

n—1 n—1 n—2
EY @[ rwa = Y @)= ¥ [ o
n = = d=1"71a

n/n

ST

m n/2

1
= =Y [fd)+fn+1-a)]-2Y [ f(t)dr
na= d=1"1a

o 2 2]

= Y @) +fd-0-2Y [ f@)ar
na= d=1"1a
o /21 5—1

= Y @+ fa+n -2 Y [ foyd
i d=1"1
n/2—1 o

= Z (7[f(d)+f(d+1)]—2 i f(0)dr). (6.4)
d=1 d

Since for 1 <d <n/2—1, f(t) is strict monotone increasing, we know that

21

2
SUA(@) + fd 1] =2 [ fode = ==X fd 1) - f ).
Hence (6.4) is at least

o2 21 n

— Y F@-fld+)] = Z[F(1) - £
d=1

v

Hence (6.2) is at least
4m—2nIn2 4w’

n 3n3’
Hence we conclude that in case n is even, that

n—1 27'52

Y f(d) 22—1112—3—

5
d—1 n
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Let us now consider the case when 7 is odd. Then

) (n=1)%F
S L@ [

n/n

27'5"71 n—2
= 7Zf(d)—2 f(t)dr
d=2 d=1"1

o a1 om0 7!

= O Y @il =2 B[ fwd- [ g
2 n+1 o (" )/ !

= - [ s Y @ fd-)-2 Y [ fr

In1)2 d=2 d—1 7l

o ntl on !

Sl i R CT A WHCECESY g

o ntd ol om

= O S0 B CH@ @ =2 | fd. 69

Since for 1 <d < (n—1)/2—1, f(¢) is strict monotone increasing, we know that

i_”[f(d)+f(d+1)]—2 f(t)dtZ—%n[ﬂdH)—f(d)]-

Iy
Hence (6.5) is at least

i~ [ fod Y (@) - ) =
(n=1)/2 d=1
n+1 27 n—1
dt+—|f(1)— =
) - ., SO+ SE 0 =)

[ swar+ ) 2
n-1)2 n

2 2 2
Tt - 2,
n n 3n2

and so we obtain the same bound as the » is even case. ]

Lemma 6.2.3 Let n > 7, and let ® = ¢*™/". Define the discrete function f(d) =In|1 —
ford=1,2,...,n—1, then

n—1 2

n T
d) <2In—= +2+1n2 .
d;f( )< 2 P2 e
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Proof. For j=0,1,,...,n— 1, define interval /; = [jzn—n, (j+ l)zn—“] As in the proof of Lemma
6.2.2 we can write

m n—1 m n—1 2m

=Y fd) = =Y fld)— | fQ)dr
na= 0

n

2n 2n/n o =l (n—1)2"
= 7f(1)—2/0 flo)di+— :2f(d)—/ f()ydt.  (6.6)

d

Provided n > 7, we have by Lemma 6.2.1 that

2n/n 2n/n
/ f(tydr > / Int —€(t)dt
0 0

3
> frtne— 5"~ (L5

2n. 2m 2% 2713
_ —_— n _———
non n  5832n3

Hence (6.6) is at most

AT n  4x; 273 o) /("1)27“
2

2n
— () +—In— - — 4 =2 +7d§2f(d)— f(r)dt. (6.7)

n/n

We will now bound the last two term in the above expression. Let us first consider the case
when 7 is even. As in the proof of Lemma 6.2.2 we can write

(n—1)2= n/2—1
V=Y @)= [ s, 63)

m/n d=1

o n—1
WO
na= 2
Since for 1 <d <n/2—1, f(t) is strict monotone increasing, we know that
2n

@)+ @+ 0] =2 [ f@de< 2+ ) - 1@

Hence (6.8) is most

n/2—1 n
Y v@-fasn] = JFrG)-s0)
= o (1))

Hence (6.6) is at most

AT n 4xm 1 2713
Tt 2142 m2 .
y ot (g n2)+oon s
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Hence we conclude that in case # is even, that

n—1 n 7'52
d) <2In—= +2+1n2 .
dgﬂ )< 2 P e

Let us now consider the case when n is odd. As in Lemma 6.2.2 we can write

2m ] (n=1)%F
W LS@= [ s

n/n

- 2_nf(”+1)_/ t)dt + Z d)+ f(d+1)]=2 [ f(t)dt). (6.9)
1<n—1>/2 la

Since for 1 <d < (n—1)/2—1, f(z) is strict monotone increasing, we know that

i@+ f@+0)=2 [ @)= 2+ 1) - @)

Hence (6.9) is at most

1 e
f<”+ )— /1( . 7" L U@ s+l =

27 n—1

n—l—l
dt+==[f(1) — -
2 - /,( | 0 R =)

[ swa+Zp0) <
(

n—1)/2

2 lin2— (1))

Hence we obtain the same bound as the n is even case. ]

We now turn to the main result in this section. Given that in the contiguous version of
the Fourier matrix game it does not really matter which block of rows the adversary chooses,
we will focus on playing the game on the first / many rows. In this case any selected minor
will be a Vandermonde matrix. In order to show existence of a good minor that avoids the
set of columns chosen by the adversary, we will consider selecting a random such minor, and
evaluate the expected value of its determinant.

More precisely, for complex numbers 205215521 denote by V =V (z0,21,---,21-1)
the / x [ Vandermonde matrix defined by V;; = z{ for 0 <i,j <[—1, we have the following
theorem:

Theorem 6.2.4 Foranynandl,rwithO<r<Z andl+r<n, LetN = {o*|k=0,1,...,n—1},
where ® = e2™/". Let R be an arbitrary subset of N of size r. Consider the process of picking
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{z20,.--,21-1} C N\R uniformly at random among all subsets of N\R of size I. Then for the
Vandermonde matrix V. =V (z0,21,...,2/_1) we have

(n—2r)(£) 2n? (é) hoon 5w
E|ln|detV|]| > 2—In2— — In— .
[In}detv] 2 (n—r)(n—r—l)( 3n2) (n—r)(n—r—l)(r A +36n2)
Proof.
Elln|detV]] = E[n]]lzi—z;l]
i<
= E[}) In|zi—z]]
i<
= ) E[ln|z—z] (by linearity of E)
i<j
)
= <2)E[ln\z()—zl\] (by symmetry).

Letn = E[In|zp —z1|]. We can write the following expression for 1:

n= Z Z Pr[Z():pandZIZC]]ln|P_Q|'
PEN\RGEN\R g#p

Since {20,z } is uniform among 2-subsets of N\R, for any p # g,

\N;R!)_

Pr[(zo=pandz; =¢g) or (zo=¢gand z; = p)| = (

Since the events [(zo = p and z; = ¢| and [(zo = ¢ and z; = p]| are disjoint and have equal

probability, we can conclude that Pr[(zo = pand z; = ¢] = (‘N;R‘) = m Define
f(k) =In|1— =1,2,...,n— 1, and let y correspond to the characteristic function of

N\R. That is x(z) = 1if i € N\R, and 0 otherwise. We have

1
no (”—r)(n—r—l)pgv‘t\Rqu\zle‘jq#plﬂ|P—q|
1 n—1 n—1 . . ,~ |
T —nm-r—1) ; .:%#xo)x(mnm _—
— (n—r)n—r—l ZZ +dmodn)1n|m wl+d‘
1

I
||M\

=) Z x(i+d mod n)In|1 — 7|
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n—1n—1
= (n_r)(;_r_ 0 ZO ;x(i)x(i—I—d mod n) f(d)

- n—1
= (n—r)n—r—l ; ;) x(i+d mod n)

1 n—1
= ) L)

where we define

Now for any d,
= Z x(D)x(i+d mod n) > n—2r,

since for fixed d, the number of indices i for which at least one of ¥ (i) and ¥ (i +d mod n) is
zero is at most 2r. Also we have that

n—1 n—1ln—1
Y cd) = Y Y x()x(i+d mod n)
d=0 d=0i=0
n—1 n—1
= Y x() Y x(i+d mod n)
i=0 d=0
n—1
= Y x(i)(n—r)
i=0
= (n—r)?
So
Zc n—r2 (n—r):n2—2rn+r2—n+r.

Since ¢(d) is always at least n — 2r, define an “excess” function e(d) by
e(d) =c(d)— (n—2r).

The total excess equals

We get that
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n—1 n—1
= (n=2r) ) f(d)+ Y, f(d)e(d)
d=1 d=1
27'52 n—1
> (n—2r)(2—1In2— WH Y f(d)e(d),

where the last line follows from Lemma 6.2.2.

Note that for any d, ¢(d) < n—r, and thus 0 < e(d) < r. We know that 23;11 f(d)e(d)
is smallest if the total excess r> — r is placed at much as possible at places where f(d) is the
smallest. By the concavity of f, one can conclude that in case r is odd,

n—1 (r—1)/2 n—1
Y fld)e(d) > fldyr+ Y, fla)r
d=1 d=1 d:nf%
(r—1)/2
= 2r f(d)
d=1
n o
> 20— " f(t)dt
> 2 [0 i
’ (r—1)m
= — [ " Int—e(t)dt
<)o nt —ég(t)
m t3 (r—1)m
> = [tlnt—t—%] " {by Lemma 6.2.1}
(r—1)m 1 r(r—l)
— — 11 e —
r(r=1) n —(r=Dr 36 n?
4.2
) , W
> r ln;—r ~ 362
and in case that r is even,
n—1 r/2 n—1
Y flde(d) > ) fldyr+ Y, fld)r
d=1 d=1 d=n+1-%
> 2 / dt+r—/ t)dt+
m e
- Int — " Int—
2n/ nt ()dt+27t/ nt —e(t)dt
m £ P )
> 27T;[z‘lnt—t—%] " +2 [tlnt—t—%] {by Lemma 6.2.1}
4.2
> rzlnﬂ—rz— rr

n 36n2
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Hence we finally conclude that

(n—2r) (é) 2n? B (é) r*n?

(n—r)(n—r—l)(z_hﬂ_ﬁ) (n—r)(n—r—l)(r I + +3611

E[lndetV] > ).

O

As a special case it can be verified that the statement of Theorem 6.2.4 is also valid with
r = 0. In this case there are no roots of unity to be avoided. Combined with Lemma 6.2.3 we
get:

Corollary 6.2.5 For any n and any | < n, Let N be the set of nth roots of unity. Let
{z20,---,21-1} C N be a uniformly at random selected subset of size I. Then for the Vander-
monde matrix V.=V (zo,z1,...,21_1) we have that

E[In|det(V)[] = @

where
2 2

2T T
— - < < —
2—1In2 2 o 21n2 —|—2—|—ln2+5832n

Proof. Following the initial steps of the proof of Theorem 6.2.4 for r = 0 one obtains

Elln|det(V Z fd

Applying Lemma’s 6.2.2 and 6.2.3 gives the result. |

Let us note however that in this case one knows the expected value of the determinant
exactly:

Proposition 6.2.6 For a random Vandermonde matrix V selected as in Corollary 6.2.5, we
have that E[|det(V)|?] = n! (") .

Proof. Let M be the set of all / x [ minors of DFT,, with rows 0, 1,...,/— 1. By Binet-Cauchy

(Theorem 4.1.3):
Z |det(V)\2 =nl.
veM

Hence for a uniformly at random selected V €g M we have that E[|det(V)|?] = n! (7) oo

Theorem 6.2.4 gives us a strategy for winning the contiguous version of the Fourier matrix
game, which in turn, using Theorem 6.1.6, yields a strategy for winning the contiguous circu-
lant game. This strategy will be the basis for the circuit lower bounds we will prove in Section
6.5.
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Corollary 6.2.7 For any nand any l,r with 1 <r < 2 and | +r < n, the player has a winning
strategy for DFT-Game* (n, 1, r,e*), provided

(n—2r)(3) s (5)

2—1n2 r'e
(n—r)(n—r—l)( -n _3n2)_(n—r)(n—r—1)

36n2

C< ).

(r2 In L +r2 4+
rm
Proof. Recalling our remark after Definition 6.1.2, we can assume with loss of generality that
the adversary chooses rows R = {0,1,...,/ —1}. Any [ x [ minor of DFT,, with rows R is
a Vandermonde matrix. Let C be the set of columns the adversary chooses. Theorem 6.2.4
gives a lower bound on E|In|det(M)|] for randomly selected ! x [ minor M of DFT, with
rows R avoiding columns C. There must exist at least one minor M’ that has In|det(M’)| >
E[ln|det(M)|]. So the player chooses such a minor, for which we then have the lower bound
on the absolute value of its determinant as stated in the corollary. |

Let us express the above hiding some of the constants for later convenience:

Corollary 6.2.8 For any n and any l,r with 1 <r < 2 and l +r < n, the player has a winning
strategy for DFT-Game* (n, 1, r,B) for some B where

2 22
B> 20—z log})

6.3 Discrete Uncertainty Principles

In this section we will establish a relation between the matrix games and various known discrete
uncertainty relations. Let us begin with an alternative proof, which is new to our knowledge,
of the Donoho-Stark discrete uncertainty principle.

Definition 6.3.1. For an n-vector f, define the support of f to be the set supp(f) = {i: f; # 0}.

The size of the support of a vector f is a crude measure of the amount of localization of a
vector. Analogous to the Heisenberg uncertainty principle, we can prove that for this measure
a vector f and its Fourier transform f cannot both be arbitrarily narrowly localized. More
precisely, we have the following theorem:

Theorem 6.3.1 ([DS89]) For any n-vector f # 0,

|supp(f)| - [supp(f)| > n, (6.10)

where f = F,f is the discrete Fourier transform of f.

Proof. Consider an arbitrary Fourier transform pair (f, f ) with f=F,fand f # 0. Since
Cire(f) = v/nF;; diag(f)F.

we have that
supp(f) = rank(Circ(f)).
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Let R be the maximum number of zeroes following a non-zero entry in f (in the cyclic sense).
Then R > m —1.

Namely, if this were not the case, then imagine partitioning the entries of f as follows:
Start at an arbitrary nonzero position. Set i = 1. If there are no other zero positions then
B; equals this position. Otherwise, let B; be this position together with all the zero positions
that follow it (in the cyclic sense). Repeat this process for the next i. We obtain this way
B1,By,...,Bsupp(y) that partition all n entries of f. By the above then, for each i, Bj| <

n
R+ 1< supprry- S°

_n
|supp(f)|

This is a contradiction, because By, B3, ... s Bisupp(#)| partition the » entries of f.
The above implies the first R+ 1 rows of Circ(f) are independent, because they contain a
square submatrix that is upper triangular (modulo cylic shifts). Hence rank(Circ(f)) > R+1 >

= n.

|UBi| < |supp(f)|

TSUppT- O

Interestingly enough, divisibility properties of n play an important role in the analysis. For
example, Tao showed that, in case n is prime, the inequality (6.10) can be significantly im-
proved. The proof relies on the well-known fact that for prime p the discrete Fourier transform
matrix DF T, is regular.

Definition 6.3.2. An n x n marix A is called regular if any square submatrix of A is non-
singular.

Theorem 6.3.2 For prime p, DFT), is a regular matrix.

The first proof of this fact is attributed to Chebotarév, who proved it in 1926 (see [SJ96]).
Although typical proofs of this fact are field theoretic in nature, Tao gives a proof by elementary
means. Once one has established this fact the following can be proved quite readily:

Theorem 6.3.3 ([Tao91]) For prime p, for any nonzero p-vector f and its Fourier transform
f=F,f we have that

|supp(f)| + [supp(f)| = p+1.

