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1 MOTIVATION

1 Motivation

1.1 Boolean Functions <

Usually, a Boolean function f maps a length-n binary vector, or string, into a single binary value, or bit. The
most basic examples seen in computer science are

Vv OR(z1, T2, ..., Tp)
A AND(Q?l,LL'Q,...,xn)
@ PARITY(x1,x2,...,%n)

In graph theory, given an undirected graph G = (V, E),|V| = m where the ordering of the adjacency matrix is
pre-specified, we can represent the graph G as a binary string of length n = (Tg) Hence, for instance, we can view
the algorithm for the clique problem as a Boolean function. That is, the algorithm that determines if a k clique

exists in a graph with m vertices can be written as
CLIQUE,.,, : {0,1}(3) = {0,1} (1.1.1)

Generalising this idea, we can also define a Boolean function g : {0, 1}?" — {0, 1}?" that maps a string to another
string. For example, binary integer multiplication takes in two n-bit strings and outputs a 2n-bit string.

In fact, any discrete yes-no problem can be viewed as searching for a family of Boolean functions that maps a
fixed-length string to a bit, since a language L € {0,1}* can be divided into disjoint slices

L =|JL, where L, € {0,1}" (1.1.2)
n

1.2 Truth Table and Normal Forms <

A Boolean function f : {0,1}" — {0,1} can also be viewed as a truth table. Specifically, given a pre-specified
ordering, we will have a table with 2" indices, each of which denotes a n-bit string in {0,1}". The entires of the
table are simply binary numbers. For example, a function f : {0,1}3 — {0, 1} may be represented as below

000 | O
100
010
001
011
101
110
111

o= == OO

Any Boolean function can be expressed as a disjunctive normal form. The DNF of the above example is

(Z1 NTa ANx3) V(T Ao Axg) V(21 Ao Axs) V (21 Az AZ3) V (z1 Azg Ax3) (1.2.1)



2 FOURIER EXPANSION

2 Fourier Expansion

2.1 DNF to Polynomial <

Notation 2.1. Given « € {0, 1}, we write
L ifa=1
goe={" e (2.1.1)
T, ifa=0

Then given a string ajas...a,, we have that {*z5?...2% = 1 if and only if z and a are equal.

ztag?.ahn = H T H T = H i H 1—x;) (2.1.2)

a;=1 i:a;=0 ia; =1 i:a;=

Hence, we obtain

The second equality follows from that x; is binary. Any disjunctive normal form can be written as the following

fla) = \V I =[] a-=) (2.1.3)

ac{0,1}",f(a)=14%:a;=1  i:a;=0

Since there is only one element a € {0,1}" that equals x, we have

flx) = Z H Z; H (1—x;) Z f(a H Z; H 1—u;) (2.1.4)

ae{0,1}",f(a)=14:a;=1  i:a;=0 a€{0,1}" ;=1 d:a;=0

Hence, we obtain a polynomial representation of f(x).

2.2 Fourier Expansion Theorem <

To obtain a simpler representation of the polynomial 2.1.4] we first adapt the following replacement

1 = -1
0o — 1
which gives us
1+xi: 0 %fxiz—l 1—331-: 1 ?fxi:—l (2.2.1)
2 1 ifa; =1 2 0 ifax; =1

which allows us to write the counterpart of as an function f: {-1,1}" — {0,1}

ORI SENION | =y | e (222)

a€{—1,1}" ira;=—1 ita;=1

We can rewrite f as a function from {—1,1}" to {—1,1} by some algebra,

fy=1-2 % %ﬂa) I1 1_2:”" I1 HQ“TZ' (2.2.3)

ae{-1,1}" ia;=—1 ita;=1

By expanding the polynomial above we can rewrite f as a sum of monomials

= > FS ] (2.2.4)
5C[n] €S
where [[;cq @i is in fact the parity function and is defined to be 1 if S = ) and f(S) is the coefficient of the

monomial J],.¢;



2.3 The Orthonormal Basis 2 FOURIER EXPANSION

Remark 2.2. Since z; € {—1,1}, we see that [ [, g #; = —1 if there is an odd number of —1 or TRUE values, [ [;. g
is the parity function.

Theorem 2.3 (Fourier Expansion Theorem). FEvery function f: {—1,1}" — R can be uniquely expressed as
a multilinear polynomial,

fla)y= "> f(8)z® (2.2.5)

5C[n]

where 1 = [[,cg ;. This expression is called the Fourier expansion of f, and the real number F(S) is called
the Fourier coefficient of f on S. Collectively, the coefficients are called the Fourier spectrum of f.

We can prove the uniqueness of the multilinear polynomial by showing the linear independence of the 2™
different 2°. In fact, we can show that the set of xg forms an orthonormal basis of the space of the functions
f{-11}" >R

2.3 The Orthonormal Basis KX

<,

Definition 2.4. We define the inner product (-,-) on pairs of function f,g: {—1,1}" — R by
(fgy=2"" > fla)g(x) (2.3.1)
ze{—1,1}"

From a probabilistic perspective, if we let x be uniformly distributed in {—1,1}", we have

(f:9) = Eonf—1,1y0 [f(2)g(2)] (2.3.2)

Lemma 2.5.

(=27 3 f@)f(@) = Epngorayn[f(2)?] (2:3.3)

ze{-1,1}"

Theorem 2.6. The 2" different parity functions z° : {—1,1}" — {—1,1} form an orthonormal basis for the
vector space V' spanned by functions f : {—1,1}" — R. In other words, for any two sets S,T € {—1,1}",

1 ifS=T

PR (2.3.4)
0 ifS#T

A direct corollary from this theorem shows the uniqueness of the Fourier expansion.

Corollary 2.7. The 2" different parity functions x° : {—1,1}"* — {—1,1} are linear independent and hence the
scalars f(S) of the linear combination of x°

f@)= Y f($)af (285)
SCin)
1S unique.
Lemma 2.8. For any two sets S,T € {—1,1}", we have
1 ifS=T
WSat =t Y (2.3.6)
T if S#T
where SAT = (S\T)U(T\ S) is the symmetric difference of S and T.
Proof. If S =T, we then have 227 = (2%)2 = 1. If S # T, then

o = [[ai [Twi= [[ « II 2= II @i=2%%" (2:37)

€S €T i€SNT i€ESAT 1€ESAT



2.3 The Orthonormal Basis 2 FOURIER EXPANSION

Lemma 2.9.

s 1 ifS=0
E[z®] = {0 F5 0 (2.3.8)

Proof. z° =1 by definition. By linearity of expectation, we have
E[e%] = B[] [ 2:] = [ [ Ela:] (2.3.9)
= i€s

Since z is uniformly distributed in {—1,1}", x; must be uniformly distributed in {—1,1}. Hence, E[z;] = 0 and
concludes the proof. O

proof of Theorem[2.6 Note that (29,27 = EmN{_171}n[xSxT]. If S = T, we have the expectation is just the
constant 1

Epmfo11yn[z®27] =1 (2.3.10)

If S # T, we then have
Eomi—11yn 2527 = Epofo1 130 [2727] = 0 (2.3.11)
since SAT is not empty. O



3 INNER PRODUCT

3 Inner Product

Some results directly following the inner products are shown in this section.
Notation 3.1. We use the notation xg and z° interchangeably to denote [Licg i

Theorem 3.2. For f:{—1,1}" - R and S C [n], we have

(f,xs) = F(9) (3.0.1)
Proof.
(f.xs) = (> F(T)xr,xs)
TC[n]
=2"" Z Z f Xs(z) by Fourier expansion
ze{-1,1}" TC[n
= Z (D)2~ Z xt(x)xs(x)] by linearity of expectation (3.0.2)
TC[n] ze{—1,1}™
= Y (D) {xr,xs)
TC[n]

= f(S) by theorem 2.0

O
Theorem 3.3 (Parseval’s Theorem). For any f:{-1,1}" — R, we have
= Y f(9)? =Eongo1ynf(2)?] (3.0.3)
This theorem can be seen as a direct corollary from the following theorem.
Theorem 3.4 (Plancherel’s Theorem). For any f,g:{—1,1}" — R, we have
9= J(8)i(S) = Epui 11y [f(2)9(x)] (3.0.4)
SCln]
Proof.
Z S)xs:; Z
SCn TC[n
=2" Z f Z () by Fourier expansion
ze{—1,1}n SC[n] TC[n
= Z Z 2= Z XS(CC)XT(Q?)] by linearity of expectation (3.0.5)
SCln ze{-1,1}»
- Z Z XS?XT>
SCln] TC[n
= Z f(s ) (S) by theorem [2.6]
5C[n]
O

Note that (f, g) can be seen as a measure of similarity between the functions f and g. To see this, we first give
the definition of distance.



3 INNER PRODUCT

Definition 3.5. Given two Boolean functions f,g: {—1,1}" — {—1,1}, we define the distance between f and

g to be
dist(f, ) = Pong-1,132[f(2) # g(2)] (3.0.6)

Since z is chosen uniformly, we have equivalently dist(f,g) = 27" (Hamming distance between f and g). By
the definition of inner product we have that

(fgy=2"" > flx)g(x) (3.0.7)

ze{-1,1}"
Because f(x)g(z) =11if f(z) = g(z) and f(z)g(x) = —1 otherwise, we have the following proposition.

Proposition 3.6. For any f,g:{-1,1}" — {—1,1}, we have

(fgy=2""" > f(@)g(z) = Pong1,1p[f(2) = 9(@)] = Pong11yn[f(2) # g(a)] = 1 - 2dist(f,9)  (3.0.8)

ze{—1,1}"
The following corollary is thus a direct result of this proposition.