Proof. Let k = p — |supp(f)|. There are k zeroes in f. Let I C {0,1,...,p— 1} be the indices
of these zeroes. Suppose [supp(f)| <k. LetJ C{0,1,...,p—1} be aset of size k that contains
all indices of non-zero entries of f. We have that

(DFT/))fr = (DFT,f)1 =0,
but f; # 0 since f # 0. This is a contradiction since DF TI{) ', is non-singular. Hence |supp(f)| >
k= p— |supp(f)|. O

Actually, in the above proof we only used the fact that DFT), is a regular matrix, so more
generally we have:
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Theorem 6.3.4 Let A be an n X n regular matrix and consider pairs (f, fi=Af ) where f # 0.
Then

|supp(f)| + [supp(f)| > n+1.

Corollary 6.3.5 For any prime p, and any | + k < p, the player has a winning strategy for
DFT-Game(p,1,k,0).

In what follows, we will establish relations between our matrix games and uncertainty type
relations. We will show that we can turn a refinement of the Donoho-Stark uncertainty relation
into a game strategy, and also provide a tranferral in the converse direction. The game strategy
obtained this way later will be used to prove our main lower bound theorem for orbit circuits.
We also show that the strategy obtained in Corollary 6.2.7 can gives us an uncertainty type
relation. This uncertainty relation will be for a discrete analogue of band-limited functions.

Definition 6.3.3. An n-vector f is called [-index-limited if
supp(f) C{b+imodn:0<i<[—1},
for some number b.

In other words a vector f is /-index-limited if its support is contained in a contiguous set (in
the cyclic sense) of size /.

Let us start by making some preliminary observations about index-limited vectors f in
conjunction with the support-size notion of localization. In the next section, we will turn to
a more precise localization measure than |supp(f)|. For index-limited vectors one can easily
prove a strengthening of the uncertainty inequality (6.10). We follow the same top-level idea
used to prove Theorem 6.3.3.

Theorem 6.3.6 For any n-vector f # 0 that is l-index-limited,

[supp(f)| >n—1,
where f = F,f is the discrete Fourier transform of f.

Proof. Consider an arbitrary Fourier transform pair (f, f) and let T = {b+imodn : 0 <
i <1—1} be a contiguous set of indices containing supp(f). Suppose |supp(f)| < n— L.
Then we can find a set S = {s1,s2,...,5} of size [ so that f; = 0 for each i € S. In
other words DFTsrfr = 0 with fr # 0. So DFTgs7 is singular. However, DFTs 1 =
diag(0"?,w*?, ... 0"?)V (0", 0%, ..., %), that is a (nonsingular) diagonal matrix multiplied
with a (nonsingular) Vandermonde matrix, and is hence not singular. O

For [ < n—2+/n+ 1, the above guarantees |supp(f)| + |supp(f)| > 2+/n, whereas Theo-
rem 6.3.1 can only guarantee |supp(f)|+ [supp(f)| > 2+/n.
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6.3.1 Uncertainty relations imply game strategies

We now turn to a less crude measure of localization than the support of a vector. Following
[DS89]:

Definition 6.3.4. An n-vector f is €-concentrated on a set T of indices if

Y IfilF<e
ieT

Theorem 6.3.1 can be refined as follows:

Theorem 6.3.7 ([DS89]) For any n-vector f with || f||2 = I that is er-concentrated on a set T
and f = F,f being eq-concetrated on a set Q, we have that

IT|-1Q| > n(1 - (er +2a))*. (6.11)

Note that Brody and Meister [BM99] claim that the inequality (6.11) in the statement of
the theorem can be improved to

7]- 19|

- ) > (1—(er +eq))*,

S(
where S(x) is defined as S(x) = %S i(x) — Lsin(x), and where Si(x) is the sine-integral function:
Si(x) = [§ 2Ly,

Counter-examples can be given to this claim for any # and u with tu = n by taking 7 =
{0,u,2u,...,u(t—1)} and Q@ ={0,£,21,...,t(u—1)}. It is well know [DS89] that the indicator
for T transforms to the indicator of  when taking the Fourier tranform. In other words, there
exist a Fourier transform pair (f, f ) with f O-concentrated on 7 and f 0-concentrated on Q.
However S(1) < 1, so the above would claim this is impossible. We have been unable to verify
the original intent of Brody and Meister’s claim, and the authors have not responded to our
queries.

Let us now use Theorem 6.3.7 in order to obtain a “fairly” good strategy for playing the
Fourier matrix game. This will be the basis for proving part of the bilinear circuit lower bounds
in section 6.5. For certain types of circuits Theorem 6.3.7 will be not be strong enough. This
is where the game strategy obtained in Corollary 6.2.7 comes in. From this game strategy we
will also be able to derive strengthened uncertainty relations for index-limited vectors.

Theorem 6.3.8 For any l,r with lr < n and | + r < n, the player has a winning strategy for
DFT-Game(n,l,r,B). for any

B< M—w_r)l(”f)l/z.

Proof. Suppose the adversary chooses a set of rows R of size [ and set of columns 7T of size r.
Let M be the minor of F;, with rows R and columns 7. By Theorem 6.3.7, for any unit vector f
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that 1s O-concentrated on 7, f = F, f is &g concentrated on R, where

l
eg>1— _I’
n

Ir
[M||2 = max |[Mallz <1/—.
[lal|l2=1 n

Let N be the [ X (n— r) minor of F, corresponding to rows R and columns not in 7. Since
NN*+MM* =1, A is an eigenvalue of MM* if-and-only if (1 — 1) is an eigenvalue of NN*.
The singular values of M are the square roots of the eigenvalues of MM *. Hence we conclude
the smallest singular value of NV is at least

/1
n

7 (vnN) > v/n—Vir.

Hence

and hence that

Therefore

1
det(;NN*) > (vn—Vir)2.
By Theorem 4.1.3,

1
det(-NN*)= Y |det(DFTgs)|*.
n |S|=1,5NT=0

Hence we conclude there exists a minor M| with rows R and columns avoiding 7' that has
determinant at least

n—r -1/2
\det(Ml)\zM—ﬁ)l( l ) ~

O

Actually, Theorem 6.1.3 yields a slightly stronger strategy than the above theorem. For the
types of lower bounds we will prove in Section 6.5 the slight numerical differences will turn
out to be immaterial.

6.3.2 Games strategies imply uncertainty relations

Winning strategies against the adversary for the Fourier matrix game are useful for yielding
discrete uncertainty relations. Similarly, winning strategies against the adversary in the con-
tiguous Fourier matrix game imply uncertainty relations for index-limited vectors. The stronger
the player’s strategy, the stronger the uncertainty relation is obtained.
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Lemma 6.3.9 Suppose the player has a winning strategy for DFT-Game(n,l,k,B). Then for
any set T of size | and any set Q of size r with r < k, if a unit n-vector f with Fourier transform
f=F.f is €r-concentrated on T, then f is €q-concentrated on Q with

EQ > (1 —ST)W.

Proof. Consider an arbitrary Fourier transform pair (f, f ) with f €7-concentrated on arbitrary
set T of sizel. T = {b+imodn:0<i<[—1} Consider an arbitrary set of indices Q of size
r with r < k. By the definition of the Fourier matrix game and using the fact that DF T}, is a
symmetric matrix, there exists / X [ minor V of DFT,, with columns 7' rows avoiding Q such
that

\det(V)]2 > B2,

Since
)

|det(V) > = det(VV*) = [M(VV*) = ﬁc,-(v)z,
i=0

i=

|
—

=]

we conclude that the smallest singular value 6;(V) > %. Being a minor of unitary matrix F;,,
1

Gl(ﬁV) <1,s001(V)<+/n. So

1
By the min-max characterization of singular values given in Theorem 4.1.7, we have for any
[ x [ matrix A that

B

A
o)(A) = inf 143112
320 [|x][2

Hence

A 1 1 B
Wfallz 2 1=V ()l 2 oi(=VlIfrll2 > (1-€r). 7.

6.3.3 An uncertainty relation for index-limited vectors

Let us generalize the notion of an index-limited vector to work with our €-concentration notion
of localization:

Definition 6.3.5. An n-vector f is called €, [-index-limited if there exists g with ||g||» < € such
that f — g is [-index-limited.

Analogously to Theorem 6.3.6, one would hope to be able to improve Theorem 6.3.7
when restricting to index-limited vectors. For example, it should be possible to obtain lower
bounds on concentration for set 7 and Q with |T| - |Q| > n when dealing with index-limited
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vectors, eventhough Theorem 6.3.7 is trivialized beyond this range. A complete analysis of
this problem is still open. In order to make steps towards this goal, using Corollary 6.2.7, we
now give an uncertainty type relation that does manage to express non-trivial lower-bounds on
concentration for scenarios where |T| - |Q| > n.

Lemma 6.3.10 Suppose the player has a winning strategy for DFT-Game™ (n,1,k,B). Then for
any unit n-vector f that is €,l-index-limited and any set Q of size r with r <k, f = F,f is
eq-concentrated on Q with

eo > (1—¢) €.

nl/l2

Proof. Consider an arbitrary Fourier transform pair (f, f) and let T = {b+imodn: 0 < i <
[ — 1} be a contiguous set of indices containing supp(f — g) with g some vector with ||g||> <&,
and ||f||> = 1. Consider an arbitrary set of indices Q of size r with r < k. By definition of the
relaxed Fourier game and the fact that the Fourier matrix is symmetric, there exists [ X / minor
V of DFT,, with columns 7 and rows avoiding € such that

|det(V)[> > B>
Similarly as in the proof of Lemma 6.3.9, we get for the smallest singular value 6; of ﬁV

1 B

Let Q' be the rows of V. Write

(Fuf)er = (Fa(f —8) + Fag)ay = %vq—g)r + (Fg)ar-

By the min-max characterization of singular values given by Theorem 4.1.7, we have that
=V (7=l > o=V~ gl > (1 ),
Since ||(F,g)qr|| < €, we get by the triangle inequality that
N B
[ ferll2> (1 _S)W —&

Since Q' is disjoint from Q we conclude f is €q concentrated on Q with g > (1 — e)n% —¢.

O

We now state our uncertainty relation for index-limited vectors.

Corollary 6.3.11 Suppose f is a unit n-vector that is €,1-index-limited with Fourier transform
f = Fuf. Then for any set Q of size r with r < Z and [ +r <n, f is €q-concentrated on Q with

B

eo>(1—¢) ¢

—— —¢
e o
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where

A2
36n2

(n—2r)() o2 (5)

| LG "L s y Y

(P 1n T2y ).

rm
Proof. This follows immediately from the player strategy shown to exist in Corollary 6.2.7 by
applying Lemma 6.3.10. |

The lower-bound on concentration on Q is fairly weak, but we should stress this bound is
given for any conceivable set 2, not just contiguous ones. It is conceivable that the bound can
be significantly improved by directly analyzing the /;-norms of random Vandermonde matrices
instead of their determinants.

Assuming Q to be contiguous should make even further improvements possible. This
would qualify for doing the discrete analogue of the work done by Slepian [Sle78]. A first step
has been taken by Grunbaum [Grii81], but this still remains to be a major open problem.

The most notable fact is that our theorem still yields non-trivial lower bounds on
concentration in case both /,r > \/n, which is a breaking point for typical straightforward
calculations. For example, Theorem 6.3.7 yields a trivial lower-bound of €9 > 0 in case
|T|-|Q| > n, even if |T| is assumed to be contiguous.

6.4 The Circulant Game* - an ad hoc strategy

Before proving our circuit lower bounds, we pause for the following intermezzo, in which we
consider an ad-hoc strategy for winning the contiguous version of the circulant game. The
results of this section are stand-alone, and can be skipped by the impatient reader.

Definition 6.4.1. A vector space U C C" is €,[-flat with respect to given orthonormal basis
up,ui, ..., un,—1 if for every nonzero x € U, writing x = Z;’:_OI a;u;, there exists i € {0,1,...,n—
1} such that

-1

|ai| < e|lx||2+ Z <|ai—j mod |+ ‘ai+j mod n‘) :
j=1

In the following, if the basis is omitted when using this definition, it is understood we are
considering flatness with respect to the standard basis. If a space U is not €,/-flat, we say it is
€,[-bumpy, and in this case any nonzero vector x € U violating the above inequality is called
an €, [-bumpy vector.

If for vector x, we have that |x;| > €||x||2 and the previous or next [ — 1 positions are 0,
we say x has a pure €,1-halfbump. Analogously to the above we define a vector space U to be
purely €,1-half-flat if it contains no pure €,/-half-bumpy vectors.

Bumpiness is a projective notion in the following sense:
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Proposition 6.4.1 If x is an €,1-bumpy vector then so is Ax, for any nonzero A € C. The same
holds with “bumpy” replaced by “purely half-bumpy”.

Lemma 6.4.2 IfU C C" is purely €,1-halfbumpy, then there exists unit x € U, such that for any
contiguous set of | rows R, there exists a contiguous set of | columns T, such that

| det(Circ(x)g.7)| > €.

Proof. Consider any unit purely €,/-half-bumpy vector x in U, which exists by Proposition
6.4.1. Write x = (xp,x1,...,X,—1) W.I. to the standard basis. Without loss of generality assume
that for some i, [¢j| > & and |¢;_; o4,/ =0, for j=1,2,...1—1. Also wlog. assume R =
{0,1,...,1—1}. LetT = {i,i+1,...,i+{—1}. Let M = Circ(x)g 7. Then M is upper triangular
with x; on the diagonal, so |det(M)| = |x;|’ > €. 1

Lemma 6.4.3 I[f U C C" is €,[-bumpy, then there exists a unit vector x € U such that for any
contiguous set of | rows R, there exists contiguous set of | columns T, such that

| det(Circ(x)g.7)| > €.

Proof. Consider any unit €,/-bumpy vector x in U, which exists by Proposition 6.4.1. Write
x = (x0,X1,---,X;,—1) W.I. to the standard basis. Without loss of generality assume that for some
i, |ci| > 8—1—25;11 |¢;_; mod »l> and also wlog. assume R ={0,1,..../—1}. Let T = {i,i+
l,...,i+1—1}. Let M = Circ(x)g 7. M has x; on all diagonal entries, so using the Greshgorin
disc theorem (see e.g. [Bha97]), for each eigenvalue, |Ag(M)| > |xi| — Zi;ll %, i mod al +

i mod n| > & [

Definition 6.4.2. Let
1. p(n,l,k) =inf{e: YU C C" of co-dimension k that is €,/-bumpy}, and
2. p'(n,l,k) =inf{e: YU C C" of co-dimension k that is purely €,/-half-bumpy}.

The above defines an interesting notion in its own right, but with regards to the circulant
matrix games we immediately obtain the following:

Theorem 6.4.4 The player has winning strategies for Circ-Game*(n,l,k,B'), where B =
max(p(n,1,k),p’(n,1,k)).

Proof. Suppose the adversary chooses a set of / rows R and subspace U C C" of dimension
n — k. Then we know that U is at least p(n,[,k),/-bumpy. Hence by Lemma 6.4.3 the player
can choose x € U and contiguous set of rows T so that det(Circ(x)g ) > p(n,1,k)!. Also we
know that U is at least p(n,[,k)-half-bumpy. Hence by Lemma 6.4.2 the player can choose
x' € U and contiguous set of rows T’ so that det(Circ(x)g 7/) > p’(n,1,k)". O
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Proposition 6.4.5 For any n,k,l withl —1 <n—k, p'(n,k,1) >27"+=1,

Proof. Consider arbitrary U of co-dimension k. We can add / — 1 equations of the form x; =
Xi1=...=xj_;+2 = 0 to define a subspace U’ of U of nonzero dimension. Pick a unitx € U’.
For purpose of contradiction assume that x is 27"+~ [-flat. This means |x; | < 27",
xiy2| <27 etc.. so

n—I n—I

HXHZ < Z |xi+k+1 modn‘ < Z 2—n+l—1+k < 2—n+l—1(2n—l+l o 1) <1,
k=0 k=0

which is a contradiction. [l

6.5 Bilinear Circuit Lower Bounds

In this section we prove orbit lower bounds in the special case the free maps are diagonal with
respect to the standard basis and of determinant equal 1.

6.5.1 Strong asymptotic strategies

Definition 6.5.1. Let ¢/, be a function with 2¢,, < n. We say that the player has a strong asymp-
totic winning strategy for the contiguous (or regular circulant) game with respect to £,, if
for every & > 0O there exists a kK > 0 such that for all but finitely many n, the player has a
winning strategy for Circ-Game”* (n, ¢, L%j ,2-%logn) “or Circ-Game(n, £,,, L%j ,2~nlogn) “re.
spectively.

Similarly we define the notion of a strong asymptotic winning stategy for the Fourier ma-
trix game and its contiguous version. We have shown there to be ways of transferring strategies
in both directions between the Fourier matrix game and the circulant game (Theorems 6.1.6 and
6.1.4). Some loss in the strength of the strategies was involved, but when considering strong
asymptotic strategies this loss is inconsequential. Namely, we have the following theorem:

Theorem 6.5.1 Let ¢, be a function with {,, = O(@). The player has a strong asymptotic
strategy for winning the circulant game with respect to ¢, if and only if it has a strong asymp-
totic strategy for winning the Fourier game w.r. to £,. The same statement hold for the contigu-

ous versions of both games.

Proof. Suppose the player has a strong asymptotic strategy w.r. to ¢, for winning the Fourier
matrix game. So for every 8y > 0, there exists a k > 0, such that for all but finitely many », the
player can win

14
])FT—CI{:ll’l’le(n7 ém L?nj , 2—50n10gn) .
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By Theorem 6.1.6 this means the player can win
14
Circ-Game(n, £, L%j ,2~donlogn G,

where with 8 ~ 0.02 being the absolute constant of Theorem 6.1.6, the loss-factor G is given

by
56,,/2

>
\/(Léj)ﬂn(”_ L%J)

To summmarize, for some constant ¢ > 0, we have that for any 8¢ > 0, there exists k such
that for all but finitely many n, the player can win

2700,

14
Cire-Game(n,(,, | 2], 2 3mloen=er),

This implies he/she has a strong asymptotic winning strategy for winning the circulant game
with respect to £,,.

For the converse direction, suppose the player does not have an asymptotic winning strat-
egy for the Fourier matrix game w.r.t. £,. So there exists a & > 0 such that for any k, there are
infinitely many n, for which the adversary can win

14
DFT-Game(n, ¢, L?nj,z—snlogn)‘
Then by Theorem 6.1.4, the adversary can win

Ly
Circ-Game(n, ¢, L;J,z—snlogn F),

where we can crudely bound the loss-factor F by

Ln
b (n —glﬂ)nen/z _ 0(n)

To summarize, there exist a constant ¢ > 0 and a constant & > 0, such that for all k, for infinitely
many n, the adversary can pick ¢, rows and a subspace U of dimension n — L%J, such that any

¢, x ¢, minor M of Circ(a) with rows as determined by the adversary has
|det(M)| < 2—5n10gn+cn.

So for any &' that is infinitisimally smaller than 8, provided n is large enough one gets a straight
| det(M)| < 2-8nlogn bound. This implies the player does not have a strong asymptotic strategy
for the circulant game w.r.t. /.

The statement for the relaxed versions of the games holds because our “transfer” Theorems
6.1.6 and 6.1.4 hold with both regular games replaced by their contiguous versions. O
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6.5.2 Main Result

Definition 6.5.2. A family {D, },~o where each D,, is an n-tuple of distinct positive real num-
bers (df,...,d)) such that [T, d!' = 1 is called a unit helper family. If for all but finitely many
n, the entries in D, of value less than one are contiguous (in the circular sense), we say that
{Dy,}n>0 is asymptotically contiguous.

Lemma 6.5.2 Let ¢, be a function satisfying ¢, = O(+/n). Then the player has a strong asymp-
totic winning strategy for the circulant game w.r.t. {,,.

Proof. Let § > 0 be given. Say ¢, < c¢\/n for all large enough n. Set k = 4c>. By Theorem
6.3.8 the player can win DFT-game(n, ¢,,, L%J ,B) with

B:= (%\/,;)e,, (n - Lgin/kj) 2

Then applying Theorem 6.1.6 we obtain a strategy for winning Circ-game(n, ¢,,, L%j ,D) with

n— 1/2 N
Dzéﬁﬁ( %M)*W%ww) (n = La/k))~""2,

where € is a constant approximately 0.02. This is certainly at least 2 ~dnlogn provided n is large
enough. O

Lemma 6.5.3 Let ¢, be a function satisfying ¢, = O(n3/ 4). Then the player has a strong
asymptotic winning strategy for the contiguous circulant game w.r. to {,,.

Proof. Let d > 0 be given. Let k be a constant to be determined later. By Corollary 6.2.8,
provided n is large enough, the player has a winning strategy for DFT-Game™ (n, ¢,,, L%J ,B) for
some B where

® (’121 (’ﬁ 1 kn
B> 200G —maloen),

Now applying Theorem 6.1.6, we obtain a strategy for winning Circ-game(n, ¢, L%j ,D) with

O fity loghn) no\
p =200 an&ﬂ(w/ﬂ) (1 /),

where € is a constant approximately 0.02. We see that it is possible to set k large enough to
make B at least 2~97198" for all large enough n. 1

Theorem 6.5.4 Let {D,},~0 be a unit helper family, and suppose {I',},~0 is a family of
bounded-coefficient bilinear circuits such that for all n,

Lo(xr-d}, ... ,x,-d",y) = x" Circ(y).
Define ¢, = |D, N (0,1)|. We have that
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1. Ifl, = O(n%) then there exists Y > 0 so that s(I',) > ynlogn, for infinitely many n.

2. If b, = O(ng) and {Dy, },~0 is asympotically contiguous, then then there exists Y > 0 so
that s(T') > ynlogn, for infinitely many n.

3. If b, = Q(n), then s(T'y) = Q(nlogn).

Proof. Let us first prove the third item. Suppose ¢, = Q(n). Hence there exists an gy with
1 > gy > 0 so that for all but finitely many n, £, > €on. In this case we think of the d}' that are
larger than 1 as help gates as in [BL0O2]. There are at most (1 — €g)n many such help gates.
Theorem 6.4 of [BL02] yields that s(I',) = Q(nlogn).

Let us now focus on the first two items. For each n, Let iy,,...,i,, be such that

d,.”ln<d,.”2n<...<d§fm.

In case
n

log H d?jn = o(nlogn),
J=lat1

then we can replace the constants which are bigger than 1 by bounded constant repeated addi-
tions. This takes at most Z’}: 0,+1108 d;’jﬂ = o(nlogn) additional gates. Hence we would obtain
a family of regular bounded-coefficient bilinear circuits of size s(I',) + o(nlogn) computing
xT Circ(y), but such a family must have size Q(nlogn) by [BL02]. Hence we would conclude
s(I';) = Q(nlogn). In this case we can see that both item 1 and 2 of the theorem are satisfied.

So assume that there is a & > 0 such that for infinitely many n, [" 41 Z > p0nlogn Thig
implies that for infinitely many n,

Hdl’jn < Onleen, (6.12)

Let us consider some large enough n for which (6.12) holds, and let us drop the sub and
superscipts n on our variables.

We are going to perform the following substitution on the circuit. Set x;; = 0 for all j > ¢
and substitute x; =25 /d; ; otherwise. This yields a bounded coefficient bilinear circuit of size
no bigger than s(I'), and it computes

(Zb 7Z£)dlag(dll e 7dl';1)M7
where M is the m x n minor of Circ(y) corresponding to rows I := {iy,...,is}.
Now set r =n — L%j, where kg is a constant to be determined later. Let fi,..., fx be the

linear forms iny of I'. Lemma 5.1.1 provides us with a linear subspace U of dimension n — L%j

such that for any unit b €g U , we have that

3s([) +3n

S ©.13)

logmax |£i(b)
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We think of the subspace U and the set / as chosen by the adversary.
For any unit b € U and any ¢ x ¢ minor My of Circ(b) with rows I we can obtain from I,
a bounded coefficient linear circuit computing the C" — C™ map

(21, ze)diag(d;"....d; )Mo

by removing the outputs not corresponding to My, replacing multiplications with f;(b) by
fi(b)/u, and correcting this by adding at most ¢logu repeated additions at the output gates,
where u = max; | f;(D)].

Hence the number of gates we added is at most

3s(Iy) +3n

/1 (D) < l———— < ko3s(T 3nky < 4kos(Ty).
ogmax|f;(b)] < 2[(ko] 12 =0 s(Tn) +3nko < 4kos(I's)
So the size of the resulting b.c. linear circuit is at most 5kos(I).

So provided the player has a strong asymptotic winning strategy with respect to ¢, for the
circulant game, we know a constant ko can be chosen such that there exist unit b € U and M
with 5

|det(Mo)| = 2 31oe,
and if we know in addition that / is contiguous, then only a strong asymptotic winning strategy
for the contiguous circulant game is required for the same fact. This would imply that
|det(diag(d;,,...d;; " )Mo)| = 28m10e".

ITERREN

However, by Morgenstern’s bound any bounded coefficient circuit computing
diag(d;! ,dizl)Mo then requires at least %’nlogn gates. Hence s(T",;) > &nlogn.

PR
In case ¢, = O(n%) we know by Lemma 6.5.2 that the player has a strong asymptotic
winning strategy w.r.t. ¢, for winning the circultant game, which establishes item 2 of the
theorem.
In case ¢, = O(n%), we know by Lemma 6.5.3 that the player has a strong asymptotic
winning strategy w.r.t. ¢, for winning the contiguous circulant game. So provided the helper
family is asymptotically contiguous, the set / is contiguous, and this establishes item 3. |

The model of computation that we are considering is admittedly exotic, but it should be
noted that the model allows for up to n — 1 unbounded constants, which is more than the en
unbounded constants the help gates technique in [BL0O2] manages to handle, where 0 < € < 1
cannot depend on n. We do have a strong restriction on where the unbounded constants can
appear in the circuit, and there is the restriction of their product being at most @(1). As we
observed before, the orbit model has computational power somewhere in between the general
unbounded-coefficient model and the bounded-coefficient model. However, it seems unlikely
that the model we consider is as powerful as the general unbounded-coefficient case in which
the helper constants d;’s are unrestricted.

Stepping away from the orbit model, what Theorem 6.5.4 establishes with respect to the
standard bounded-coefficient model of computation, is a general lower bound for entire fami-
lies of bilinear mappings that appear in the SL, (C)-orbit of the circular convolution mapping.
Namely, the following corollary is immediate:
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Corollary 6.5.5 Let {D, },~0 be a unit helper family, and define ¢, = |D,,N (0, 1)|. If £, satis-
fies one of:

1

1. Ift,=0(n

(1]

), or
2. Ifl, = O(n%) and {Dy},~0 is asymptotically contiguous, or
3. If b, = Q(n),
then for any family of bounded-coefficient bilinear circuits {T'y },~0 that computes

{xT Circ(d1y1,d2y2, - - - yduyn) }n=0,

there exists Y > 0 so that for infinitely many n, s(I',)) > ynlogn.

Both in Theorem 6.5.4 and its Corollary 6.5.5 a knowledge gap is present, informally
speaking, for ¢, in between O(n%/*) and Q(n). In Section 6.6 we will give some evidence that,
at least in our framework, we will not be able to close this gap. The analysis involves discrete
prolate spheroidal sequences and their remarkable eigenvalue properties. First however, we
will generalize Theorem 6.5.4 to two-sided orbits.

6.5.3 Two-Sided Diagonal Case

So far we have focused attention on diagonal orbit circuits in which only one side, which
w.l.o.g. was assumed to be the x-side, has helper constants. We now generalize Theorem 6.5.4
to the scenario in which we have helper constants on both the x and y-side. Obviously in this
more general case we will observe an analogous “knowledge-gap” as is present in Theorem
6.5.4, e.g., as it comes to dealing with ¢,, that are not O(y/n). We will show however that,
provided we have on both of the input sides of the circuit any of the favorable situations that
we did manage to handle before, then we can still establish the nlogn lower bound.

Definition 6.5.3. Call a unit helper family {D, },~0 good if for ¢, = |D, N (0,1)| one of the
following holds:

1. ¢,=0(y/n), or
2. £, = O0(n3/*) and {D,},~¢ is asymptotically contiguous, or

3. for some € > 1/2, for all but finitely many n, ¢, > €n.

We have the following theorem:

Theorem 6.5.6 Let {D,},~0 and {E,},~0 be unit helper families that are both good, and
suppose {L, }n>0 is a family of bounded-coefficient bilinear circuits such that for all n,

Co(xy-d},....x,-d"y1-€l,... .y, €) = xT Circ(y).

Then there there exists Y > 0 such that for infinitely many n, s(T',) > ynlogn.
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Proof. Let ¢, = |D,N(0,1)|. For each n, Let i1y, ..., in, be such that
dj <di <..<d .

In case
n

log H d, = o(nlogn),
Jj=tn+1
then we can replace the constants which are bigger than 1 on the x-side by bounded constant
repeated additions. This takes at most Z?:gn 41 logdl’?jn = o(nlogn) additional gates. Hence
we would obtain a one-sided orbit bilinear circuits of size s(I',) + o(nlogn) that uses {E, },~0
as helper constants only. Since {E,},~0 is good, we obtain the conclusion of the theorem by
application of Theorem 6.5.4.

Hence assume we have 8 > 0 and an infinity set N of input sizes such that for all n € N,

n
dn > 25n10gn
I I i = .
Jj=bly+1 !

Let ¢}, = |E,N(0,1)|. For each n, Let jy,, ..., jan be such that

n n n
Cin <€ < S Cl
If on the subsequence N (per abuse, we treat N as an infinite sequence of increasing numbers)

we have that .

log H e} =o(nlogn),
k=041

that is, if for any 1 > 0, for all but finitely many n € N,

n

log H e} <mnlogn,
k=7 41

then for each n € N, we can replace the unbounded constants on the y-side by effectively
o(nlogn) repeated additions. Hence obtaining for each n € N, a one-sided orbit bilinear circuits
of size s(I',) + o(nlogn) that uses {D, },~0 as helper constants only. Since {D, },~¢ is good,
we obtain the conclusion of the theorem by now continuing as in the proof of Theorem 6.5.4.
Hence assume we have &' > 0 and an infinity subsequence N’ of N, such that for all n € N’,

n
n &nlogn
H ejkn Z 2 '
k=041

Case I: Suppose on N, ¢/, = Q(¢,), i.e. suppose there exists 1 > 0, such that for all but
finitely many n € N’, we have that £}, > n/,,.

Subcase A: If {D,},~o is good because of clause three of the definition, Then also
{E,}n~0 is good because of clause three. So we have €,&’ > 1/2 such that for all but finitely
many n, ¢, > en and ¢, > €'n. Thinking of the helper constants as help gates as in [BL02],
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in this case the circuit contains at most (2 — (¢ +€’))n unbounded constants. This is bounded
away from n by a constant factor, and thus via Theorem 6.4 of [BL02] we obtain the statement
of the theorem.