Corollary 3.7. For two sets S,T,S # T, we have
. 1
dist(xs, x1) = 3 (3.0.9)

Proof. By lemma[2.8] we have (xs, xr) = 0. Hence, 1 — 2dist(f, g) = 0 by proposition 0O



4 BLR TEST

4 BLR Test

4.1 Almost Linear Functions and BLR Test <

Lemma 4.1. For any f : {0,1}" — {0,1}, we have the following are equivalent
(i) f(z+y) = fz)+ f(y)
(i) f(x) = ;ca i for some A C [n]
Proof. = For any = € {0,1}", we can write
T =x1€] + 069 + ... + Then, (4.1.1)

Thus by we have
f(x) = f(zie1) + f(waea) + ... + f(xnen) (4.1.2)

Notice that by the additive identity must exist. In other words, f(0) = 0. Hence, if z; = 0, we have
f(0)=0==a;f(e;). If &; =1, then f(z;e;) = f(e;) = x;if(e;). Therefore,

f(x)=z1f(e1) + zaf(ea) + ... + xnflen) = Zwl where A = {i|f(e;) = 1} (4.1.3)
icA
(1)) = [(0)
f($)+f(y)=Z$i+zyi=Z($i+yi)=f($+y) (4.1.4)
icA icA icA
O

Definition 4.2. A function f : {0,1}" — {0,1} is linear if one of the following holds:
(i) flz+y)=flz)+ f(y)
(ii) f(x) = > ;c 4 xi for some A C [n]
Definition 4.3. For any Boolean functions f, g, we say that f and g are e-close if dist(f,g) < e.

One idea of property testing has the following scenario. Suppose we have a "black-box" which contains an
unknown function f: {0,1}" — {0,1} and we want to verify if this function is linear. Specifically, given an input
x € {0,1}"™, we can query f(z) quickly but verifying all 2" possible values is too expensive. Hence, we aim to test
the linearity property approximately by the following scheme:

Algorithm 4.4 (BLR Test). Given query access to a function f:{0,1}" — {0,1}:
1. Sample z,y € {0,1}" uniformly and independently.
2. Query f(z), f(y) and f(z +y).
3. Accept if f(z)+ f(y) = f(x +v).
Switching to f: {—1,1}" — {0,1}, we have the analogous algorithm
Algorithm 4.5 (BLR Test). Given query access to a function f: {-1,1}" — {-1,1}:
1. Sample z,y € {—1,1}"™ uniformly and independently.
2. Query f(z), f(y) and f(x oy) where z oy = (T1y1, T2, Y2, -y Tn¥n)-
3. Accept if f(z)f(y)f(zoy) =1.

Note that linear functions are character functions in {—1,1}.



4.1 Almost Linear Functions and BLR Test

4 BLR TEST

Lemma 4.6.
P[BLR Test Accept| =

Proof. Note that

5+ 5 @) (o) =

Hence, we have

N)\H
[\'J\H

Z (4.1.5)

(4.1.6)

1 if BLR accepts
0 otherwise

P[BLR Test Accept| = IP[% + - f(x)f(y)f(zoy)]
3+ FU@ W@ o)
5 + 2B @I W)@ oy)
S+ ELY FS)x z Z U)xu(zoy)] (4.1.7)
Seln] Ten Uen
f%+ B[S £(s) Z AT Z xr()xu (@ o y)]
Seln) TEn U€ln
_ % + ;SZH (s Zu z xr()xu (@ o )]
€ln TEn U€ln

where

Elxs(@)xr@)xv(zoy)] =Eg gy [[ [ 2 [T v [ zeww)

€S je

T keU

:Ez,yN{fl,l}”[ H Ty H yz]

i€SAU

JETAU (4.1.8)

=Epoq—1,13n] H 2| Byg—1,13 H yi] x,y are independent

i€ESAU

= E[xsav]|E[xrav]

By Lemma 2.9 we obtain

1 1 A
P[BLR Test Accept]| = 5 3 Z f(s

JETAU

Z f Z f Elxsav]E[xrauv]
Teln Ueln

Seln]
11 2o Bron B
s Y HSAS)(S) (4.19)
Sen]
1 1 2
S€en]
O

Theorem 4.7. If P[BLR Test Accept] > 1 — ¢, then f

Proof. By Lemma [£.6] we have

P[BLR Test Accept]| =

is e-close to some linear function g : {0,1}" — {0, 1}.
1 Fran3
+5 S A8 >1—e (4.1.10)

10



4.1 Almost Linear Functions and BLR Test 4 BLR TEST

which gives us

Fran3 Fron2
1-2e< Y f(S)*< max f(T) > (9= max f(T) (4.1.11)
Seln] Seln]
By Theorem we have
1—2¢ < max f(T) = max(f, xr) (4.1.12)
TE[n] Ten]
By Proposition [3.6] we obtain
1-2< %nz%x](l —2dist(f, x7)) (4.1.13)
eln
Hence, we have that f is close to some linear function . O

Theorem 4.8. For any f: {0,1}" — {0,1}, we have the following are equivalent
(i) f(x+y) = f(z)+ f(y) for most pairs of x,y € {0,1}™.
(ii) f(x) =) ;caxi for some A C [n] for most inputs x € {0,1}".

proof sketch. |(1)|=|(i1)f Since BLR Test accepts if f(z+y) = f(z)+ f(y) for most pairs of z,y € {0,1}", theorem
implies |(i1)|
= @)+ f(y) =2 ica i+ Dicy Ti = Dica(®i + yi) for most inputs z,y € {0,1}". O

Algorithm 4.9. How to use BLR Test
1. Repeat BLR Test for O(1/e€) times
2. If BLR Test fails for some input x,y, Reject.

3. If BLR Test did not fail, then f is e-close to some linear function.

11



5 LOCAL DECODING AND LIST DECODING

5 Local Decoding and List Decoding

Error-correcting codes are used to ensure reliable transmission of information over noisy channels as well as to
ensure reliable storage of information on a medium that may be partially corrupted over time.

A code of length N is simply a subset C' € AV, where A is a finite set. Elements of C' are called codewords.
A binary code is one with alphabet A = {0,1}. An r-query locally decodable code C encodes k-bit messages m
in such a way that one can probabilistically recover any bit m(i) of the message by querying only r bits of the
(possibly corrupted) codeword C(m), where r can be as small as 2.

Definition 5.1. A g-ary code C': Fj — IE‘(IIV is said to be (r, 4, €)-locally decodable if there exists a randomised
decoding algorithm A such that for all m € F} and all w € FY such that dist(C(m),w) < §:

1. For every index i € [n]
PlA(w,i) =m;] > 1 —¢, (5.0.1)

where the probability is taken over the random coin tosses of the algorithm A.
2. A makes at most r queries to w.
A similar definition considers recovering any codeword position as opposed to any message bit.

Definition 5.2. A g-ary code C': Fy — Fév is said to be (r, d, €)-locally correctable if there exists a randomised
decoding algorithm A such that for all m € F} and all w € FY such that dist(C(m),w) <

1. For every index j € [N]
PlA(w,j) = C(m);] > 1 —, (5.0.2)

where the probability is taken over the random coin tosses of the algorithm A.

2. A makes at most r queries to w.

*

5.1 Hadamard Code <

The classical Hadamard code encoding n-bit messages to 2"-bit codewords is a 2-query locally decodable code, and
also a 2-query locally correctable code.

Every codeword in the Hadamard code corresponds to one of 2" subsets S of [n]: the codewords of the Hadamard
code are the truth tables of xg, for S C [n]. The positions of the codewords are indexed by strings = € {0,1}".
For message S C [n], the position of the codeword xs indexed by x is simply xs(x) (that is the parity of the bits
of x corresponding to the subset S.) Let w be a possibly corrupted encoding of S. (That is, instead of the truth
table of xg, w is the truth table of some other function, not too far from xg.) First we assume that the corrupted
words w are within relative distance § <= 1/4 from SOME correct codeword.

First we see that the Hadamard code is locally correctable. Given z € {0,1}", and w, the decoder picks random
y € {0,1}™, queries w(y) and w(x + y), and outputs the parity of these two bits. If w differs from the correct
encoding of S in at most ¢ fraction of coordinates, then, by union bound, with probability at least 1 — 2§ both of
the decoder’s queries will go to uncorrupted locations. In such case, the decoder correctly recovers xgs(x).

Next we consider local decoding, that is recovering individual message bits. Given an index i € [n] and w, the
Hadamard decoder picks a string y € {0,1}" uniformly at random and outputs the parity of the two coordinates
of w corresponding to w(y) and w(y + ¢;). As before, if w differs from the correct encoding of S in at most &
fraction of coordinates, then, by union bound, with probability at least 1 — 2§ both of the decoder’s queries will
go to uncorrupted locations. In such case, the decoder correctly recovers the value xs(e;), which tells us wheter
or not ¢ € S.

In fact, Hadamard code achieves optimal length for 2-query locally decodable codes.

Theorem 5.3. If there exists an (2,0, €)-locally decodable code C' encoding n-bit messages to N-bit codewords;
then
N > 2U(1/2-9)*6%n) (5.1.1)

12



5.2 Goldreich-Levin Algorithm 5 LOCAL DECODING AND LIST DECODING

The proof uses Quantum information argument and can be found in [YT 12). O

For 3-query locally decodable codes, Yekhanin [Yek08| constructs a code with sub-exponential length of size

exp(exp(O(logn/(loglogn)))).