Subcase B: If {D, },~¢ is good because of clause one of the definition, i.e., £, = O(y/n),
then by Lemma 6.5.2 we know the player has a asymptotic winning strategy for the circulant
game w.r. to £,,. Consider large enough n € N, and let us drop the sub and superscipts n on our
variables.

We are going to perform the following substitution on the circuit. Set x;; = 0 for all j > ¢
and substitute x;; = z;/d;; otherwise. This yields a one-sided orbit circuit I of size no bigger
than s(I"), for which

I'(21,22,- - ,20,01€1, 9282, Ynen) = (21, .., z0)diag(d; ... .d; )M,

where M is the m x n minor of Circ(y) corresponding to rows I := {iy,...,is}.
Now set r =n — L%j, where k¢ is a constant determined large enough so that for any
subspace U of dimension r, there exists value b for y so that M (with y := b) has an ¢ x ¢ minor

My with det(My) > 2-3mogn Since we have an asymptotic winning strategy for winning the
circulant game with respect to ¢,, there exists such ky. Observe that enlarging ko only makes the
circulant game easier for the player. This will enable us to also satisfy the requirement that k¢
is chosen so that % < 1. Hence, in this case ¢/ > n¥ > %. LetJ = {j1,j2,---,jor},1.€., J is the
set of indices j where e; > 1. Let V' be the coordinate subspace determined by set of equation
yj =0, for all j € J. The dimension of V is ¢’. Modify circuit I into a bounded-coefficient
bilinear circuit I’ by setting y; = 0, for all j € J and pushing down e; constants that are smaller
than 1 onto the wires. For y restricted to V the output of I and I'"” are identical.

Let f1,..., fx be the linear forms in y of I'”. We still consider these as being defined over
all of the variables y1,yz,...,y,, eventhough only ¢/ many y variables are used. This way we
can still consider them as defining n-input polynomial function. Lemma 5.1.1 provides us with

a linear subspace U of dimension n — Lij such that for any unit b €g U , we have that

ko
3s(I") +3n
1 (h) < L 6.14
cgmax|filb)| < 3y T+ 2 ©19
Now since ’ ’
dim[UNV]> (n—|—|)+¢ —n=0—|-—] >0,
k() kO

we know there exists unit b € U NV. We fix this b for the y inputs. Now the outputs of the
linear forms in y are just constants. Multiplication with these constants will be replaced by
repeated additions just as was done in Theorem 6.5.4. To give the details, for the minor M of
Circ(b) with rows I we can obtain from I',, a bounded coefficient linear circuit computing the
C! — C! map

(215 zm)diag(d; ', ... .d; )Mo,

e
by removing the outputs not corresponding to My, replacing multiplications with f;(b) by
fi(b)/u, and correcting this by adding at most ¢logu repeated additions at the output gates,
where u = max; | f;(D)].



110 CHAPTER 6. UNCERTAINTY PRINCIPLES & MATRIX GAMES

Hence the number of gates we added is at most

3s(I)) +3n
. < g/ n T < .
Elogm?x|f,(b)\ < EZV//COJ 2 = Skos(Ty)

Since 5
| det(diag(d; ', ..., d; "\ Mo)| > 25",

we conclude by Theorem 2.1.1 that s(I',,) > Wskonlogn.

Subcase C: If {D,},~0 is good because of clause two of the definition, i.e £, = O(n*/4)
and {D,},~o is asymptotically contiguous, we have an asymptotically winning strategy for
the contiguous circulant game. The proof proceeds similarly as in Subcase B. Having only a
strong strategy for the contiguous game is sufficient, since in the case the d; constants that are
cancelled form a contiguous block, and we therefore are working with minors of Circ(y) that
are restricted to a contiguous block of rows.

Case II: Assume the opposite of Case I, i.e. assume for any 1| > 0, there are infinitely
many n € N’ such that ¢/, < n¢,. Let N” be infinite subsequence of N’ for which this holds.
On N”, £, = Q(£)). This case now follows similarly as in Case I, but with the x and y-sides
interchanged and using N” instead of N'. m

Let us note that at the current time item 3 of Definition 6.5.3 does not read ¢, > Q(n),
as would be desirable, since this is what we did for the one-sided case. The reason being
that Theorem 6.4 of [BLO2] allows for up to €n unbounded constants present anywhere in the
circuit, with € < 1. However, it is not clear how to generalize this result to allowing up to €1n
unbounded constants on one side of the circuit (say the linear in x part) together with another
€,n constants on the other side (the linear in y part), where potentially €1 + €, > 1. The [BL02]
result can only be applied provided €; +¢€; < 1.

6.6 Closing the gap

Our original hope was to get item 2 of Theorem 6.5.4 to work for any ¢(n) = o(n). Unfortu-
nately, the following appears to be true:

Conjecture 3. There exists € < 1, such that for ¢(n) = |n®], the player does not have a strong
asymptotic strategy for winning the contiguous version of Fourier matrix game w.r. to £(n).

Actually we believe that the cut-off point lies somewhere for € near 4/5, which we will
support using results obtained in [Sle78]. We state the following conjecture:

Conjecture 4. If £, = Q(n*log!/° n) and ¢, = o(n), then

1. the player does not have a strong asymptotic strategy for winning the contiguous circulant
game w.r. to ¢, and
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2. neither does the player have a strong asymptotic strategy for winning the contiguous
Fourier game w.r. to /,,.

Given that we have fairly efficient ways of transferring strategies between the Fourier
matrix game and the circulant matrix game, it is no suprise that items 1 and 2 of conjecture 4
are closely related. Theorem 6.5.1 shows that items 1 and 2 are equivalent for ¢, = 0(@). It
is also clear that conjecture 4 implies conjecture 3.

So, let us have a look at conjecture 4. To analyze this, suppose ¢ = o(n). Con-
sider playing DFT-Game™(n, ¢, r = [fj ,B), for some large enough n, where c¢ is some con-
stant. For convenience let us assume that r is odd. Let N = {0,1,...,n— 1}. Suppose
the adversary chooses rows R =0,1,...,/ — 1 and set C of columns O,1,...,(r—1)/2 and
n—1,n—2,...,n—(r—1)/2. In this case, with F = n~'2DFT,, letting K = Fg cFy -, We
have that the entries of K are given by the Dirichlet kernel. Namely, for 0 < s # ¢ §’€ -1,
letting f = =L, we have

2 2nir f

_ L2mi
= 1 — e2mif

-ne | -y | o
n-Ky = Z o2Mikf — e*me(rfl)/Z Z o2ikf emef(rfl)/z
k=—(r—1)/2

)

o~ 2mif(r=1)/2 _ 2mif(r+1)/2  =mif(r=1) _ jmi(r+1)f - mif(r—1) _ mi(r+1)f

1 — e2mif - 1 — e2mif - 1 — e2mif

em’f(e—m'rf _ em’rf) e~ mrf _ pmirf —2i sin(rfn)
emif (e=mif —emif)  e~mf _emif — _2jsin(fm)

sin(r(s—1)%)

sin((s —1)%)

where we can also take this formula to define K; for s = ¢, provided it is understood that one
takes the limiting value Ky, = r/n in this case.

Let M =1 — K. We have that A is an eigenvalue of M if and only if 1 —A is an eigenvalue of
K. If det(M) = 2~@(nlogn) gince M is also given by M = FrnjcFy then by Binet-Cauchy
(Theorem 4.1.3),

N/C

det(M) = Y, | det(Fr.s)|*.
SCN/C
|S|=¢

So any ¢ x ¢ minor of DFT, that avoids rows C has magnitude at most n!/22-®(nlogn) —

p—o(nlogn) for ¢ — o(n), which means the player does not have a strong asymptotic strategy.
All eigenvalues of K are in the interval [0, 1]. This is because the largest singular value of Fg ¢
is at most 1. Hence we have the same for M. To give an upper bound on det(M) it thus suffices
to show the largest eigenvalues of K cluster very close to 1.



112 CHAPTER 6. UNCERTAINTY PRINCIPLES & MATRIX GAMES

At this stage we introduce the discrete prolate matrix studied by Slepian [Sle78]. For
bandwidth parameter W, he defines the N x N matrix:

_ sin2nW (s —1)
p(N,W)s, = W

where it is understood that for s = ¢ the value on the r.h.s. equals 2W. Let us take W = 5 and
N =/{. Then

,for0<s,t<N-—1,

r sinr(s—1)%
b/, —)g=—-—" for0<st</{—1.
p( 72n)sl‘ TC(S—t) ) or =S5,
It is certainly clear that for fixed 0 < s #t < {— 1, since { = o(n),
th - hm_n(s—_t)n
n—eo p(N, W) n—eonsin((s —1)%)
—t
im0,
n—eon(s—1)%
= 1,

and that on the diagonal both matrices have all entries equal to 7.

6.6.1 Asymptotic Equivalence

Actually a much stronger relation holds between the matrix K and p w. Considered as families
of matrices depending on the parameter n, these families are asymptotically equivalent. We
give the definition from [Gra02], modified to give some flexibility regarding the dimension of
the matrices:

Definition 6.6.1. Two sequences of ¢(n) x ¢(n) matrices A, and B, are said to be asymptoti-
cally equivalent if there exists a bound K such that

1. for all n, ||An]|2,||Bal]2 < K, and

: |An—BullF _
2. limy, e w 0.

Note that for an £(n) x £(n) matrix A, ||A||2 < ||A||F < \/£(n)||A]|2, so the second condi-
tion in the definition is weaker than straightforwardly requiring that lim, . ||A, — By||2 = 0.
For asymptotically equivalent matrices their eigenvalues have the same distribution in the fol-
lowing strong sense. Namely, Theorem 2.4 from [Gra02] can be tweaked for our scenario to
read:

Theorem 6.6.1 Let A, and B, be asymptotically equivalent families of £(n) x £(n) Hermitian
matrices. Let m and M be such that for each n, all the eigenvalues \;(A,) and Ni(A,)of A, and



6.6. CLOSING THE GAP 113

B, are in the interval [m,M|. Let F (x) be an arbitrary function continous on [m,M)|. Then

t(n) t(n)

lim £(n) ™" Y. F(Ai(An)) = lim £(n) ™" Y F(Ai(By)).

n—eo i=1 e i=1
To give two examples, for F' being the identity function, the above states that the aver-
ages of the eigenvalues, if convergent, converge to the same value. For F(x) = Inx, provided
eigenvalues are positive, one would obtain
lim Indet(4,)"/“") = lim Indet(B,)"/“™.
n—oo n—oo

We will now prove that the (families of) matrices K and p(, 5,.) are asymptotically equiv-
alent.

Theorem 6.6.2 If {,, = o(n), then for any sequence ry, the families of {,, X {,, matrices {K (n) },
and {p(l,4%)}, defined by

sin(r, (s —1)%)
K _ 2 \n\w )
()t nsin((s—1)%)
and ' ( )n
T sinr,(s—1)Z
p(gmz_Z)sl = 7t(s——t)n’ for0<s,t </{,—1,

are asymptotically equivalent.

Proof. First of all, since K(n) = FR,CFI;,C’ by submultiplicativity of the ¢>-norm we know
|[K(n)||2 < 1. From [Sle78] we know that ||p(£,,52)|[2 < 1. Let D(n)y = p(€n, 55) — K(n).
Remains to show that

We use Taylor expansions (see [RWO04] p.197): for every ¢, there exists 0 < 8 < 1 such that
l‘3
int=t—— or.
sin g cos

Consider fixed 0 < s,r < ¢, —1 and n. Let o, = sinr,(s — )%, and let B, = m(s — ). Using
Taylor, write:

3

T _ R T 3 T
smn(s t) = n(s t) 6n3(s t) cosﬂn(s t)
_Bw
n n

with 0 < 0 < 1 depending on n and s — ¢ and

3

T 3 T
Yn = @(S—l‘) COSGE(S—I‘).
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‘We have that

o Oy

[

0 (Br —Yn) _ 0B
Br(Br—n)  Bu(Brn—7n)

—0ly Yn

B — Bntn
— 0 By (s —1)3cosBE (s —1)

m2(s— 1) — Z5(s—1)*cos % (s —1)

—Oygs(s—1)cosO (s —1)

1 — 2 (s—1)2cos0% (s —1)

Since ¢, = o(n), if n is large enough the denominator in above expression is aribtrarily close
to 1. The numerator has two oscillating factors, but converges to 0 as determined by the domi-
nating Sn;zl factor. Hence there exists constant ¢ > 0 so that for large enough n,

|ID(n) || 1ot (s—1)?
‘, SEZZC n*

s=0 t=0
4

< cl,

- At
3

_ o

Since ¢, = o(n), we get that

1/243/2
1mﬂ9@ﬂﬁgimc b,
n—oo \/g_n n—oo n2

O

Asymptotic equivalence provides us with some preliminary evidence of the close similarity
of K(n) and p(, 5. ), but by itself is not strong enough to resolve Conjecture 4. The task at hand
is to carry over the asymptotic eigenvalue analysis done for p(/, 5.) to K (n). We will give some
experimental data that, together with what is already known about p(, 5-), suggest indeed one
could prove the truth of Conjecture 4 by doing a precise asymptotic eigenvalue analysis of
K(n). Such an analysis however, is still an infamous open problem in Fourier analysis, as we
will discuss (see also [AET99, Grii81, CX84]).
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6.6.2 Experimental Data

Let us do an experimental comparison between K (1) and p(, 5). Define the function

_ In|det(I — p(£y, 52))]
In|det(I—K(n))| ’

(6.15)

where we fix some 0 < & < 1 and set £, = |1®]. Figure 6.1 show the function Q(n) for 8 = 0.5.
The function appears to converge to a value just less than 1, suggesting that for any function

f(n),

| det(I — p(¢y, %)ﬂ =2/ — | det(1 — K (n))| = 20V, (6.16)

Appendix A contains some additional data for different values of 8. For & close to 1 com-
putational precision becomes an issue, and the range for n must be chosen to be smaller for
data to be reliable. Nevertheless, we believe the data suggests that implication (6.16) holds
with £, = |n®], for any 0 < & < 1. The asymptotics of the eigenvalues of p(N, W) are well-
understood. This translates to statements about the determinant of / — p(N, W), which can be
seen to be smaller than 2~¢"19¢" for any fixed ¢ > 0, if £, = Q(n*/51og'/> n). We will show this
momentarily. If indeed implication (6.16) holds for any 0 < § < 1, then this would prove Con-
jecture 4, and rule out strong asymptotic strategies for the player once ¢, = Q(n4/ > logl/ > n).