Notice that if the distance between a corrupted codeword and some codeword is at most half of the minimum
distance, which is 1/4 for Hadamard code, then we have unique decoding.

On the other hand, for Hadamard codes, since we have for any f: {-1,1}" — {-1,1},

> fs)2=1 (5.1.2)

5C[n]

there are only a constant number of large coefficients of the Fourier expansion of f. This means that even if a
corrupted codeword (corresponding to some Boolean function f) is at distance greater than 1/4, there will only
be a constant number of possible codewords. To see this, let dist(f, xs) < 1/2 — €, we have

F(8) = (f,xs) =1 —2dist(f, xs) > 2¢ (5.1.3)
Because there are at most 1/(4€?) coefficients of f whose magnitude is greater than 2e, there are at most 1/(4¢?)
number of possible parity functions within distance 1/2 — € from f.
Remark 5.4. For every small § > 0, the number of subsets S such that |f(S)| > 6 is at most 1/62.

Therefore, we can use list decoding to recover a list of possible codewords within the given distance to the
corrupted received word.

Definition 5.5. |[GRS12| Given 0 < p <1, > 1, a code C € FY is (p,1)-list decodable if for every received word
y eFY,
{z € Cldist(y, x) < p}| <1 (5.1.4)

Theorem 5.6 (Goldreich-Levin Theorem). There is a probabilistic algorithm such that given f : {0,1}™ — {0,1}
and v,6 > 0, it runs in time poly(n,1/v)log(1/8) and with probability at least 1 — § outputs a list of subsets
L={S51,...,5:} such that

1. if |f(S)| >, then S € L.
2. if S € L, then | f(S)] > ~/2

This theorem says that the Hadamard code is efficiently list decodable.

<,

5.2 Goldreich-Levin Algorithm <

The Goldreich-Levin Algorithm uses a divide and conquer scheme to estimate the Fourier weight of f on various
collections of sets.

Algorithm 5.7. Goldreich-Levin Algorithm

1. Given some integer k < n and some subset S C [k], the bucket By g is the collection of sets such that

Brg:={SUT:T C[n]\ [k]}. (5.2.1)
We start with &k = 0 and S = ().
2. Repeat the following until each bucket has only 1 set.

e Select any bucket with 2™ sets where m =n — k.

e Split the bucket By s into Bii1,5 and Byy1,su{k+1}- In other words, we split the bucket By, s by fixing
the k& + 1th bit.

13



5.2 Goldreich-Levin Algorithm 5 LOCAL DECODING AND LIST DECODING

0110%%* .. *
v Y
01100%* ... * 01101%* ... *

e Estimate the weight of each bucket by estimating

> fU)? (5.2.2)

veB

e discard any bucket B if its weight estimate < ~2/2
3. Output the list L of remaining buckets.

To see the correctness of the algorithm, we assume that we can efficiently estimate the weight of each bucket
and the estimates are accurate within 72/4. Therefore,

1. If f(U) > v, we have f(U)? >~ >~%/2+~2/4 and U will never be discarded.
2. If f(U) < /2, we have f(U)? < 42/4 =~%/2 —~%/4 and U will not remain in the end.

As for running time, by Remark we see that there are at most 4/92 buckets in the end. Because each of the
surviving bucket will experience at most n splits, there are at most 4n /42 repetitions of the main loop.

Y Zie[n] Xi
Lemma 5.8 (Chernoff’s Bound). Let X := =*<*—
real valued random variables in [a, b]. Then,

where X;,1 € [n] are independent, identically distributed,

2ne?

P[IX —E[X]| > d < 2exp(——nm) (5.2.3)

Lemma 5.9. Given f : {—1,1}" — {—1,1},~,6 > 0 and S C [n], we can estimate f(S) within error £~ with
probability 1 — § using O(% log %) queries.

Proof. Since f(S) = Eynq—1,132[f(z)xs(x)], by Chernoff’s Bound, we only need O(% log ) queries to achieve
error 7 with probability 1 — 4. O

Given a Boolean function f: {—1,1}" — {—1,1}, let = y||z, where a||b is a concatenation of a and b. Using
Fourier expansion, we have

D D (G SN (CISE A
vet - (5.2.4)

= Z ys[ f(SUT)zT}

For fixed z € {—1,1}"*, denote by f.. the subfunction from {—1,1}* to {—1,1}. Then looking at the Fourier
expansion of f(x) above, we see that

fur(S) = > f(SUT)z (5.2.5)
TC[n\[k]
Claim 5.10. ) )
>, fwor= ) fSUT =B, (—1,13m-+[f22(9)?) (5.2.6)
U€EBy.s TC[n)\[k

Proof. The first equality follows from the definition of the bucket. .
To show the second equality, we let F(z) : {—1,1}""% — R be defined as F(z) := f..(S). The intuition is that we

suppose S is fixed and view z as a variable; hence, F(z) = f..(S) is then a function of z. Since

F(z2)=fu(S)= Y f(SUT)" (5.2.7)

TC[n]\[K]
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5.2 Goldreich-Levin Algorithm 5 LOCAL DECODING AND LIST DECODING

we obtain . .
F(z)=f(SuUT) (5.2.8)
Hence,
E.of113n-+[fez(8)°] = Eo 1 1yn+[F(2)°] = F(2)? = f(sur)? (5.2.9)
TCn\[K] TCn\[K]
The second equality is obtained by Parseval’s Theorem [3.3] O
By theorem [3.2] we have
fer(8) = (fazsx5) = Byoqmraps [F (Wll2)xs ()] (5.2.10)
which implies
. 9 2
Eer oty lfe(8)) = e aps | (B 1) 0)]) | )

=E, (1,13 +Eyoo1 130 By om0 [F Wl2)xs () F (411 2)xs ()]

where y and 3’ are independent. Similar to Lemma we only need to make O(%4 log %) queries to estimate

Y veB f (U)? with error 72/4 and probability 1 — §. Consequently, we have proved the Goldreich-Levin Theorem
0.0l

15



6 LEARNING THEORY

6 Learning Theory

To learn a character function xg exactly, we only need n queries, each being e;, given that each query outputs a
correct answer.

Suppose, on the other hand, we have query access to a function f : {—1,1}" — {—1,1} that is e-close to
some character function yg. As discussed in section for each i € [n], if we pick a random y, we have
xs(ei) = f(y) - f(e; oy) with probability at least 1 — 2¢ = 1/2 + . Using Chernoff’s Bound if we repeat

O(iloi(:z/é)) times and take the majority of f(y) - f(e; o), then we have

Sl

P[majority incorrect] < (6.0.1)

which means we can get xgs(e;) correctly for all e; with probability at least 1 —n - o —1-34.

6.1 "PAC" Learning <

Notation 6.1. We use % to denote a concept class, which is a collection of functions f.

Definition 6.2. In the model of "PAC" (Probably Approximately Correct) learning, a learning algorithm A
for € is a randomised algorithm which has limited access (for example, a polynomial number) to an unknown
target function f € ¥ and outputs some efficient representation of f. Typically, we have two access models:

e Random Examples: A can draw pairs (x, f(z)) where x € is uniformly random.
e Membership Queries: A can request the value of f(z) where x is chosen by the algorithm .A.

We say that A learns a concept class € with error e if it learns an f € ¥ with error e. That is, with high
probability, A outputs a hypothesis function h: {—1,1}" — {—1,1} which is e-close to f.

Definition 6.3. Let F be a family of subsets S C [n]. We say that the Fourier spectrum of f: {—1,1}" - R is

e-concentrated on F if R
> f(8)P<e (6.1.1)
SgF

The following lemma is a direct result from the definition.

Lemma 6.4. Let f:{—1,1}" — R be e-concentrated on F. For g:=3) ¢ f(S)xs, we have

If —gll3 <e (6.1.2)

Lemma 6.5. Suppose that f:{—1,1}" — {=1,1},g: {—1,1}" — R satisfy that ||f — g||3 < €. Define a Boolean
function h: {—1,1}" = {—1,1} by h := sign(g(z)), then

dist(f,h) <e (6.1.3)

Proof. For & € {—1,1}" such that f(x) # h(z), we have (f(z) — g(z))? > 1. Hence,
1f = 9113 = Ean 130 [(F(2) = 9(2))°] 2 Pog 1130 [f(2) # h(@)] = dist(f, h) (6.1.4)
O

Theorem 6.6. Suppose an algorithm A has random example access to the target function f: {—1,1}" — {-1,1}
and can identify a family F on which f is €/2-concentrated. Then in poly(|F|,n,1/€) time, A can with high
probability output a hypothesis function h which is e-close to f.

Proof. The main scheme consists of two steps:

16



6.1 "PAC" Learning 6 LEARNING THEORY

Chernoff’s Bound [5.8| for each S € F, we can estimate f(S) within error +—Y— with probability 1 — & for

1. Since f(S) = E,. —1,13»[f(x)xs(z)], we can use the mean of samples of f(z)xs(z) to estimate f(S). By
2V/| 7|

some small €,0 > 0. Let f(S) be the estimates of f(S).

The number of samples needed is O(@ log(1/6)). Take & = 1/(10|F]), we can estimate f(S) for all S within
poly(|F|,m, 1/e) time.

2. Let g = > gcr f(S)xs. Output h = sign(g).

It remains to show that ||f — g||3 < e. That is

1f—ali=(f—g.f—g) =D F—g(s)

SCn)
=D (f(S) = F(9))*+ Y f(5)
SeF SEF (615)
< () +s
e VI 2
< E -+ E <
=172°°¢
Hence, using lemma we conclude the proof. O

Theorem 6.7 ( |[KM93|). Let € be a concept class such that f € €,f : {-1,1}" — {—=1,1} has its Fourier
spectrum €/4-concentrated on at most M sets. Then € can be learned with error e with time poly(M,n,1/e).
Proof. Firstly, by theorem with high probability, we can find a list L such that if |f(S)| > 137> then S € L.
Secondly, by theorem it suffice to show that f is €/2-concentrated on L. Let M be the family of at most M
sets such that f is ¢/4-concentrated on M. Thus,

SNHS)?P= > A9+ D> f(s)?
S¢L S¢L,SeM SEL,SgM (6.1.6)

€ €
<M-—

T 2

PP

O

Theorem 6.8 ( [LMNS89]). Let € be a concept class such that f € €, f : {-1,1}" — {—1,1} has its Fourier
spectrum €/4-concentrated on

M={SC[n]:|S|<d} (6.1.7)
Then € can be learned with error € with time poly(|M|,n,1/¢€) by using the random example access model.

Proof. By theorem [6.6] with 7 = M. Notice that

M| < z: (Z‘) < O(n") (6.1.8)
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7 DECISION TREES

7 Decision Trees

Definition 7.1. A decision tree is a rooted binary tree in which each internal node is labelled by a variable x;,
each outgoing edge is labeled by +1 or —1, and each leaf is labelled by +1 or —1.

Definition 7.2. We say that a given decision tree T computes a Boolean function f: {—1,1}" — {—1,1} if for
every input x € {—1,1}", the label of the reached leaf on input x equals f(x). The size of T is the number of
leaves of T'. The depth of T is the length of the longest path in T'.

We use 1, : {—1,1}" — {0,1} to denote the indicator function of a path p from the root to a leaf in a
decision tree T

1,(x) = (7.0.1)

1 if on input z, we reach the leaf of the path p
0 otherwise

We insist that each variable z; is queried by the path p at most once. Equivalently, let V' be the set of variables

queried along the path p, we have
1 —|— ZT; 1-— X5
L) = [IESD TS (7.0.2)

ieVy JjeEVS

where V; is the set of variables along the path p whose immediate outgoing edge is labelled 1 and V5 is the set of
those labelled —1.
Let label(p) to denote the label of the leaf of p. Then for a decision tree T' that computes f : {—1,1}" — {—1,1},

fl@)= > 1,(x)label(p) (7.0.3)

path peT

Definition 7.3. The decision tree complexity of f, denoted by D(f), is the depth of the decision tree T such
that T' computes f with the least possible depth. Note that D(f) <n for all f.

The following result is a direct observation from equation [7.0.2]
Lemma 7.4. If a path p has length d, then the indicator function has a Fourier representation as
@)= Y +xs() (7.0.4)
SCv
where V' is the set of variables queried along the path p.
Theorem 7.5. If f is computed by a decision tree of depth d, then
1. The degree of f is at most d.
2. Each coefficient is an integer multiple of 1/2%.
3. The number of non-zero Fourier coefficients is at most 4¢.

Proof. [1] follows from equation [7.0.2}

Blis a direct result of Lemma [74l

Since each Fourier coefficient is at least 1/2¢, by Parseval’s T heorem we have there are at most (2¢)? non-zero
Fourier coefficients. We can also see this by noticing that each indicator function has at most 2¢ nonzero Fourier
coefficients, and there are at most 2¢ leaves. O]

Corollary 7.6. A decision tree of depth d can be learned exactly with membership queries in poly(49)poly(n) time.

Proof. By setting e = 1/29! we can apply Kushilevitz-Mansour algorithm (theorem [6.7). Then, since the output
function is e-close to the decision tree, there is a unique decoding. In other words, we can round each Fourier
coefficient estimate of the output function to the nearest multiple of 1/2. O

Lemma 7.7. Size s decision trees are e-close to a depth log(s/e) decision tree.

18
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Proof. Let T be a size s decision tree computing f : {—1,1}"™ — {—1, 1}, we can obtain a new tree 7" by cutting
off all paths of length greater than log(s/e). Observe that T'(z) # T'(z) if and only if input = follows one of the
longer paths.

For any given path p of length k, since each internal node has two out-coming edges, the fraction of inputs that
follow path p is at most 27%. For any k > log(s/€), we have such probability is thus at most ¢/s.

Since T is of size s, we have

P[T(z) T (z)] < s-€/s=¢ (7.0.5)
O

Corollary 7.8. A function f :{—1,1}" — {=1,1} computable by size s decision trees are O(e€)-concentrated on
a family of size at most 41°80/€) = (5/¢)2.

The following corollary is a result of the combination of corollary and the Linial-Mansour-Nisan algorithm

(theorem [6.8)).

Corollary 7.9. A polynomial sized decision tree can be learned exactly with membership queries in polynomial
time.
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8 FOURIER NORMS

8 Fourier Norms

Definition 8.1. The Fourier (or spectral) p-norm of a function f: {—1,1}" — R is
£l 7 1/p
1711, = (D 1F(S)IP)
SCln]
The L; Fourier norm is just the sum of the absolute value of the Fourier coefficients:

11l = > 179
SC[ ]

It is easy to check the following properties.

Lemma 8.2. For L; Fourier norm,

o (17 +glly <A1l + Dol

e lc- f|A|1 <] - \A|f|A|1 for some constant c.
Example 8.3. ﬂANDnﬂ1 =1

By Parseval’s Theorem we have the Lo Fourier norm is the same as the Lo norm

171, = (S 1A = (1, 02 = 1111l
SCln]

(8.0.1)

(8.0.2)

(8.0.3)

Lemma 8.4. For some € > 0, the function f :{—1,1}" — {—1,1} is e-concentrated on the set

€

>

F={5C nf(S)>—
{ *[W()*I\flll

}

Proof.

£(8)* < max (S 3 1)

SgF SgF
< max|£(S)|- 3 1£(5)]
SCn]
6 ~ ~
< —— Ml =e

~ il

Remark 8.5. By Parseval’s Theorem we have that |F| < (|A|f|A\1/e)2.
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9 DNF FORMULAS

9 DNF Formulas

Definition 9.1. A DNF(disjunctive normal form) formula over Boolean input x = (21, ..., 2, ) is defined as
a logical OR of terms, each of which is a logical AND of literals. A literals is either x; or Z;. Additionally, no
term contains both a variables and its negation. The number of literals of a term is called its width.

The Mansour’s conjecture states that a polynomial sized DNF may have its Fourier spectrum concentrated on
a small collection.

Conjecture 9.2 (Mansour’s conjecture). For f: {—1,1}" — {—1,1} and € € (0,1/2],

o If f is computed by a DNF formula of size s > 1, then the Fourier spectrum of f is e-concentrated on some
family F of subsets S C [n] such that |F| < s@0os(1/e),

o If f is computed by a polynomial sized DNF formula, then the Fourier spectrum of f is e-concentrated on
some polynomial sized family F of subsets S C [n].

In this section, we aim to show the following theorem, a weaker result of a DNF with some width w > 2.

Theorem 9.3 (Main Theorem). Let f : {—1,1}" — {—1,1} be computed by a DNF of width w > 2. Then For
€ € (0,1/2], the Fourier spectrum of f is e-concentrated on some family F of subsets S C [n] with

|F| < wOwlog(l/e)) (9.0.1)
If the size of the DNF, s = poly(n), we have | F| < nOUoglogn)
To prove the above theorem, we need two main tools in the following, whose proofs we will show later.

Theorem 9.4. For f : {—1,1}" — {-1,1} computed by a DNF of width w and some ¢ € (0,1/2], f is e-
concentrated on degree up to O(wlog(1/e)).

Theorem 9.5. If f: {—1,1}" — {—1,1} is computed by a DNF of width w, then for all k, we have

7)< 2+ (20w)F. (9.0.2)

U<k

R

9.1 Hastad’s Switching Lemma <»

Definition 9.6 (Random Subset). For ¢ € [0, 1], we say that J is a 6-random subset of [n] if for each element
i € [n], i € J with probability .

Definition 9.7 (Random Restriction). We define a é-random restriction on {—1,1}" as a pair (J|z) by first

choosing the d-random subset J and then choosing z € {—1, 1}7 uniformly at random. That is, each coordinate
i is free if 1 € J and is fixed if i € J.

Equivalently, each coordinate i is free with probability § and is fixed to either —1 or +1 with probability
(1 —0)/2, respectively. Recall the definition of decision tree complexity D(f), the minimum depth of any
boolean decision tree computing f. We state Hastad’s Switching Lemma without proof.

Lemma 9.8 (Hastad’s Switching Lemma). Let f : {—1,1}" — {—=1,1} be computed by a DNF (or CNF) of width
at most w and (J|z) be a d-random restriction on {—1,1}™. Then, for any nonnegative integer k, we have

P[D(f71.) = K] < (50w)" (9.1.1)
In the case that k = 1, we have that P[D(fz|,) is not a constant | < 56w.