6.6.3 Eigenvalues of p(N,W)

In [Sle78], the following asymptotic values for the eigenvalues of p(N, W) are given. For large
N and k with

k=|2WN(1—¢)], with0 <e <1,

we get
1= M (p(N,W)) ~ ¢~ CLa/2g=LaN (6.17)

where
A = cos2ntW

and A < B < 1 is determined so that
1 t—B k
— _dt=—m.
/B \/(t—A)(l—tz) N

4{N i

Furthermore, we have

C=1 5L+ 2+ (=17 :
Ly |2 4 I modan
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n
Figure 6.1: Q(n) for d =0.5.

where (X}, is defined to be the number in [0, 27) congruent to x modulo 2. The variables
Ly,L,L3 and L4 determined by

L= /BIP(t)dt L, = /Bl Q(r)dt
L3:/ABP(t)dt L4:/ABQ(t)dl7

where

1/2

t—B , O() =|(t—B)(t—A)(1-1*)]

~1/2
(t—A)(1—1?) '

P(t)=

We apply this with W = 5. = Lg/ncj ~ z—fn, N=/and € = %. We will assume 7 is some
large enough number, and drop this index for the variables that depend on it. Note that in
[Sle78] the bandwidth parameter W is taken to be fixed, but let us here provide evidence for

our conjectures, modulo the assumption that this technicality can be resolved. We first perform
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a substitution ¢ = sin¢ on the integral determining B. Define
t—B 1

_A‘/l_tz.

f(1) =
Then

1 arcsin |
/ f(t)ydt = / f(sin®) cos ¢dd
B a

rcsin B

7‘/ 2 [sing—B B
6.18
rcsmB Sln¢ A ( )

Note that since A < B < 1, we have that 5 — E < arcsinB < 3. Since £ = o(n) we can approx-

imate (6.18) by
w 1B _ 1-B
L aresing)y =B~ L1z .
5 (3 —aresinB)\ [T f l—A T V2-24

Approximating A by 1 — %(ZEW)

TEZKZ

1—¢).

Soforezi,B~1—422,

will ignore the factor e~CL4/2 in (6.17), since this factor is certainly always less than 1. We will
now give a lower bound on Lj:

s = /\/t— 1—t2dt
- [ e
4 Vt-A)1-12)
A Vi—A
_ \/B;Az\/B;A
B—A

262

which is approximately in the middle of the interval [A, 1]. We

I
4c2n?’

Q
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So we conclude that for the matrix M’ =1 —p(N, W),

2203

}\,k(M/) €L3 — ¢ 12n 2,

where k = |WN /2| ~ %. Hence

2/5
det(M’) <e 1gc3n3 = €7®(n_3)_

If this bound would carry over to the matrix M, which certainly seems plausible given the
empirical evidence and also the asymptotic equivalence of the matrices K and p(/, 5. ), then in

. 5
order for the player to have a strong asymptotic strategy, 5_3 must be o(nlogn). In other words,

if ,{—53 = Q(nlogn),ie., £ = Q(n4/ > logl/ 1), then the player has no strong asymptotic strategy.
This would then prove Conjecture 4.

Unfortunately, the asymptotic equivalence of K and p(/, 5..) is by itself not strong enough
to carry over eigenvalue results about the matrix M’ to M while retaining the precise quantitive
values provided by Slepian [Sle78]. We need to know about the precise rates of convergence.
Also given our sensitive requirements on the clustering of eigenvalues of K near 1, that is, our
need to observe eigenvalues that are exponentially close to 1, it seems difficult to carry over
results about p(¢, 5-) to K using any standard perturbation techniques, such as Theorem 2.1.2.
Namely, ||K — p( ) 2n)Hz does not converge to 0 exponentially fast. Note also that Theorem
6.6.2 actually shows for some constant ¢ > 0, that

b
Do) < 125,

So for ¢, = o(n), we do have the £>-norm of the difference between K and p(/, 5-) going to
zero. The problem is that this convergence is not rapid enough: taking s —¢ = 1, we can see
that D(n) has entries that are roughly Q(-4 %) and so certainly

D)= Q2.

Hence in an application of Theorem 2.1.2, the exponentially close clustering of eigenvalues of
p(¢, ;) near 1 would get lost in the approximation.

It appears that to know about the eigenvalues of K in the same precise manner that we
know about the eigenvalues of p(Z, 5-), we need to carry out the analogous analysis as done by
Slepian [Sle78]. However, as remarked before, this remains a major open problem [AET99]. A
first step was taken by Griinbaum [Grii81] into resolving this issue. To give an idea, Slepian’s
results are based on the fact that p(N, W) is closely related to the integral operator

,s1nN7tf )
L= / sinm(f—f7)

For L Slepian manages to give a diffential operator M that commutes with L. This implies that
these operators have the same eigenfunctions. The eigenfunctions for L can be found by solving
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a diffential equation of Sturm-Liouville type. This then translates back to the eigenvectors and
eigenvalues of p(N,W).

For comparison, Griinbaum manages to give a tri-diagonal matrix M’ that commutes with
K. This then means K and M’ have the same eigenvectors. Potentially, the eigenvectors of M’
can be expressed in closed form by solving a difference equation, just like in the continuous
scenario a diffential equation needed to be solved. This certainly is going to be a formidable
task. Note that also some work towards this end has been done in [CX84], although at a more
elementary level.

In any case, regardless of whether we can formally prove this, it seems inplausible that the
knowledge-gap we observed in Theorem 6.5.4 and its Corollary 6.5.5 can be closed “all the
way up to” ¢, = o(n) by the game strategy framework we devised. Our random Vandermonde
matrix strategy gets us up to £,, = O(n3/ #). The above motivation leaves open the possibility one
can perhaps push this up to ¢,, = 0(n4/ > logl/ > n), but also suggests that at this point any DFT-
Game strategy oriented argument will cease to work: at the ¢(n) = n*/5+3 point the adversary
appears to have the upper hand.

6.6.4 Equal Spacing Strategy and its limitations

The previous section gave evidence why it is plausible that for large enough € < 1, there is
no strong asymptotic strategy for the player with respect to ¢(n) = |n®] in the contiguous
Fourier matrix game. In this section, we will look at the particular scenario where the adversary
chooses a contiguous block of disallowed columns, and where the player chooses his columns
spaced at equal intervals in the remaining set of columns. This is a particularly instructive case
to look at with regards to Conjecture 3. As noted before, we have some indication that this is
the worst-case scenario as far as the adversary’s choices are concerned. It will be interesting to
see how well an intuitively good strategy, like spacing points equally in the allowed interval,
fares in this case.

Instead of analyzing this scenario discretely, we will analyze the following continuous
analogue. Let k be a constant, and suppose ¢ = o(n). Consider some large enough n. Say the
adversary fixes an arbitrary sector S of the unit circle of angle %2%. We will now try to find a
set of £ points on the unit circle that are equally spaced in some sense and avoid the set S.

Let us start out with a set M of m equally spaced points on the unit circle. Let R =M NS.
Say R has r points. Let L = M /R. We want L to have ¢ points, so assume a set M is chosen so

r =m — (. Since the fraction of points of M that are in R will be proportional to the fraction

. S r [ 22 lkn ¢
that S is of the entire circle, we have that ™ T SOT ~ and m ~ Tl = [T

kn
For finite sets A, B € C, define

PABZ H \a—b[.

a€A,beB,a#b
We are interested in Pj;, since it relates to a Vandermonde determinant:

PLL - |V<x17x27 cee ,X])|2,



120 CHAPTER 6. UNCERTAINTY PRINCIPLES & MATRIX GAMES

where x1,x2,...,x, are the points in L. Observe that
P P
P = M and Pigr= ﬂ,
PrR Prr
SO
Py
P = 2 prg.
Pry

Let x be a point contained in M. By symmetry, Py, is the same for any point x of M. Now
Py = | det(DFT;,)|> = m™, so Py = m. hence Pryy = m” and Pry = m'. Hence
Py = m! " Prp = m* " Pgg.

t 27t€

Taking the crude upper bound that any chord between points in R is of length at mos , We

get that

kn

el r(r—1)
Prr < (—) .

Hence (using that m < 2/ for large enough n)

- 2l r(r—1)

2626 2l r(r—1)
kn

226 log20+r(r—1)log2nl—r(r—1)logkn

IN

—0(- loghn)+0( -

_ 5 n)? o )2 log€)+®(€10g€)

Hence if £ = o(n?/*), the dominant term @( G ) > logkn) will cause —log Py, to be of growth

order m(nlogn).

Returning to the contiguous version of the Fourier matrix game, the only difference in the
above scenario is that we cannot select arbitrary points on the unit circle, but must pick nth
roots of unity. If n is large the player can select /-many nth roots of unity that very closely
approximate the equal spaced points in the set L. Our analysis indicates that such an equal
spaced selection would not provide us with an asymptotically strong strategy for £ = 0)(n3/ 4),
because in this case the resulting Vandermonde matrix has determinant of order 2~ 0(nlogn)

From inspection of small cases one can deduce that the equal spacing strategy is not the
optimal strategy against an adversary that chooses a contiguous block of columns. Slightly
skewing the selected points towards the set of disallowed roots can yield a larger determinant.
However, it appears unintuitive that by such minimal skewing one can produce an asymptoti-
cally strong strategy for arbitrary { = o(n), given that the equal spacing stategy ceases to be
useful at £ = o(n3/*).

It also should be emphasized that the equal spacing strategy works for ¢ = 0(n3/ 4), but that
this does not provide a simpler alternative for our random Vandermonde derived strategy. The
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equal spacing stategy assumes the set of disallowed columns to be contiguous, wheareas the
random Vandermonde strategy get us up to ¢ = 0(n3/ 4) with the disallowed ¢ many columns
being in arbitrary configuration. To conclude, we have given evidence to support the claim that
no strategy exists for the player for £(n) = n*/5+3.
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Chapter 7
Bounded Depth Circuits

In light of the inherent difficulty in proving general circuit lower bounds, various researchers
have tried to make progress by adding one or more restricions to the computational model. One
popular restriction has been the one in which the circuit is restricted to be of constant bounded
depth. In this case arbitrary fan-in at gates is allowed in order to make the model nontrivial.

In boolean complexity the restriction to constant depth enables one to successfully prove
exponential lower bounds [Ajt83, FSS81, Yao85, Has89]. These papers constitute a body of
work that is one of the shining gems of theoretical computer science. In the arithmetic world
however, the situation is less bright. Currently only weak lower bounds, i.e., just barely non-
linear, are known for constant depth circuits [RRO3, Pud94].

Further progress has been made by adding additional restrictions to the computational
model. Exponential lower bounds were proved for the size of monotone arithmetic circuits
[SS77, MS80], and linear lower bounds are known for their depth [SS80, TT94]. In Chapter
3 we studied XIIX-formulas, which are of depth three. Over finite fields exponential lower
bounds are known for XITX-formulas, for example for computing the permanent and/or deter-
minant polynomials [GK98, GR98]. Exponential lower bounds are known for multi-linear and
homogeneous YI1X-formula [Nis91, NW96]. For unrestricted XI1X-formulas the only known
lower bounds are the near-quadratic ones of [SW99], and the extensions of these results that
we proved in Chapter 3. Note that Raz proved super-polynomial lower bounds on the size of
general multi-linear formulas [Raz04a, Raz04b].

In this chapter we will proceed as follows. First we will prove two new versions of the
classic “Derivative Lemma” of Baur-Strassen [BS82]. This lemma is used in combination
with Strassen’s degree method [Str73a, Str73b] to obtain general Q(nlogn) arithmetical cir-
cuit lower bounds for single output functions. Originally Strassen’s degree method works for
proving lower bound on the size of straight-line programs computing several functions. The
Derivative Lemma converts any straight-line program for a single function into one that com-
putes the function together with all its partial derivatives with constant factor overhead, thereby
enabling application of the degree method. Let us note that the lower bounds obtainable this
way, for simple functions like x| +x5 + ...+ x;, and less trivial functions like the determinant
and the permanent, are the only general super-linear arithmetical circuit lower bounds known
to date.

After exposition of our new versions of the Derivative Lemma, we will prove some lower

123
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bounds for a kind of bounded depth trilinear circuit, whose shape and form arises from appli-
cation of our derivative lemmas. We call these kinds of circuits “interpolation circuits”, and
they compute linear combinations

n
Zipi(X1,X2,. .., Xy) (7.1)
i—1

1=

of a collection of polynomials p1, p2,..., pn, where we will consider the coefficients z; to be
a “special” set of variables. These results take the ideas from [Lok95] a step further for our
particular model.

Lokam considered bounded depth linear circuits with bounded coefficients, and bilinear
formulas, which essentially are linear circuits of depth 2. We will prove size-depth trade offs
for our special kind of bounded coefficient tri-linear circuit computing linear combinations of
the form (7.1), where the polynomials p; are bilinear polynomials of form x” Ay.

Then in the last section, we will switch gears and prove a non-linear lower bound on
the size of a bounded depth bilinear circuit computing circular convolution x” Circ(y). To
emphasize, the lower bound obtained there is without any restriction on the coefficients that
are on the wires. We will employ a lemma from [RR03] about superconcentrator properties of
the graph of a bilinear circuit, and we will combine this in a novel way with the uncertainty
principle proved by Tao [Tao91], as it is known for cyclic groups of prime order, in order to
obtain our lower bound.

7.1 Derivative Lemmas and Linear Interpolation

In this section inputs are not considered gates, fan-in is bounded by two and the size of circuits
is measured by counting gates.

Definition 7.1.1. An interpolation circuit for computing polynomials fi,..., f;; in variables
X1,...,X, 1s defined to be an arithmetical circuit with inputs xi,...,x, and special inputs
bi,...,by, that computes the linear combination )" b; f;. Interpolation circuit size is defined

by i(f1,-- s fm) = s(LiL1 bifi)-

Our main interest is to consider interpolation circuits that have bounded coefficients. The
reason is that interpolation circuits with bounded coefficients have, like the orbit models we
defined before, computational power somewhere in between the bounded and unbounded co-
efficient model. An important technical detail is whether the circuit has access to a constant
1 gate. We will indicate explicitly by using superscipt ! if that is the case. We use f <* g
to indicate asymptotic ordering f = O(g). Call a polynomial nontrivial if it is not equal to a
variable or a constant. We have the following easy observations.

Proposition 7.1.1 For any set of distinct nontrivial polynomials f1,..., f,, we have that

Lo%(f1, .oy fn) <5 SP(f1h o fon)-
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2 ibc’l(fl,-u,fm) < sbc,l(fl,...,fm).

Applying the Baur-Strassen Derivative Lemma to a bounded coefficient interpolation circuit
without access to 1, yields us a bounded circuit computing the separate functions with access
to 1. Hence,

Proposition 7.1.2 For any set of distinct nontrivial polynomials f1,..., f,, we have that
LosPON (i ) <F P (f1s ooy fin)-
2. Sbal(fl?' .. 7fm) S* ibal(fl?' .. 7fm)

So we conclude that the bounded coefficient interpolation model with access to 1 is equally
powerful as bounded coefficients with access to 1:

Corollary 7.1.3 "1 (f1,..., fu) =" PV (f1,. .., f)-

. o . o be,1
For linear circuits we can summarize the above situation as follows. We denote by s, ;l’ L the

size of circuits that consists of addition gates computing homogeneous linear forms and addi-
tion gates computing constants, and allowing one multiplication gate at each output that multi-

plies a linear form and a constant gate. ié’flm . denotes the size of a bounded constant interpo-

. . . . . .y . -bhe * bC,l
lation circuit which is bilinear. Observe that for a linear map Ax.Ax, iy)5, . (Ax) <*s,.’ (Ax),

because we can replace the multiplication gate with constant by performing repeated additions
at the single output of the interpolation circuit. Conversely, ilgfﬁn oar(AX) =¥ sZCn’el . (Ax), by appli-
cation of the Baur-Strassen Derivative Lemma, and then transferring constant multiplications
to the outputs. Hence we have

Proposition 7.1.4 s (Ax) <* sP51 (Ax) =% 26 (Ax) <*sP¢ (Ax).

Stinear ilinear Stinear

Examples can be given for which the interpolation model is more powerful than the bounded-

coefficient model, when disallowing access to 1. For example s7¢_ (2"x1,...,2"x,) = Q(n?),
whereas %5, (2"xy,...,2"x,) = O(n). The i%.  -model can play a similar role as the or-

bit model in future research, namely provide an intermediate goal for proving lower bounds,
somewhere in between the bounded and unbounded constant model.

Theorem 7.1.5 Given a bounded coefficient circuit I computing f1, ..., f,, at (non-input) gates
of fanout zero in variables x1, . . ., x,, of size s, we can construct a bounded-coefficient circuit of
size at most 5s with extra inputs by, by, . ..,b, computing

bof; b=
Of]+i_21 laxi’
forall j=1...m.

Proof. We use induction on the number of gates r other than the outputs. The base case is
when r = 0. In this case each f; is a gate taking both inputs directly from the input variables,



126 CHAPTER 7. BOUNDED DEPTH CIRCUITS

s = m and the theorem follows readily. Suppose r > 0. Let h be a gate taking both inputs
from the variables. Let I be the circuit obtained from I" by replacing & with a new variable
Xn+1. That is, add a new input x,1, and whenever there is a wire from /4 to a gate, have the
same wire (with identical constant) to that gate from x, 1, and finally remove A. Say the new

circuit computes f7,..., fy,. By induction, we obtain a bounded coefficient circuit I’ with
inputs xq,...,x,+1 and by, ..., b,11 computing
ntl  of!

/ J
bofj+ Zi bi ox;’
=

for all j =1...m of size at most 5(s — 1). Note that for each i, f[x,11 < h] = f;. The chain
rule gives us the following equality forany j=1...mandk=1...n,

of; _ of Jf; oh

ox;  Ox 0Xp i1 bent = ] oxy

Let I be the circuit obtained from I'” by replacing input variable x,, | with the gate 4. That
is, add the gate h, and whenever there is a wire from x, 1 to a gate have exactly the same wire
(with identical constant) from £ to that gate, and finally remove x,;. We see that I"” has a
gate g; computing

nt+l g

gj = bofilxar1 —n+ Y, bia—;[xnﬂ « hj,
=1 9%

for j =1...m. Hence we obtain the required circuit by performing the substitution

" oh
b bj—.
n+1 < l_Zl laxl’

Since forany j=1...m,

n Of] no9n  Of]
Zbia—;[xn+1<—h]+2b J

i=1 ! i=1

" oh
8jlbns1 — Zbig] = bofi[Xny1 —h]+ ]
izl OXi

= bofj+ ) bi—.
=1 X

The substitution for b, can be done by adding at most 3 gates. That is, in case h =
ow; + Bx;, we substitute ab; 4 Bb;, which takes one gate. In case h = ow; - Bx;, we substitute
ofbix; + ofb x;, which takes 3 gates. In both cases constants on the wires are 1 or constants
from the bounded-constant circuit I'. We conclude that I has size at most 5(s — 1) +4 < 5s,
and that it is a bounded-constant circuit. ]

Corollary 7.1.6 In the statement of Theorem 7.1.5, if I does not use a constant 1 input gate,
then neither does the constructed circuit.
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The above property is violated by the Baur-Strassen lemma. To give an example, a
bounded coefficient bilinear circuit computing x” Ay is turned by that construction (when just
constructing dx;’s) into a bounded-coefficient circuit computing Ay , but using a constant 1 in-
put gate to build up constants, which get used at multiplication gates. This is an unfortunate
fact, because current volume and spectral techniques, in particular Morgenstern’s Theorem,
for proving lower bounds on linear circuits get defeated by such usage of constants. Note that
[NW95] overlooked this fact, and that the proof their “Corollary 3” is wrong. In this example,
our proof of Theorem 7.1.5 simply reproduces a bounded-coefficient bilinear circuit computing
bT Ay. Applying the corollary for m = 1 yields the following:

Corollary 7.1.7 z”‘/’(f7 i, a_f) <* 5 ().

0 Oxp

We can also obtain a “transpose” of the above theorem.

Theorem 7.1.8 Given a bounded coefficient circuit I computing f1, ..., f,, at (non-input) gates
of fanout zero in variables x1, . . . ,x, of size s, we can construct a bounded-coefficient circuit of
size at most 5s with extra inputs by, . .., b, computing Y| b; fi and ¥ | 13){’ forall j=1...n,

whenever these are not identically zero.

Proof. We use induction to the number of gates r other than the outputs. The base case is
when r = 0. In this case each f; is a gate taking both inputs directly from the input variables,
s = m and the theorem follows readily. Suppose r > 0. Let h be a gate taking both inputs
from the variables. Let I be the circuit obtained from I" by replacing & with a new variable
Xn+1. That is, add the new input x,11, and whenever there is a wire from /4 to a gate, have
the same wire (with identical constant) to that gate from x,1, and finally remove /4. Say the
new circuit computes f1,. .., f5,- By induction, we obtain a bounded coefﬁcient circuit I’ with

inputs x1,...,x,11 and by,...,b,, computing Y/, b; f/ and Y7 la ,forall j=1...n4+1 of
size at most 5(s — 1). Note that for each i, f][x,41 «— h] = f, The chain rule gives us the
following equality forany i=1...mandk=1...n:

dafi _ df af! oh

axk - a—xk[xn—H A h] + axn—H [xn—i-l — h] axk

Let I be the circuit obtained from I'” by replacing input variable x,, | with the gate 4. That
is, add the gate h, and whenever there is a wire from x,,1 | to a gate have exactly the same wire
(with identical constant) from # to that gate, and finally remove x,.;. We see that I"” has a
gate computing Y7 b;f! X1 — h] =Y, b,-fi and foreach j=1...n+1,

Zb xn+1 <_h]

By the chain rule, whenever x; is not present in A, which is for all but at most two indices
je{l,...,n},g;=Y" b 3){’ For the remaining indices j, add gates to compute
ud af! oh

of!
gj+gl1+1 Zb f xn—i—l Hl’l]—l—Zbla [xn—i-l Hh]
i= An+1 Xj
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b; (%[xn+1 — h]+ o [Xp41 < h]- 8_h)

I

i=1 ax]' 8xn+1 Xj
= Zb,i
S ox;

This can be done using at most 3 gates. Hence the final circuit has at most 5(s — 1) +3 < 5s
gates. Ll

7.1.1 Closed Form Bilinear Derivative Lemma

For a general homogeneous bilinear circuit computing the bilinear form f = x” Ay correspond-
ing to a matrix A, as we noted in the previous section, application of the Baur-Strassen con-
struction to obtain (ngI, gTJ;, e, 57{), which are the linear forms given by Ay, yields a circuit in
which each gate computes a linear form in y, but using constant gates and allowing computed
constants to multiply linear forms. This is unfortunate since for such circuits currently there
are no lower bound techniques known. Hence there is no straightforward reduction of prov-
ing lower bounds for bilinear forms via the Baur-Strassen derivative lemma to the linear case.
This contrasts with the successful Raz/Biirgisser-Lotz strategy for bounded-coefficient circuits,
whose extension we studied in previous chapters. The culprit that causes the Bauer-Strassen
construction to introduce these undesired multiplications with build-up constants can be seen
to be linear part of the bilinear circuit below the multiplication gates. Here we will show that if
this lower layer is a not a circuit but a formula, then we do have a derivative-lemma construction
that leaves a homogeneous linear circuit with only addition gates.

In case the lower layer is a formula, we can assume wlog. that this lower layer consists of a
single unbounded fan-in addition gate summing the outputs of all multiplication gates. Namely,
multiplication gates with fan-out bigger than one can be duplicated so all multiplication gates
have fan-out one, and this can be done with constant factor overhead. Next all constant on
these fan-out wires can be pushed upward, resulting in a lower layer that just adds up the
multiplication gates. Hence we can state our theorem as follows:

Theorem 7.1.9 Suppose we have a linear circuit Cy(x1,X2,...,X,) computing homogeneous
linear forms 1y (X),[(X),...,k(X) and a circuit C>(y1,y2,...,Yn) computing homogeneous lin-
ear forms r1(¥),r2(¥),...,r(¥). Let f be a bilinear form given by

=) LiX)r(y).

-

1

~

Then we can construct a homogeneous linear circuit computing oy f 1= (aanl’ aa—j;, e, ng) of

size O(s1 + 52), where s1 and s, are the sizes of Ci and C,, respectively.

Proof. Foreachie€ {1,2,... k} write

Li(X) = ajix1 +apxy + .. .+ aipxp,
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with a;1,ap,...,a;, € C. Then

of & 0L(X)ri()
D P e

In other words, defining the k x n matrix A = (apq)1<p<k,1<g<n-

axf: [rl()_;)vm()_;)?‘"7rk()_;)]Aa

so that
@) =AT[r1(5), 2 (3), ...,

Now circuit C; computes AX.AX. Since the circuit size of a matrix A and its transpose A7 are the
same, we obtain a homegenous linear circuit (3 with k inputs and n outputs computing A”. By
the above we thus get a homogeneous linear circuit for d,.f by composing circuits ¢, and G3:
first r1 (), r2(¥), ..., rx(¥) are computed by & and then these are taken as inputs to (3. Doing
so, the n ouputs of (3 will yield 9, f. O

7.2 Bounded Depth Bilinear Interpolation Circuits

In this section we are going to consider bilinear interpolation circuits of the following structure.
There are three sets of input vectors namely x, y and special interpolation inputs z. There are
two top-level linear mappings computing separately for input vectors x and y. Both these map-
ping are computed by depth d — 1 circuits. Multiplication gates are allowed, but are restricted
to have exactly one of its inputs taken to be a z variable. We think of the z variables as if they
were constants taken from the underlying field C.

Say the outputs of these circuits are /;(x),...,lk(x) and r{(y),...,r(y). These are actually
linear in x or y, but may contain higher powers of z variables.

Then there are k multiplication gates computing m; = ¢;(x)ri(y) for 1 <i < k. Finally
there is a single unbounded fan in addition gate, taking inputs from all multiplication gates.
Constants on the wires are assumed to have norm at most one.

We identify a bilinear form p(x,y) on n+n variables in a natural way with the n X n matrix
of coefficients (p);; = the coefficient of the monomial x;y;. Linear forms ¢;(x) and r;(y) are
identified with row vectors. Under this identification we can thus say that each multiplication
gate m; computes éiT ri. The function computed by the circuit is required to be of the form

m m
Y (T Agy) =x" Z ALY
k=1 k=1
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for certain complex n X n matrices Ay. In this situation, we say the circuit is an interpolation
circuit for computing matrices A1,Az,...,A,. The idea is that, by varying the assignments
of complex numbers to z, we can compute any of the bilinear forms x” My, for any matrix M
obtained as the linear combination M = 7;A| + 2242 + ... + ZmAn.

7.2.1 Preliminaries and Related Work
Definition 7.2.1 ([Lok95]). Let 1 < r < n, for an n x m matrix A we define its ¢,-r-rigidity to
be

A% (r) = min{||A — B||% : B is an n x m matrix of rank at most r},

where ||A — B||r denotes the Frobenius norm.

Lokam defined the ¢;-norm ||C||; of a circuit to be the sum of the absolute values of all
constants on the wires of C. For a matrix A, defining ||C!¢!(14)]|; to be the minimum ¢;-norm
of a linear circuit of depth d computing the linear mapping /4, he proved:

Lemma 7.2.1 ([Lok95]) Foranyr > 1,

1/2d
el = r(440)

This results was later improved by Pudldk [Pud98] to
1CH12)|B > din|detA /"

where the ¢>-norm of a circuit is defined analogously to the £1-norm of a circuit.
One class of matrices for which we have good bounds on their ¢,-rigidity are Hadamard
matrices.

Definition 7.2.2. An n x n matrix H is called a generalized Hadamard matrix if HH* = nl,.

When the entries of the matrix H are restricted to be £1 one gets the standard definition of a
Hadamard matrix. As an example, the Fourier matrix DF' T, is a generalized Hadamard matrix.
One has:

Theorem 7.2.2 ([Lok95]) A% (r) =n(n—r).

Denoting by ng] (14) the minimum number of wires of any depth d linear circuit with con-
stants on the wires of norm at most 1 that computes Ax.Ax, one then has by Lokam’s result
that for any generalized Hadamard matrix H, ng] (ly) = Q(n”ﬁ), and by Pudldk’s improve-

ment C gd] (Iy) = Q(n“é ). Lokam also considered bilinear formulas, as introduced in [NW95],
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corresponding to a matrix A, which are formulas of form

m
ba(x,y) =Y x"qiply,
i—1

1=

where p; and ¢; are column vectors. The size L(b4) of the formula b4 is taken to be the total
number of non-zero entries in the ¢g; and p; vectors. These formulas are essentially depth 2
linear circuits: s(by) = O(C(14)) [NW95]. So one gets for bilinear formula with bounded
coefficients a lower bound L%(by) = Q(n/*) via Lokam and L%(by) = Q(n?/?) via Pudlék’s
result, where H is a generalized Hadamard matrix. Lokam results yield the original bound
proved in [NW95], and Pudldk’s bound improves it.

7.2.2 Our Result

Theorem 7.2.3 Let C be an interpolation circuit of structure as defined above with multiplica-
tion layer at depth d that computes Ay, ...,Ay. Then for 1 < r < n, the number of wires of C
that do not fan out from z variables is at least

. 1/(2d—1)
r <Z Af“r)) p2/(2d-1)
i=1

Proof. Let C be given as indicated. Fix 1 <r <n. Let S equal the number of wires of C that
do not fan out of z variables. We call a gate or non z-variable special if the number of wires
fanning out from it is at least S/r. Note there can be at most r special gates. No multiplication
gate or the output gate can be special.

We now will consider what happens to a matrix A; that is computed, in the sense that we
defined, as we remove a special gate g. That is, temporarily fix z; = 1 and z;z = 0 for k # i.
Let I1,l,... I be the linear forms in x and rq,ry,...,r; be the linear forms in y computed by
the circuit, after this assignment. The output of the circuit with this assignment to z will be the
bilinear form x” A;y. Now remove g and consider the modified output xTA;’ewy. We will have
six cases to consider.

Case 1: g is an input variable x;. In this case we remove the wires fanning out from x;.
That means that for each i, £/ = /; with jth entry set to zero. Hence for each i, m}*"
with row j zeroed out. Since each output A; is simply a linear combination of the matrices m;,
we get A7 = A; with the jth row zeroed out, i.e. A; gets modified by subtracting a matrix of
rank O or 1.

Case 2: g is an input variable y;. Similarly as above we can conclude each output gets
modified by subtracting a matrix of rank at most one.

Case 3: g is a multiplication gate m; = El-Tr,-. The output gets modified by subtracting
a scalar multiple of m;. Observe that rank(m;) < 1. So the output gets again modified by
subtraction a matrix of rank at most one.

Case 4: g is an addition gate linear in x. Suppose gate g computes the linear form /.

Then for each i, £} = {; —v;l, for certain scalars v;. Hence for each i, m}*" = (E?ew)Tr,- =
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EiTri —YilTri. Since A; = le‘.:locjmj, we get that
_ k
AT = ijlocjmyew
_ k T
= ijl()(.j(mj'—’yj'l I’j)

= Al' — ITZIEZI(X]"Y]'}’]'.

Observe that ZTZ’]‘.ZIOL ;Yjrj has rank at most one. Hence again we have that each output is
modified by a matrix of rank at most one.

Case 5: g is an addition gate linear in y. Similarly as Case 4, we can show that each output
get modified by subtracting a matrix of rank at most one.