Lemma 9.9. Let (J|z) be a §-random restriction on {—1,1}". For f : {—1,1}" — {—1,1} and some nonnegative
integer k, let v = P[D(f7|,) > k|. We have that f is 3y-concentrated on degree up to 3k /0.
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Proof. Recall that deg(f) < D(f). Hence, we have

P[> f7p(8)° #0] <~ (9.1.2)
[S|>k
By Parseval’s Theorem we have -, fJ‘Z(S)Q <1, which implies
Bl Y F712(8)2 <PLY . fr2(8)? #0] < (9.1.3)
[S|>k |S|>k

For fixed S, we can write Fg(z) = f,.(s) as a function of z where * denotes the free bits. As we have seen in the

proof of claim Fs(z) = f(SUT) and
EZ[JEJ\Z(SV} = f(S U T)2 (9.1.4)
TCT
Hence, for fixed J, we have that for all S C 7,
E,c(11y7lf712(8)7) = Y f(SUT)? Z P1lung—s (9.1.5)

TCT UCln

Notice that f.7|, only depends on the bits in 7, which implies that for all S C [n], E, [fJ|Z(S)2] = UcCm] FU)21yn7—s
and thus B

Ezqlf72(8)% = > fU)PUNT = 8] (9.1.6)
UC[n]
Using linearity of expectation
Espl Y 72092 = Y Eqplfr(9)% =Y. > JOPUNT = 8] = Z UVPUNJ| > K] (9.1.7)
|S|>k |S|>k |S|>k UC[n] UC[n
Using Chernoff’s Bound, we have that P[|U N J| > k] > 1/3 when |U| > 3k/4. Hence7
A 1.
Egiel D J7:(8))= > JOPPWUNTI> k> > f(U) (9.1.8)
IS|>& UC[n) |U|>3k/5
That is, 353k / (U)? < 36. O

proof of Theorem[9.]} Let 6 = 1/10w, k = C'log(1/e) for some constant C'. By Hastad’s Switching Lemma we
have

7 =BID(f3) 2 K] < (s00)* < (5)F = (9.1.9)
For large enough C, we have 3v < e. Hence, by lemma we have f is e-concentrated on degree up to
3k/d = 10w3Clog(1/€) = O(wlog(1/¢)). O
We state the following lemma without proof.
Lemma 9.10. Let f: {—1,1}" — {—1,1} and (J|z) be a §-random restriction on {—1,1}". Then

> S A(U)] € Egpp2PUeH)] (9.1.10)
UCln]
proof of Theorem[9.5 Let § = 1/20w. By Hastad’s Switching Lemma we have
5
E,[2PUo1)] < (%)d 24 =2 (9.1.11)
d=0
Hence, from lemma [0.10] we get
1 A 1 X
2> E g, [2P071)] > —)lvt. > (—)F : 1.12
> Eg2P00) > 3 () FO)] 2 (o) S 1) (9112)
UCln] Ucin]
O
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9.2 Proof of the Main Theorem L

Proposition 9.11. Suppose f : {—1,1}" — R is e-concentrated on F and g : {—1,1}" — R satisfies || f —g||3 < 6.
Then, g is 2(e + 0)-concentrated on F.

Proof. Observe that R
> 9(8)? =Y [3(8) = f(8) + () (9-2.1)

[0(S) — F(S) + F(9)* < 2[4(S) — F(9)) + f(S)* (9.2.2)

(9.2.3)

O

Proposition 9.12. For f: {—1,1}" — {-1,1},9: {-1,1}" = {—1,1} and some € € (0,1/2], f and g are e-close
if and only if || f — g||3 < 4e.

Proof. ||f — 9||2 =(f-g9,[—9 = Epef—1,13n [f(z) — 9(37)]2 =4Pse{-1,1)n [f(z) # g(z)] < 4de. O

Lemma 9.13. For f : {-1,1}" — {—1,1} computed by a DNF of size s and some € € (0,1/2], we have f is
e-close to a width log(s/e) DNF.

Proof. Let g be the DNF obtained from f by deleting the terms with more than log(s/e) literals. Notice that
for any fixed term with k literals, the fraction of inputs that satisfies this term is at most 27%. That is, for
k > log(s/e), the fraction of inputs that satisfies this term is less than €/s. Therefore,

Pref—13[f(z) # g(x)] <5- - =€ (9-2.4)

®» | o

O

proof of theorem[9.3, Let k = C - w -log(2/e) for some constant C' and g = 3~ g <), f(S)xs. By theorem fis

e-concentrated on degree up to O(wlog(1/e)). Hence, > g, f(S)2 = (f — g) < ¢/2 for large enough C.
-

By theorem we have ﬂgﬂl < wO@wloe(1/€)) By lemma we have that g is €/2-concentrated on F with

7| < (2||9||1) < O(wlog(1/)) (9.2.5)
< c <
It remains to show that f is e-concentrated on the same F. Notice that

DO = 3 fP+ X fP= 3 P+ Y 9P <e2+¢2=c (g9
SgF SEF,|S|>k SEF,|S|<k S@F,|S|>k SgF,|S|<k

O

Corollary 9.14. For f: {—1,1}" — {=1,1} computed by a DNF of size s and some € € (0,1/2], we have f is
O(e€)-concentrated on

F={T < [)|I7] < log(2)} (9-2.7)
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Proof. By lemma we have that f is e-close to some width log(s/e) DNF g. By proposition we have
||f — gl|3 < 4e. Now, using theorem we have that g is -concentrated on degree up to O(log(s/e)log(1/6)).
By proposition we have that f is 2(d + 4e)-concentrated on F. O

We can improve this corollary if we replace theorem by theorem in the proof we have shown, which
gives us the following.

Corollary 9.15. For f: {—1,1}" — {—=1,1} computed by a DNF of size s and some € € (0,1/2], we have f is
O(e€)-concentrated on F with
|F| < (log(s/e))CUcels/)log(1/€)) (9.2.8)

Remark 9.16. For constant €, we have
[F| < (log(s))OUoste) — sOloslos(s), (9.2.9)

If we further have that s = poly(n), then
| F| < nOUeglog(n)), (9.2.10)
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10 Influence and Sensitivity

For the first half of this section, we restrict our attention to Boolean functions f : {—1,1}" — {—1,1}. For the
second half, we will move on to more general definitions for real valued functions f : {—1,1}" — R.

Notation 10.1. We use z* to denote the string # whose ith bit is flipped.

Definition 10.2. For a Boolean function f : {—1,1}" — {—1,1}, we say that f is sensitive to the ith bit on
input x if f(z) # f(a?).
Definition 10.3. The sensitivity of a Boolean function f : {—1,1}" — {—1,1} on input = € {—1,1}" is defined

as
s(f, ) := # of coordinates i such that f(z) # f(z") (10.0.1)

The sensitivity of a Boolean function f : {—1,1}" — {—1,1} is defined as
s(f) = rw?ﬁﬁ}n s(f,x) (10.0.2)

The average sensitivity of a Boolean function f: {—1,1}" — {—1,1} is defined as
Avg Sensitivity (f) := Epoq—1,132[s(f,z)] = 27" Z s(f,x) (10.0.3)
o {—1,1}n
Example 10.4. s(0R,,0...0) =n, $(0R,,z) =1 where |z| =1, s(0R,,z) = 0 where |z| > 1.
Example 10.5. s(X0R,,x) = n.
Definition 10.6. The influence of the i-th bit on f: {—1,1}" — {—1,1} is defined as

. x: f(x !
Inf,[f] = Boo 1 0 [ (2) # (0] = LSO 2T (10.0.9
The total influence of f: {—1,1}" — {—1,1} is defined as
I[f] = Inf[f] (10.0.5)
i=1
Example 10.7. For OR,,, we have for any i,
Inf;[OR,] =27 ""! (10.0.6)
Similarly, for AND,,, we have for any i,
Inf;[AND, ] = 27! (10.0.7)
Thus,
I[OR,] = I[AND,] = n2~"*! (10.0.8)

Example 10.8. As for the parity function X0R,, = X[, we have for any i,
Infi[X[n]] =1 (10.0.9)

and thus,
I[X[n]] =n (10.0.10)

Example 10.9. We can use a Boolean cube to help visualise the influence of Maj;, as shown in Figure We
let each Boolean string represent the input and draw an edge between two strings if one string x can be obtained
by flipping one bit from the other string y. Hence, if f(z) # f(y), we mark this edge.

Hence, we obtain that for all ¢, Inf;[Majs] = 1/2 and I[Maj,] = 3/2.

Remark 10.10. From the viewpoint of Boolean cubes, we have that Inf;[f] equals the fraction of marked edges in
the ith dimension, or equivalently

_ # of pairs connected by marked edges

Infi [f} on—1

(10.0.11)
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011 —— 111

7| ~

010 m— 110

001 —‘— 101
000 —— 100

Figure 10.1: Boolean Cube for Majq

10.1 Influence and Derivatives

We now adapt a more general definition of influence.

Definition 10.11. The influence of the i-th bit on f: {—1,1}" — R is defined as

Inf;[f]= Y  f(9)?

S s.t. €S

The total influence of f: {—1,1}" — {—1,1} is defined as

I[f] = Z Inf;[f]

Definition 10.12. For f: {—1,1}" — R, we define the derivative in the i-th direction as

Duyte) = 1D =

For Boolean valued f: {—1,1}" — {—1,1}, we have

Dysla) = {ﬂ  Fy = 1o

0 if f(z) = f(a')
Note that D; ¢(z) has only n — 1 variables.
Lemma 10.13. For a set T C [n] \ {i} for some coordinate i, we have
D (T) = (T U {i})
Proof. Suppose the coordinate i is given. Let S C [n] be a set that contains i. Then,
f&) =5 > f@xs

ze{-1,1}"

Y s+ )

ze{-1,1}",z;=1

o > xs\(y (f(z) = f(z")

ze{-1,1}"z;=1,f(2)#f(z')

1
= on1 > xsvaDis)
yG{—l,l}"fl

= Di4(S\ {i})
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10.1 Influence and Derivatives 10 INFLUENCE AND SENSITIVITY

Notation 10.14. We use the indicator function

if f(x zt
L@y (@) = {(1) lf}egx;iﬁm; (10.1.7)

Notice that D; ¢(2)? = 1 ()2 p(zi)(2)-
Proposition 10.15. For f:{—1,1}" — {—1,1}, the two definitions of influence on the i-th bit is equivalent. In
other words,

Inf[f] = Poo(_1aye[f(2) # f@)) = > £(9)°

(10.1.8)
SCln] s.t. i€S

Proof.