Case 6: g is a multiplication gate that has one of its inputs being a z variable. With z being
assigned to, we can consider this gate to be an addition gate, so this case reduces to Case 4 or
5.

Let C’ be the circuit obtained by consecutively removing all special gates. From the above
we conclude that for each i, if we set all z’s to be zero except z; = 1, then the output of the
circuit is a bilinear form x” (A; — B;)y, where B; is some matrix with rank at most r.

The fanout of each gate in C’ is at most S/r. We are now going to estimate the following
quantity, which is the sum of norms of all entries of the computed matrices:

m
o=)
s=11i

N

Y 1(As—By)il* (7.2)
1j=1

For a given pair (x;,y;), there are at most (S/r)?- (S/r)4~! pairs of paths starting in x; and
y; and that come together in the same multiplication gate. Then from that gate there is a single
edge to the output. We can estimate (7.2) by summing over all these pairs of paths and over
all assignments to z that set exactly a single z; = 1. One pair of paths can contribute to at most
one of the A; — B;. Namely, if the pair contains two multiplication gates with special z; and z;
input with i # j, then contribution to A j—Bj and A; — B; is zero, since in either case the other
variable is set to zero. Since any constant on a wire has norm at most 1, we conclude each such
path contributes at most 1 to ®. Hence

® <n*(S/r) 1,

Thus
§ > p@!/(2d=1),-2/(2d-1)
Observe that . "
®=Y [|A-Bl[F =) A% (r),
s=1 s=1
from which the theorem readily follows. U

The above theorem yields lower bounds whenever the bilinear forms that are computed
have associated matrices of high ¢,-r-rigidity. For example:



7.3. BILINEAR CIRCUITS WITH UNBOUNDED COEFFICIENTS OF DEPTH O(1) 133

Corollary 7.2.4 let Ay,...A, be a set of n Hadamard matrices. Then any depth d bilin-
ear interpolation circuit, of the structure defined above, that computes Ay,...,A, has size

Q(nHﬁ).

Proof. By Theorem 7.2.2, we know that for a Hadamard matrix H, A2(H) > n(n —r). Apply-
ing the above Theorem one gets that the number of wires not fanning out of z variables is at
least

. 1/(2d—1)
r (Z Aii(r)> p 224> r(n~n(n—r))l/(zdfl)n_z/(z‘i_l) (7.3)
i=1
= r(n—r)Y/Cd=1), (7.4)
Setting r = n/2 then yields the corollary. |

7.3 Bilinear circuits with unbounded coefficients of depth
o(1)

In [RRO3] a super-linear lower bound is proved on the number of edges of any bilinear circuit
with arbitrary coefficients and constant depth computing matrix multiplication. Their result
gives a lower bound on the number of edges present in the circuit below the multiplication
gates. In other words, the bilinear circuit gets to perform two linear transformations at the
inputs in the two different variable sets free of charge. In our orbit-related terminology, the
circuits are taken to be of the form I'(Ex, Dy), where E and D are arbitrary matrices of ar-
bitrary dimension. The proof technique is graph theoretic in nature. It make use of certain
superconcentrator properties any circuit computing matrix product must posess.

In this section we will verify that this proof technique can also be successfully applied to
the circular convolution function x” Circ(y) which has been the main focus of our attention in
previous chapters. Interestingly enough, we will essentially reduce the problem to a question
about the superconcentrator properties of the discrete Fourier transform. Recall the definition:

Definition 7.3.1. An n-superconcentrator is a directed acyclic graph G = (V,E) with n input
nodes Ig C V and n output nodes Og C V such that for every m, for every sets X C I, and
Y C Og, there exist m vertex disjoints paths from X to Y.

In can be seen that for prime p, any linear circuit computing DFT), is a p-superconcentrator.
Namely, it is well-known that any minor of DF'T), is non-singular [Tao91]. If there would exist
any sets X C Ig and Y C Og of size m such that there are strictly fewer than m vertex disjoint
paths from X to Y, then the corresponding minor DF T, would be singular.

We will not directly use this fact, but rather use the discrete uncertainty principle proved
by Tao [Tao91], which was stated in Theorem 6.3.3. Nevertheless, the proof of this uncer-
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tainty principle relies on the fact that all minors of DFT), are non-singular, for prime p, so
superconcentrator properties of DF'T), are involved, albeit indirectly.

We now introduce some prerequisites taken from [RR03]. We will need some definitions
about slow-growing functions and a lemma.

7.3.1 Prerequisites

Definition 7.3.2. For a function f : N — N, define £ to be the composition of f with itself i
times:

1. f (0) is the identity function,
2. f = fo f=1) fori> 0.

Futhermore, for f such that f(n) < n, for all n > 0, define
f(n) =min{i: 0 <1}

As in [RR03], the following set of extremely slow-growing functions A4(n) will be used
to express the lower bounds. Each A;(n) is a monotone increasing function tending to infinity.

Definition 7.3.3. Let

L. Mi(n) = [V,
2. Xa(n) = [logn],
3. Ag(n) =N, 5(n), ford > 2.

For a directed acyclic graph G, Vi denotes the set of all nodes, I those with in-degree 0,
and Og those with out-degree 0. The depth of G is the length in edges of the longest path from
I to O¢. Raz and Shpilka prove the following combinatorial lemma:

Lemma 7.3.1 ([RRO03]) Forany(0<e< ﬁ and any layered directed acyclic graph G of depth
d with more than n vertices and less than € - n - Ly(n) edges, the following is satisfied:

For some k with \/n < k = o(n), there exist subsets I C I, O C Og, and V C Vg for which
[1|,|0| < 5e-d-nand |V| =k, and such that the total number of directed paths from IG\I to

. . 2
O¢\O that do not pass through nodes in'V is at most € - T

7.3.2 Circuits for Circular Convolution

The circuits we will consider in this section are of the following form. They are bounded depth
bilinear circuits with arbitrary fan-in and fan-out with arbitrary constants on the wires. We will
assume our circuits are layered. We will give lower bounds on the number of edges present in
the circuit below the multiplication gates. In other words, these circuits get two arbitrary linear
transformations at the inputs for free. For use in this section only, we define:
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Definition 7.3.4. For a bounded depth bilinear circuit C we define its size s(C) to be the num-
ber of edges in the circuit between the multiplication gates and the outputs, and define by its
depth d(C) to be the length of a longest path in edges from a multiplication gate to an output.

We begin with the following easy proposition:

Proposition 7.3.2 Any bilinear circuit of depth 1 computing circular convolution x” Circ(y)
has size s(C) > n,

Proof. A circuit of depth 1 has a very simple structure. There are some number r of multipli-
cation gates M, computing products M, = L,(x)R,(y), where L,(x) and R,(y) are linear forms.
Then there is one layer of output gates, each gate computing summation over some set of input
multiplication gates.

We will argue that each output gate must be connected to at least n multiplication gates.
For purpose of contradiction suppose that this is not the case. Say some output gate O; takes
input from < n multiplication gates. Consider the subspace of dimension at least 1 defined
by equations L;(x) = 0, for each multiplication gate j attached to output O;. We can select a
non-zero vector a from this space such that for any assigment y = b,

(a’ Circ(b)); = 0.

This yields a contradiction, for example we can take b’ to be equal to a* shifted by i, then
(a® Circ(b)); = ||a||3, which is non-zero, since a is a non-zero vector. ]

We now prove our main result for arbitrary constant bounded depth.

Theorem 7.3.3 There exists € > 0 such that if p is a prime number, any layered bilinear cir-
cuit with inputs x = (xo,X1,...,xp—1) and y = (y0,y1,-..,¥p—1) of depth d computing cyclic
convolution x™ Circ(y) has size s(C) > epAy(p).

Proof. Consider the circuit computing

x" Circ(y) = x" Fydiag(DF Ty(y))F,.
We first apply substitutions x” :=x"F , andy = %DF Tpy at the inputs. This does not alter the
circuit below the multiplication gates, but now we have a circuit computing

deiag(y)F;.

Let G be the directed acyclic graph of depth d given by the part of circuit below the multipli-
cation gates. The set I is the collection of multiplication gates M; = L;(x)R;(y), where L;(x)
and R;(y) are linear forms. Take Og = {1,2,...,p} to be the set of outputs of the circuit. Let
€ > 0 be some small enough constant to be determined later. Trivially G has at least p vertices.
Suppose that G has strictly fewer than €p - A;(p) edges. Lemma 7.3.1 applies, and we obtain
sets I C Ig, O C Og and V C Vg such that
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[S—

. |1],]0] < Sedp,
2. |V| =k, with v/n > k=o0(p), and

3. the total number of directed paths from I\7 to Og\O that do not pass through nodes in

. 2
V is at most 8%.

For each output node i € Og\O, define P(i) to be the number of multiplication gates in
Ig\I for which there exists a directed path that bypasses V and reaches node i. Let R be a set
of r = 10k output gates with lowest P(i) values. By averaging we get that

2
Y P < oo Y Pt O
= 06\0, .52 o p—5edp k  1-5ed

Let I’ be the set of all multiplication gates in I\ for which there exist directed paths to nodes
in R that bypass V. We can conclude that

10ep

I'l < )
||_1—58d

Define a linear subspace W by the set of equations
Ri(y)=0forallic Ul

For any fixed substitution for y € W the resulting circuit has all of the gates computing linear
function in the x variables. Relative to a fixed choice for y, define linear subspace W, by
equations g, (x) = 0 for all v € V, where g, (x) denotes the linear form computed at gate v. Note
that dim(W) > p —5Sedp — llf)gg - and dim(Wy) > p —k, for each y. Now we have arranged that
for each y € W, and each x € W,,

(x"diag(y)Fy)r =0, (7.5)

foreach r € R.
In order to reach a contradiction, we will now argue that it is possible to select y € W and
x € Wy such that some output in R is non-zero.
10ep

First of all, fix a vector y € W that has at most 5edp + ;—; zeroes: this can be done

because dim(W) > p — Sedp — 11_°§§d- Let A be the set of indices i for which y; = 0. Let
m = |A|. Let Wy’ be a subspace of W) of dimension 1 obtained by adding equations to the
defining set of W), as follows. For the first stage add x; = 0 for each i € A. In a second stage,
start adding equations that require x; = 0 for i ¢ A, until the dimension has been cut down to 1.
Since we are starting out with a space of dimension p — k, after the first stage, the dimension
will be cut down to at most p — k —m, so we will be able to add x; = 0 in the second stage for
at least p —k —m — 1. many i with i ¢ A. Provided ¢ is small enough, since k = o(n), k+m
will be less than a small fraction of p, so we are guaranteed that we can indeed complete this
process still leaving a subspace of non-trivial dimension. Select an arbitrary non-zero vector x

from Wy’. Observe that of the p — m indices i not in A, x; is non-zero for at most K+ 1 entries,
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and that x; is zero for all i € A. So x; is zero for each i for which y; = 0. Since x itself is a
nonzero vector there must be some place i where x; and y; are both nonzero.

Let f = x"diag(y) and f=fF ». We thus conclude that f is a non-zero vector, but that
|supp(f)| < k+1.

By the discrete uncertainty principle for cyclic groups of prime order [Tao91], stated in
Theorem 6.3.3, we have that

supp(f) +supp(f) > p+1.

Hence the output vector of the circuit f is non-zero in at least p+ 1 — (k+1) = p—k places.
Since R is of size 10k, by the pigeonhole principle, there must be some output in R that is
non-zero. This is in contradiction with equation (7.5). O
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Chapter 8

Conclusions

Given the inherent hardness in proving lower bounds for Boolean circuits, we embarked upon
a study of arithmetical circuits. They bring the promise, more readily than Boolean circuits,
of involving sophisticated concepts from algebra and algebraic geometry in a successful lower
bound proof.

We continued the investigation of XIIX-formulas started by Shpilka and Wigderson
[SW99]. There we presented a new technique for proving lower bounds by introducing the
notion of resistance of a polynomial. Using this notion we proved tight lower bounds, amongst
others, on the sum of nth powers polynomial f = }""_, x. For any d, there are only n many dth
order partial derivatives for this polynomial, which makes it hard to derive lower bounds using
the partial derivatives technique from [SW99].

The partial derivatives technique yields lower bounds on multiplicative complexity only.
In Chapter 3, we showed how this method can be extended to give lower bounds on total
complexity, utilizing a closed form Baur-Strassen style derivative lemma for the YIIX case.
We have shown that this yields stronger lower bounds than those from [SW99], especially for
low-degree polynomials. In certain cases, this improvement manages to lift trivial Q(n) lower
bounds, derived using the partial derivatives technique, to non-linear results. For instance, we
showed for the elementary symmetric polynomial of degree 4 that £3(S*) = Q(n*/3), and for
the product-of-inner-product polynomial that £3(PIP2) = Q(n*/3).

Both the partial derivatives technique and our resistance technique are limited to yield-
ing quadratic lower bounds only. Such is tolerable when dealing with families of polynomials
that indeed have O(n?) size LI1E-formulas, like Y, x" and (using Ben-Or’s interpolation re-
sult) the elementary symmetric polynomials, but shows a severe gap in our knowledge when
dealing with families of polynomials that are believed to be much more complex. As origi-
nally remarked in [SW99], currently we know of no super-polynomial lower bounds for the
depth-three XIIX-formula model over fields of characteristic zero. For example, one would
like to establish such bounds for the determinant and permanent polynomials. This contrasts
with the situtation for Boolean circuits, for which we know exponential lower bounds for con-
stant depth circuits [Ajt83, FSS81, Yao85, Has89]. Future work on XITX-formulas should be
directed towards closing this discrepancy.
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Open Problem 5. Prove a super-polynomial lower bound on the XITX-formula size for an ex-
plicit function, e.g., the determinant or permanent, over a field of characteristic zero.

Suspiciously absent in current lower bound techniques for XITX-formulas are random re-
striction type arguments, whereas all the results of [Ajt83, FSS81, Yao85, Has89] proceed
using random restrictions. Note that Raz manages to use random restrictions in conjunction
with a partial derivatives based technique in his work on multilinear arithmetical formulas
[Raz04a, Raz04b].

In Chapter 4 we investigated bilinear circuits with complex coefficients of O(1) bounded
magnitude. These circuits form a logical next place to investigate, given that linear circuits with
bounded coefficients are essentially understood [Mor73], and given that unbounded coefficient
linear circuits have confounded any form of non-trivial lower bound, even after 35 years of
intense research activity.

We introduced the bilinear orbit circuit model. For GL,(C)-orbits this model is at least
as powerful as the unbounded coefficient case, but for SL,(C) it provided a challenging com-
putational model to prove lower bounds for. The only known techniques for proving lower
bounds for bounded coefficient bilinear circuits of [BL02, Raz02] fail to stand in this model,
due to possible ill-conditioning of the free maps. The model was introduced because it allows a
moderated study of a computation model in which more unbounded coefficients can be present
than current techniques allow for. Secondly, lower bounds for the orbit circuit complexity of a
single polynomials p(x,y) translate to sweeping lower bounds on entire orbits of p(x,y).

Our study was focused on the circular convolution mapping Ax,y.Circ(x)y. We showed
that if the free maps have condition number O(1), then the the proof of [BL02] can be adapted
to show that circular convolution still requires Q(nlogn) size. Future work could be directed
towards lifting this restriction, and prove general SL,(C)-orbit lower bounds, but there are
difficulties abound.

Namely, there is the apparent requirement in the random substitution technique to select
the random input from a subspace U of some dimension €n with € < 1, which seems to be
about the only way to make the outputs of the linear forms on which substitution is performed
“reasonably” bounded. Provided that is true, they can be replaced by “few enough” repeated
additions, and this way a reduction to the (well understood) linear case is achieved. Unifying
this modus operandi of the restriction technique with the abundance of ill-conditioned matrices
present in SL,(C) is problematic. Geometrically speaking, only n-dimensional volumes retain
the same volume under such transformations, but any lower dimensional volume can be arbi-
trarily stretched or squashed. In any configuration of the argument we considered this becomes
an issue. Either the msv,-volume of the target linear form one reduces to is negatively im-
pacted, or, attempting to salvage this, the outputs of the linear forms on which one substitutes
are ill-behaved, or vice-versa.

We managed to prove tight Q(nlogn) size SL,(C)-orbit lower bounds for circular convo-
lution in case the circuit has precisely n multiplication gates. The proof shows that in this case
the convolution theorem circuit, which uses the discrete Fourier transform and its inverse, is
essentially unique.

We also considered orbits in conjunction with XITX-formulas. The fact that lower bounds



141

for x-complexity are maintained under such an extension is trivial. Interestingly enough, we
showed some of our lower bounds on +, x-complexity can still be established, although some
of them needed to be weakened.

Given the difficulties proving lower bound on SL, (C)-orbit circuits, any attempt to lift the
O(1) condition number assumption perhaps is best attacked by first considering the diagonal
DL, (C)-orbit model as an important test case. Diagonal matrices of unit determinant can still
be arbitrarily ill-conditioned. We managed to prove both a “one-sided” and “two-sided” di-
agonal orbit lower bound, modulo some extra assumptions about the amount and placement
of helper constants less than 1 (see Theorems 6.5.4 and 6.5.6). We did so by introducing a
novel game to be played on the DF T, matrix, in which an adverary selects some rows that
must be included and some columns that must be avoided. Then the goal was to find a minor
satisfying these restrictions with maximum determinant. We related this game to several dis-
crete uncertainty principles. In the contiguous case of playing this game, i.e., where an interval
of rows is chosen, this led us to a randomized game strategy. We defined for any finite set
P ={pi1,p2,...,px} of points on the unit circle in the complex plane their chordal product

cP(P)= T] Ipi—pjl,

1<i<j<k

and asked the fundamental question:

Open Problem 6. For some large n, consider the set Q = { wg, ®y,...,®,_; } of all nth roots
of unity on the unit cirlce in the complex plane. Let R C Q be a given set of roots that
are “off-limits”. For any ¢, what is the optimal strategy to select /-many nth-roots of unity
0, 0y, ..., 0;, € Q\ R that maximizes CP(0;,, ®;,,...,0;) ?

We approached the above problem by simply selecting the £ roots of unity uniformly at random.
This yielded a result (Theorem 6.2.4) about random Vandermonde matrices with nodes on the
unit cirle, which appears of independent mathematical interest. This strategy fares fairly well.
In the terminology of Theorem 6.5.4, for ¢, = 0(n3/ 4) this strategy was sufficiently strong to
imply circuit lower bounds.

Related to the question of what is the optimal strategy, is the question what sets R in the
above provide the worst-case scenario? That is:

Open Problem 7. For any £, ¢, for what kind of sets R C Q of size k is

max CP(S)
SCQ/R
|S|=¢

minimized, and what is its value ?

We have some indication that sets R that are contiguous provide this worst-case scenario,
but the question is related to some long standing open problems [DS89] that turn out to be
suprisingly hard to solve.

During our investigation, we also encountered an interesting numerical problem that is
interesting for purely mathematical reasons. Suppose we define the following sequence of
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points {p, }m>1 on the unit circle: p; = 1, and for m > 1, p,, is the first point q (if it exists) in
counter-clockwise rotation around the unit circle after p,,_1 such that H;”:_ll |g — pil = 1. This
sequence arose in trying to devise a strategy that packs in points in a greedy manner, by adding
a point each time, but ensuring that the added point has good chord-product with the previously
added points. For those purposes, we also considered the modification of the above problem in
which there was some given sector on the unit circle off-limits.

In any case, the interesting feature is that the sequence {p,,},>1 appears to be infinite,
and appears to enjoy a nice @(ml/ 2) growth (when seen in radians). It would be nice to give a
closed form expression for the points in this sequence. The sequence for the modified problem
is a little more erratic, but also appears to be infinite for “reasonable” disallowed sectors.

Beyond the ¢, = 0(n3/ 4) growth rate a better strategy is required than random selection,
but as we posed in Conjecture 4, we do not believe there exists a strategy that can deal with
arbitrary ¢, = o(n). Conjecture 4 can be settle if one manages to carry over the asymptotic
eigenvalue analysis of the prolate matrix of [Sle78] to the discrete-to-discrete case. We have
made the conjecture plausible both from an empirical and theoretical standpoint. Carrying out
the discrete analogy of the eigenvalue analysis of [Sle78] however, will be no easy task. See
e.g. [Gri8l, CX84, AET99]. In any case, this is an interesting problem in Fourier analysis,
but from the theoretical computer science point of view, it would be more interesting to see
whether one can devise an alternative lower bound argument that circumvents the issue.

As far as the contiguity assumption is concerned, one way to remove it, would be by
giving a reduction that converts a circuit for (x”)Circ(y) into one for x” Circ(y), using only
o(nlogn) additional circuit hardware. It is not clear whether this can be done. We showed
that one certainly cannot in general convert a circuit for (x”)Circ(y) into one computing
xT Circ(y) by permuting the y-inputs and outputs. This would only work for permutations of
form w(i) = b+ gi, where g is a generator of the additive group of integers modulo n (See
Appendix B).

In any case, if it is true that in the unbounded coefficient model the size of any bilinear
circuit computing x” Circ(y) is Q(nlogn), then it is also true that any orbit circuit I'(Dx, E'y)
with D and E diagonal and of unit determinant has size Q(nlogn). We have managed to prove
the latter under some additional restrictions, but still left to be resolved is the situation for
general diagonal maps of determinant one:

Open Problem 8. Prove that any bilinear orbit circuit I'(Dx, Ey), where D and E are diagonal
with unit determinant that computes circular convolution x” Circ(y), must have size s(I') =
Q(nlogn).

The presence of arbitrary diagonal matrices D and E of unit determinant defeats any of the
known volumetric techniques [BL02, Raz02]. Such is the case essentially because the matrix
D can be highly ill-conditioned, making it hard to find “good” minors (in the sense of having
large determinant) of the matrix Circ(a) that are in the “right” place. For the result in [BLO02],
it is sufficient to argue the existence of a good minor, whereas in the orbit model one seems
to be forced to argue existence of good minors in a certain place of the matrix. The results
we obtained still manage to strengthen [BLO2]. Provided we made some extra assumptions
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about D, we could indeed locate such good minors of Circ(a) in the required place, the way
our argument demanded.

We have tried to push the restrictions on D as far as possible, but for the kind of volumetric
technique we were pursuing, we met a roadblock in trying to win our matrix games under
extreme circumstances, because of phenomena related to the prolate spheroidal wave functions
in [Sle78].

The real question is how far any kind of volumetric technique will carry in the orbit model.
It seems non-volumetric techniques are called for, but that might be tantamount to proving
lower bounds in the unbounded coefficient model. As a main goal in our orbit model setup,
still open is the following problem:

Open Problem 9. Prove that any bilinear orbit circuit of form I'(Dx, Ey) (or I'(Dx,y)), where
D and E have unit determinant, computing circular convolution x” Circ(y) has size s(I') =
Q(nlogn).

For that matter, up to now we have concentrated on circular convolution, but more generally it
would be desirable to solve:

Open Problem 10. Prove a non-linear lower bound on the size of any bilinear orbit circuit
of form I'(Dx, Ey) (or I'(Dx,y)), where D and E have unit determinant for computing some
explicitly defined bilinear map.

Then there is of course the holy-grail of proving lower bounds for the undbounded coeffi-
cient model for bilinear or low degree functions, which is equivalent to proving lower bounds
in the orbit model for arbitrary diagonal maps. Even stronger than that (given that the linear
maps do not count against the size), one may try to solve:

Open Problem 11. Prove a non-linear lower bound on the size of any bilinear orbit circuit of
form I'(Dx, Ey) (or I'(Dx,y)), where D and E are arbitrary n X m matrices for computing some
explicitly defined bilinear map.

Finally, in Chapter 7 we considered bounded depth bilinear circuits and introduced inter-
polation circuits. We proved a Baur-Strassen style derivative lemma for this model, which has
the added advantage that it does not introduce additional constants, as the regular derivative
lemma notoriously does. We gave a closed form derivative lemma for a special kind of bilin-
ear circuits, whose bottom layer is a formula. Results of [Lok95] were extended to a special
kind of bilinear circuit. Finally, we proved a non-linear lower bound for bilinear circuits (with
unbounded coefficients) computing circular convolution in case the input size n is a prime
number. We did this using in the discrete uncertainty principle for cyclic groups of prime order
[Tao91], and combining it with a “superconcentrator-lemma” of [RR03]. It would be interest-
ing to see whether we can remove the assumption that  is prime. This might be hard, because
only if n is prime do we know that DF'T,, is a regular matrix, and thus that any linear circuit for
it must be a superconcentrator.
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Open Problem 12. Can one prove a non-linear lower bound for a bilinear circuit computing
Circ(x)y in case the input size n is composite?

To summarize, we extended the partial derivatives method for XITX-formulas. Some con-
tributions were made to Fourier analysis and the theory of random matrices. We introduced
the usage of uncertainty principles for proving lower bounds, in particular the strengthened
uncertainty principle for cyclic groups of prime order [Tao91]. We extended the bilinear lower
bounds of [BL02, Raz02]. Overall we have deepened the lower bound results of several pub-
lished papers [SW99, BL02, Raz02, RR03, Lok95], and we have delineated mathematical ob-
stacles to proving more general lower bounds.
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Appendix A

The following figures refer to the function Q(n) defined in equation (6.15).
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Figure 1: Q(n) for € =0.75.

151



152

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

APPENDIX A

50

100 150

Figure 2: Q(n) fore =0.8.

200

250



Appendix B

We refer to [Hun80] for the group theoretical notions used in the following.

In this Appendix we prove Theorem 5.3.1, which stated that for any n, the retrievable
permutations form a group, and are precisely those permutation & : Z,, — Z, for which there
exists b, g € Z,, with g relatively prime to n such that for each i € Z,,,

(i) = b+ gi.

Note that numbers g that are relatively prime to n form precisely all generators of the additive
group Z,,.

Proof. (of Theorem 5.3.1). In the following all indices of variables are considered ele-
ments of Z,, and all arithmetic with indices takes place within this additive group. Wlog.
we do the proof with n-vectors of variables indexed as x = (x1,x2,...,%,—1,X0) and y =
(Yn—1,Yn-2,---,y0)7. In this case, xCirc(y) has variables lined up nicely so the kth entry
(xCirc(y))x has for each term the x-index and y-index summing to k. Namely, for each
k=0,1,...,n—1 we have that

(xCirc(y))e =Y. xiy;.
i,j€Zn
i+j=k
We first show any permutation ©t : Z,, — Z, that is of the form
(i) =b+gi,

for some b € Z,, and generator g of the additive group Z, is retrievable. Wlog. we can assume
that b = 0, since b only produces a cyclic shift by b places. It is clear that a permutation 7 is
retrievables iff T composed with a cyclic shift is retrievable. Define permutation 7| by

M (i) =m(i—n) = g(i—n),
for each i € Z,. Then we get that the jth entry of mt(x)Circ(m; (y)) equals
Xr(1)Ymi(n—1+j) T Xn2)Vni (n—2+j) T - - Xn(n—1)Ym; (1+) T Xn(0)Ym; (j)-

Consider an arbitrary term Xy i) Vr, (n—k+ j) Of the above expression. It has indices summing as
follows:

nk)+mi(n—k+j) = gk+gn—k+j—n)
= gJ
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So all terms have indices summing to the same value gj. Since g is a generator of the additive
group Z,,, we see that all the n sum-values are presents at the n entries of (x)Circ(m;(y)). In
other words, Tt(x)Circ(m;(y)) is a permutation of xCirc(y).

Let us now do the converse directions. Suppose T is a retrievable permutation, and let | be
a permutation of the y variables such that w(x)Circ(m(y)) is a permutation of xCirc(y). Since
the x-indices and y-indices of each term of the j entry of xCirc(y) have to sum to the same
number j, there must exists bg,bq,...,b,—1 so that the indices of each term of the jth entry
of w(x)Circ(m(y)) sum to b;, for each j =0,1,...,n— 1. Observe that {bo,b1,...,by_1} =
{0,1,...,n—1}. The jth entry of mt(x)Circ(m;(y)) equals

Xr(1)Vm; (n—14j) T Xn@2)Vmy (n-2+j) T - - Xn(n—1)Vm; (1+) T *n(0) Vi (j)>

which we can rewrite as

;xn(nfi)ym (i+j)

So we have the following condition satisfied:

(Vj,ieZ,), wm(i+j)+n(n—i)=D>b;. (1)
This implies that for any s,¢ € Z,, we have

(VieZ,), m(i+s)=mni(i+1t)+ (bs—br).

In particular,
(VieZ,), m@)=mni(i+1)+ (bo—by),

and
(VieZ,), m(i+1)=m(i+2)+(b1—b2),

which is equivalent to saying
(Vi € Zn), nl(i) = TC1(i—|— 1) + (bl —bz).

Repeating this for all s and r with t = s+ 1, we get there exists some number g € Z,, so that
g=by—by=by—by=...=by_2—by_1 =b,_1 —by. The number g must be a generator of
Z.,,, since otherwise not every element of Z,, would be in the range of t;. We can conclude that
we can write

bj=bo—gJ,

forall j =0,1,...,n— 1. However, specifying condition (1) with i = 0, we have
(Vj€Zy), m(j)+n(0)=0b;.

So m; is defined by
(Vj€Zy), m(j)=(bo—7(0))—g/.
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Which implies by condition (1) that 7 is defined, foreach i =0,1...,n—1, by

E(I’L—i) = bo—ﬂ?l(i)
= bo—(bo—m(0)) +gi
= w(0)+gi.

Hence we have that foreach i € Z,,,,

n(i) = n(0)+g(n—i)
= 7w(0)+ (—g)i.

Since (—g) is also a generator of Z,, we conclude that 7 is of the form stated by the theorem.
By the above it can thus be seen that the retrievable permutations form a group R,,. Namely,
composing 7t (i) = by + g1i with (i) = by + g»i one gets

T (m(i)) = b1+gima(i)
= b1+g1br+g1821.

The generators of Z,, are precisely all integers (modulo n) that are relatively prime to n. So the
product g1 g> is again a generator, this showing the composition is of the required form. The
inverse of a permutation 7t(i) = b+ gi is given by ©~! (i) = ¢ + hi, where c is the unique number
such that gc = —b, and 4 is the unique number so that gh =1 in Z,,. O

Each choice for b and g yield a distinct permutation T, so |R,,| = n¢(n), where ¢ is the Euler
totient function, giving the number of natural numbers relatively prime to n. This is maximized
for prime n, in which case |R,,| = n> —n. Modulo cyclic shifts, R,, is isomorphic to the character
group Z* (integers from {1,2,...,n — 1} relatively prime to n under multiplication) through
regular representation g — (i) = gi. Namely, letting H, be the sugroup of all cyclic shifts,
i.e., permutations of the form ©t(i) = b+, then R, /H, ~ Z*.