Inf;[f] = Pooq11y[f(2) # f(2")]
=Epuf—1,1}n [1f(x)¢f($i)(x)]
= IEEN{_Ll}n[Di,f(x)Q]

1 Dl-yf(x)z JrDi’f(xi)z
= 2n—1 Z 2

(10.1.9)

ze{—1,1}7 ;=1

Notice that D; f(z)? = D; s(2%)?, which gives us

1

2n—1

Di’ (E2+Di’ .’Ei2
3 (z) ' r(z)

s {—1,1}7 z=1
= ]Eyw{*Ll}"’l [Di,f(y)z] (10’1.10)
= <Di,f’ Di,f>
Y. Dig(1)?
TCn\ {4}
that does not depend on the ¢-th bit. Hence, by lemma |10.13} we obtain

f,(f]= Y. D= Y f(S)

(10.1.11)
TC[n]\{} SC[n] s.t. €S

Proposition 10.16. For any Boolean function f:{—1,1}" — {—1,1}, we have

I[f] = Avg Sensitivity(f) (10.1.12)
Proof.

I[f] = Z]Pz~{71,1}”[f(x) # f(xz)]

=D Bonim11y [Ls@)£1(ah) (2)]
; (10.1.13)
= Eonf—1.132 D Lp@)r @) (@)]

i=1

= E,(—1,137[s(f, 7)] = Avg Sensitivity(f)
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10.2 Mean and Variance 10 INFLUENCE AND SENSITIVITY

Theorem 10.17. For f: {—1,1}" = R, I[f] = X gc(, S| - £(5)2.

Proof.
I[f] = Inf[f] Z dSofs)= Y181 f(S (10.1.14)
i=1 i=1 S5 s.t. i€S Sen]
O
Corollary 10.18. f:{-1,1}" — {-1,1}, I[f] < deg(f).
Proof. )
I[f] ) IS|- () < max |S\ > f(9) < deg(f) (10.1.15)
Seln SCln) st f(S)# Seln]
O
Corollary 10.19. For f:{—1,1}" = R, fis e-concentrated up to degree I[f]/e.
Proof. Note that
~ I N
I[f] > > IS|- f(9)% > @ > f(9)? (10.1.16)
SC[n] s.t. |S|>I[f]/e Sen] s.t. |S|>I[f]/€
which gives us
> f(8)2<e (10.1.17)
Sen] s.t. [S|>I[f]/e
O
10.2 Mean and Variance <>
For f:{—1,1}" — R, think of f(x) as a real valued random variable. The mean of f is given by
E[f] = Epe{—1,13n[f ()] (10.2.1)
The variance of f is given by
Var[f] = (f = E[f], f — E[f]) = E[*] - E[f]? (10.2.2)
Lemma 10.20. For f: {—1,1}" — R, we have E[f] = f(0), Var[f] = 2 5C[n],5£0 f(9)2.
Proof. X
Elf] = (f,1) = {f. x0) = f(0) (10.2.3)
Var(f] = E[f*| —E[fI> = > f(9)*-f0)*= > [f(9)? (10.2.4)
SC[n] SCln],5#0
O
Lemma 10.21. For f : {—1,1}" — {~1,1}, let p = Pocy_1. 132 [f(z) = —1]. We have E[f] = 1 — 2p, Var[f] =
4p(1 —p).
Proof.
E[f] =1 -Preg11yn[f(@) =1+ (=1)  Pocg 11y [f(x) =-1]=(1—-p) —p=1-2p (10.2.5)
Var(f] = E[f*] —E[f]* =1— (1 —2p)* = 4p(1 — p) (10.2.6)
O

Theorem 10.22 (Poincare Inequality). For f:{—1,1}" — R, we have Var[f] <I[f].
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Proof. Because |S| > 1if S # (), we have

Var[f] = F(8)* < Y ISIf(S)? =1[f] (10.2.7)

Corollary 10.23. For f:{-1,1}" — R, we have

1

EVar[f} < max Inf;[f] < Var[f] (10.2.8)
Proof. The first inequality comes from the Poincare Inequality (see above) as follows:

Lvarlp) < i) < Y Infi7) < max o ) (10.2.9)

To see the second inequality, we observe that for all ¢, by proposition [10.15| and lemma [10.20

Infi(f]= >  f(5°< Y f(9)?=Varlf] (10.2.10)
SCln] s.t. i€S SC[n],S#£0
O
10.3 Monotone Functions <

Definition 10.24. We say that a function f : {0,1}"™ — {0, 1} is monotone if for =,y € {0,1}" such that <y,
(i.e., for all i,2; < y;), then f(x) < f(y).

Notice that for monotone f: {—1,1}" — {—1,1}, we have D; ;(x) = 1 7(z)2(xi)(2)-
Example 10.25. AND,,, OR,,,Maj,, are monotone. XOR,, is not monotone.

Proposition 10.26. For monotone f: {—1,1}" — {-1,1},

I [f] = F({i}) (10.3.1)

Proof. By lemma [10.20] and lemma [T0.13] we have
Inf;[f] = E[1 ()45 (x)] = E[Di s ()] = Di s (0) = f({i}) (10.3.2)
O
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11 VOTING RULES AND COALITIONS

11 Voting Rules and Coalitions

A Boolean function f : {0,1}" — {0,1} can be thought of as a voting rule or social choice function for an
election with 2 candidates and n voters. The output of f can be thought of as the winner. The goal of a good
voting rule is a balanced function where each bit has not too large influence. We say that a function is balanced

if Pygo1ye[f(2) =1] = 1/2.

Example 11.1. As we have seen in example AND and OR has equally small individual influence and these
functions are far from being balanced.

Example 11.2. The dictator function, i.e., f(x) = z; for some coordinate ¢ is balanced; however, for a dictator
function f(x) = z;

This means that only the ¢th bit is influential.

Example 11.3. We say a function f : {0,1}" — {0, 1} is a tribes function of width w and size s where n = ws if

OR, (AND,, (), ..., AND(2(*))) (11.0.2)
where z(* € {0,1}". Notice that
1
P, [Tribes, (x) =0] = (1 — 2—w)§ (11.0.3)

If we set s := [2*In2], then we have that P,c(o,1)»[Tribes, s(x) = 0] ~ 1/2. Hence, Tribes function is close
to balanced. Moreover, the individual influence of each bit is also not too large. Specifically, consider a bit k in
the ith tribe. Notice that with probability 1/2*~! all other bits in the ith tribe votes TRUE and with probability
(1 —1/2w=1)s=1 all other tribes votes FALSE. Then

Infy[Tribes, 5| = Py (Tribes, s(x) # Tribesw,s(xk))
1 1

_ -1
- Qw—1 ’ (1 o Qw—1 )3
1 1 .
T (1- 2w71) Py [Tribesy,s(x) = 0] (11.0.4)
2
= 2w 1 P [Tribesy, s(z) = 0]
2 11
Tow—1 27 w1
Notice that we set s := [2¥In2] and ws = n, then
1 In2 1
Inf[Tribes, ] ~ e S (11.0.5)
’ 2w —1 n n
Thus, each individual bit also has not too large influence.
11.1 Symmetric Functions and Transitive Functions <

Definition 11.4. We say that a function f : {—1,1}" — {—1,1} is symmetric if f(z™) = f(z) for all permutation
7. In other words, f(z) only depends on the number of 1s in x and is independent of the way the bits are permuted.

Example 11.5. AND, OR, PARITY, MAJORITY are all symmetric.
Transitive function are a generalisation of symmetric functions.

Definition 11.6. We say that a function f : {—1,1}" — {—1,1} is transitive if for all ¢,j € [n] there exists a
permutation 7 taking ¢ to j such that f(z™) = f(z).
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11.2 Bounds of Maximum Individual Influence 11 VOTING RULES AND COALITIONS

Figure 11.1: Tribes Function

Intuitively, a function f is transitive if for any two i, € [n] are "equivalent".
Theorem 11.7. For a transitive function f:{-1,1}" — {-1,1},
Inf;[f] = Inf;[f] Vi, je€ [n] (11.1.1)
Example 11.8. AND, OR, PARITY, MAJORITY are all symmetric, which implies that they are transitive.
Example 11.9. Tribes function is transitive but not symmetric.

Example 11.10. Dictator function is neither transitive nor symmetric.

7
*o*

11.2 Bounds of Maximum Individual Influence
Recall that as a corollary of Poincare Inequality, we obtained the following bound [10.23

%Var[f] < max Inf;[f] < Var|f]

(2

As for functions that are "somewhat" balanced, we have obtained asymptotically tight bounds on maximum
individual influence.

Theorem 11.11 ( |[KKLS8S8|). Let f:{—1,1}" — {—1,1}. Then there exists a coordinate i € [n] such that

1
Inf;[f] > (=) - Var({] (11.2.1)
n
In other words, if f is not "too unbalanced", for example, neither p nor 1 — p is too small, then we have
1
Inf;[f] > 0()
n

Notice that this is tight and the Tribes function serves as an example.
A generalisation of this result is given by Talagrand.

Theorem 11.12 ( |Tal94]).
" Inf,[f]

i=1 log (ﬁ)
Notice that this theorem implies the Kahn-Kalai-Linial theorem [I1.11] Specifically,

> Q(Varlf)) (11.2.2)

Lo Ifff] 1y Mzgg(mm)

i€ln] Jog (Wl[f]) - i log (ﬁm)

Another bound relates the decision tree.
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11.3 Influence of Coalitions 11 VOTING RULES AND COALITIONS

Theorem 11.13 ( [OSSS05]). If f : {—1,1}"™ — {—1,1} is "almost balanced” and has a decision tree with depth
d, then

max Inf;[f] > Q(l) (11.2.3)
i€[n] d

11.3 Influence of Coalitions <

Let S C [n], we denote the influence of this coalition
Infs[f] = Pyci_1,13n-151[fs,y is not a constant] (11.3.1)

where f; , is a sub-function over variables in S with y fixed. A corollary of the Kahn-Kalai-Linial theorem [11.11
gives a bound on the concentration of influence

Corollary 11.14. If f : {-1,1}" — {—1,1} is "almost balanced”, then for all € > 0, there exists a coalition
S C [n] of size

1
< O(log(—
S| < Ollog( )

) (11.3.2)

such that Infg[f] > 1 —e.

This bound is conjectured to be tight. The following result of Ajtai and Linial shows that the bound is "almost"
tight.

Theorem 11.15 ( |AL93|). There exists a balanced function f such that for all S C [n] with |S| < o(=3%—),

logZ n
Infs[f] < o(1) (11.3.3)

Such function f is resilient against "large" coalitions that would like to dominate the influence. However, no
explicit f is known.

Example 11.16. Even though the tribes function is quite balanced and resilient against influential individuals,
it is not very resilient against coalitions. Notice that there exists a set S, |S| = O(logn) such that

Infs[f] > Q(1) (11.3.4)

Example 11.17. The MAJORITY function is resilient against coalitions with size at most n'/2=¢ for some € > 0.
The ITERATED MAJORITY function is resilient against coalitions with size at most n'°8s 2.

11.4 Juntas <

<,

Another class of functions of interest are those with small total influences.

Definition 11.18. A function f: {—1,1}" — {—1,1} is called a k-junta for k£ € N of it depends on at most k of
its input variables.

Notice that for each of the k variables, its influence is at most 1. Hence, we obtain the following proposition.
Proposition 11.19. If f: {—1,1}" — {—1,1} is a k-junta, then 1[f] < k.

The following theorem states that a function f : {—1,1}" — {—1,1} is e-close to a 2°UI/1/9)_junta for any
0<e<.

Theorem 11.20 (Friedgut’s Junta Theorem). For a function f: {—1,1}" — {—1,1}, and any 0 < € < 1, there
exists a function g : {—1,1}"™ — {—1,1} such that

o g is a 200U11/9) junta.
o Po[f(z) # g(x)] < e
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12 ISOPERIMETRIC PROBLEM FOR GRAPHS

12 Isoperimetric Problem for Graphs

The classical isoperimetric problem is to find, among all closed curves of a given length, the one which encloses
the maximum area. The analogue for graphs is natural. Consider a graph G = (V, E) and a subset of vertices
S C V. Let F be the set of all edges in E that connect the vertices within S. We say that H = (S, F) is the
induced subgraph with vertex set S. We say the edge boundary of H is the set of edges joining a vertex in S to a
vertex outside of S. We say the vertex boundary of H is the set of vertices outside of .S, which are joined to some
vertices in S. The isoperimetric problem for graphs is to find a set S whose induced subgraph has the smallest
sized boundary.

Consider the n-dimensional Boolean hypercube, in which two vertices are connected by an edge if and only if they
differ in exactly 1 coordinate. Harper [Har64] [Har66| has shown that

e Among all a subgraphs with m = 2* vertices, for some k € N, the k-dimensional sub-cube has the smallest
possible edge boundary.

n
%

e Among all a subgraphs with m = Y_._, ( ) vertices, for some r € N, the Hamming ball of radius r has the

smallest possible vertex boundary.

*

12.1 Edge Isoperimetric Inequalities <

One question of interest is to give lower bounds on the number of edges in the edge boundary for subgraphs with
a given number m of vertices.

Notation 12.1. Let S C V be a subset of vertices. We write E(S, S) to denote set of edges joining a vertex in S
to a vertex outside of S.

The following corollary stresses that the Poincare Inequality is an isoperimetric inequality.
Corollary 12.2. Let S C {—1,1}" have |S| = a2™. Then |E(S,S)| > 2a(1 — a)2"

Proof. Let f:{—~1,1}" — {—1,1} be a function such that f(z) = —1 for x € S and f(x) = 1 otherwise.
By remark [10.10) we have I[f] = |[E(S, S)[2'~". By lemma the variance of f is given by Var|[f] = 4a(1 — a).
The Poincare Inequality [10.22| gives us I[f] > Var[f]. Hence |E(S, S)| > 2a(1 — «o)2™. O

Notice that Poincare Inequality is not very strong. In fact, in [Har64], Harper gives a classical isoperimetric
inequality:

|E(S, S)| > |S|1og(|%|) (12.1.1)
By replacing |S| with 2", we obtain the following theorem.
Theorem 12.3. For f: {-1,1}" = {-1,1} with a = P,[f(z) = —1],
gy - [ESS) _ |Sloa(2"/IS]) _ 02" 10g2/(02) _, 1 1212

on—1 - on—1 gn—1

Notice that this inequality is tight, as the equality holds for the (n — k)-dimensional sub-cube for |S| = 2",

That is, |E(S, S)| = 2" %k = |S|log(2"/|S|).
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13 SENSITIVITY CONJECTURE

13 Sensitivity Conjecture

Y

13.1 Complexity Measures <

Notation 13.1. For # € {0,1}" and i € [n], we use z° to denote the string z with the ith bit flipped. For
r € {0,1}" and S C [n], we use z° to denote the string = with all bits in S flipped. For this section, it is
convenient to discuss the concepts in {0, 1} setting.

Recall the definition of sensitivity,

Definition 13.2. The sensitivity of a Boolean function f : {0,1}" — {0,1} on input x € {0,1}" is defined as
s(f, ) := # of coordinates i such that f(z) # f(z") (13.1.1)
The sensitivity of a Boolean function f: {0,1}"™ — {0,1} is defined as

s(f) == xwr?gﬁns(f,x) (13.1.2)

We define the 1-sided measures of sensitivity by

so(f) = Lonax s(f,x) si(f) = Lona s(f, ) (13.1.3)

For a boolean function f, let CREW(f) denote the number of steps needed to needed to compute f on a
concurrent read, exclusive write parallel random access machine (CREW PRAM) with an unlimited number of
processors and memory cells). In 1982, Cook, Dwork and Reischuk found that the CREW PRAM complexity of
f could be lower bounded by the logarithm of its sensitivity.

Theorem 13.3 ( |CD82|, [Rei82]). CREW(f) > Q(logs(f)).

Definition 13.4 (Block Sensitivity). The block sensitivity of a Boolean function f : {0,1}" — {0,1} on
input z € {0,1}" is defined as the maximum number of mutually disjoint blocks By, Ba, ..., By C [n] such that
f(z) # f(2B%) for all i € [t]. The block sensitivity of a Boolean function f : {0,1}" — {0,1} is defined as

bs(f) := wwn{l(%)f}n bs(f,x) (13.1.4)

Similarly, the 1-sided measures of block sensitivity are

bso(f) := mer}@lx(o) bs(f,x) bs1(f):= z61}1@1)((1)193(]”, x) (13.1.5)

Recall the definition of decision tree complexity D(f), the minimum depth of any boolean decision tree
computing f. In 1989, Nisan linked the bound of CREW( f) with decision tree complexity and block sensitivity.

Theorem 13.5 ( |[Nis89]). For any function f, CREW(f) = ©(log D(f)) = O(logbs(f)).
Example 13.6. Consider the OR function: OR(z1,...,Z,) = 21 V22 V ... V z,. We have
e For the 0-input, when = = 00...0, s(0R, ) = n.
e For all inputs = with Hamming weight 1, we have s(0R,z) = 1.
e For all other inputs x, s(0R,z) = 0.
Hence, so(0R) = n, s1(0R) = 1, s(0R) = max{so(0R), s1(OR)} = n. As for block sensitivity,
e For the O-input, when = = 00...0, bs(0R, z) = n.

e For all other inputs z, bs(0R, x) = 1.
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Hence, bso(0R) = n, bs1(0R) = 1,bs(0R) = max{bsy(0R), bs1(0R)} = n

Notice that for any function f, s(f) < bs(f) as block sensitivity generalises sensitivity. Moreover, for monotone
functions, we have s(f) = bs(f).

Theorem 13.7 ( [Nis89|). For any monotone function f,s(f) = bs(f).

What about other functions? The best known separation between sensitivity and block sensitivity of a function
remained quadratic since 1995. Various constructions have been given below. Notice that a separation that achieves
a constant greater than 1 will imply a superquadratic separation.

3s(f)%
o [Cha0s] bs(f) = Fs(f)*.
o [Virll] bs(f) = $5(f)* + 3s(f)-
o [ASLI] bf(s) = 35(f)” — 3s(f).
o [GSTWI6] bs(f) = 3s(f)* + §s(f).
o [CG18| bs(f) > Q(s(f)?) with constant 1/4,1/2,2/3.

e [Rub95| bs(f) =

Notation 13.8. For a binary string x € {0,1}" and a subset S C [n], we write z|s be the values of x; on the
coordinates ¢ € S.

Definition 13.9 (Certificate Complexity). A certificate of a Boolean function f : {0,1}" — {0,1} on input
x € {0,1}™ is a subset S C [n] such that for all y € {0,1}", if z|s = y|s, then f(x) = f(y). That is, f is constant
if the bits in S are fixed to x;,Vi € S.

The certificate complexity of a Boolean function f : {0,1}" — {0,1} on input = € {0, 1}", denoted by C(f,z),
is the smallest size of a certificate of f on x. The certificate complexity of f is defined as

Cf) = max C(f.2) (13.1.6)
Similarly,
Co(f) = e C(f,x) Ci(f) = e C(f,x) (13.1.7)

Example 13.10. For the function ORg on 2 = (101000), we have {x3} is a certificate.
Theorem 13.11 ( [Nis89]). For any monotone function f,s(f) = bs(f) = C(f).

Definition 13.12 (Fourier Degree). We say that a polynomial p : R™ — R represents a Boolean function f :
{0,1}™ — {0,1} if for all z € {0,1}",
p(z) = f(z) (13.1.8)

The (Fourier) degree of f, denoted deg(f), is the degree of the unique multilinear polynomial that represents f.

Recall that we denote D(f) as the minimum depth of any boolean decision tree computing f. By definition,
we see that s(f) < bs(f) < C(f) < D(f). It also turns out that bs(f), C(f), D(f) and deg(f) are polynomially
related. We list some of the results below.

[NS92] deg(f) < D(/).

[NS92, | Tall3| bs(f) < deg(f)?.
[BI87,[Tar89|AUYS3| D(f) < CoCi(f) < C(f)>.

[Nis89] C(f) < bs(f)>.
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13.1.1 The Sensitivity Conjecture

In |[NS92|, Nisan and Szegedy asks the following question.
Question 13.13. Is it true that for every Boolean function f,bs(s) < poly(s(f))?
Ambainis, Gao, Mao, Sun and Zuo have shown the following.

Theorem 13.14 ( [AGM™13]). bs(f) < s(f)25()~1.

Recently, Huang proved the sensitivity conjecture by combining the Gotsman-Lineal Theorem and results from
linear algebra, which we will show later.

Theorem 13.15 ( |[Hual9)). deg(f) < s(f)%.

Because bs(f) < deg(f)?, we obtain bs(f) < s(f)*. Also, Laplante, Naserasr and Sunny have shown the
following

Theorem 13.16 ( |[LNS20|). deg(f) < so(f)s1(f)-

7
L X4

13.2 Gotsman-Lineal Theorem

Notation 13.17. For a graph H = (V, E), we let A(H) denote the maximum degree of H.

For an induced subgraph G = (Vi, Eg) of H, we write H — G = (V \ Vi, Eg_¢), the subgraph that contains all
vertices that are not in Vi and all edges incident to V' \ V.

We write I'(G) as the maximum of A(G) and A(H — G).

I'(G) := max{A(G),A(H — G)}. (13.2.1)
Notation 13.18. We let Q,, denote a Boolean cube of dimension n.

Theorem 13.19 (Gotsman-Lineal Theorem [GL92|). For any monotone function ¢ : N — R, the following are
equivalent:

(a) For any induced subgraph G C Q,, with |V(G)| # 2", we have
['(G) > ¢(n) (13.2.2)
(b) For any Boolean function f : {—1,1}" — {~1,1},
s(f) = ¢(deg(f)) (13.2.3)

We first present two auxiliary lemmas.

Lemma 13.20. Let p : {-1,1}" — {—1,1} is the parity function. For any Boolean function f : {-1,1}" —
{-1,1}, we have

VS € [n], £(S) = fp([n]\ S). (13.2.4)
Proof. Note that
f(8) = (f.xs)y=2" e{zozl}nf(w)m(x) (13.2.5)
On the other hand, |
fo(T) = (fp,xr) =27" e{2021}"f(:v)p(x)XT(:v) (13.2.6)

Because p() is the parity function, p(z)xr(z) = X[n\7(2). Setting S = [n]\T', we then have f(S)y=2"n > vefoyn f(@)xs(@) =
27" ety J@xpe (@) = Fo(T) = Fo([n]\ ). 0

36



13.3 Huang’s result 13 SENSITIVITY CONJECTURE

Lemma 13.21. Let p: {—1,1}" — {—1,1} is the parity function. For any f :{—1,1}" — {—1,1} with degree n
and any induced subgraph G of Q,, such that

V(G) ={z € {-1,1}"|f(z) - p(x) = 1} where p is the parity function (13.2.7)
we have T'(G) = s(f).

Proof. Note that because p is a parity function, which is sensitive to every bit, we must have s(fp,x) =n—s(f,x).
Hence, we have that Vz € V(QG),

degG(w) =n-= S(fp> {L‘) = S(fam)

desg, () = (/. 1325
In other words, we have I'(G) = s(f). O
Now we are ready to prove the Gotsman-Lineal Theorem.
proof of Gotsman-Lineal Theorem. We first show that (b) is equivalent to the following statement:
(/) For any Boolean function f:{—1,1}" — {—1,1} with degree n,
s(f) = ¢(n) (13.2.9)

Notice that the (b) = (V') is trivial. To show that (b') = (b), we let f be a Boolean function whose degree d < n.

Then f (S) # 0 for some S C [n],|S| = d. Without loss of generality, suppose z1,...,24 appears with nonzero
coefficient in the Fourier expansion of f; for example f([d]) # 0. Let g : {—1,1}¢ — {—1,1} be defined as

g(x1, 29, ..., xq) := f(21, 22, ..., 24,0, ...,0) (13.2.10)

We then have by the assumption in ('), s(f) > s(g) > ¢(d) = ¢(deg(f)).

It remains to show that (a) < (b').
We first show (a) = (V') by contraposition. Suppose that f : {—1,1}" — {—1,1} is a Boolean function with
deg(f) =n and s(f) < ¢(n). Let G be an induced subgraph G of @,, such that

V(G) ={z € {-1,1}"|f(z) - p(x) = 1} where p is the parity function (13.2.11)

By lemma we have that ?;9((2)) = f([n]), which is nonzero because deg(f) = n. This implies that
[V(G)| # 2771 The reason is that if [V(G)| = 2"~ then f(z)p(x) = 1 for exactly half of the time and
f(z)p(x) = —1 for exactly the other half of the time. However, E,c 0,1}~ [f(2)p(z)] = Fp(0) #0. By lemma
we have I'(G) = s(f) < ¢(n), which leads to the contrapositive of (a).

We again show (b') = (a) by contraposition. Let the induced subgraph G C @Q,, with |V (G)| # 2"~! satisfy
I'(G) < ¢(n). We define a function f: {-1,1}" — {-1,1} by

f@)pz)=1<2ecV(G) (13.2.12)

Again, because |V (G)| # 27,0 # Epe oy [f(@)p()] = fp(0)

= f([n]) Hence, f has degree n. Also, by lemma
13.21} s(f) =T'(G) < ¢(n), which leads to the contrapositive of (b’)

. O
13.3 Huang’s result <
In |[Hual9], Huang proved part (a) of the Gotsman-Lineal Theorem with ¢(t) = /. Specifically,
Theorem 13.22 ( |Hual9|). For any induced subgraph G C Q,, with |V (G)| # 2", we have
I(G) > vn (13.3.1)
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Because for any Boolean function f : {—1,1}" — {—1,1},s(f)
immediately have the following corollary.

I'(G) by lemma [13.21) and deg(f) < n, we

Corollary 13.23. For any Boolean function f: {—1,1}" — {—1,1},deg(f) < s(f)?.
To prove, Huang’s theorem, we will need a few auxiliary lemmas from spectral graph theory and linear algebra.
Lemma 13.24. For any graph G, A(G) > |A1| where Ay is the largest eigenvalue of the adjacency matriz of G.

Proof. Let A € {1,0}™*™ be the adjacency matrix of G and let v be the eigenvector of A with respect to A;.
Hence, we have A\jv = Av. Without loss of generality, we can assume v; > v; for all 1 < j < m. Hence,

o] = (Ao | = 1Y Aol =1 Y Ayl <| Y Ayul< Y0 Ayl (13.3.2)
j=1 jiA =1 j:A=1 j:A=1
Because A(G) =3, 4, 1 [A1j], we obtain that [Ajv1] < A(G)|v1| and thus Ay < A(G). O

Remark 13.25. Notice that the lemma remains true if some +1 in A is replaced by —1 because | Zj:Ah:l Aqju] <
Zj:Aljzl |Ay;]|v1| still holds.

We state the following result from linear algebra without proof.

Theorem 13.26 (Cauchy’s Interlace Theorem). Let A be a symmetric n x n matriz and B be a m X m principal
submatriz of A for some m < n. IF the eigenvalues of A are \y > Ay > ... > A\, and the eigenvalues of B are
1y 2y -y e, then for all 1 < i < m, we have

The following corollary is immediate from the Cauchy’s Interlace Theorem.

Corollary 13.27. Let A be a symmetric 2" x 2" matriz and B be a 2"~ 4+ 1 x 2"~ 1 + 1 principal submatriz of
A. Then M1 Z )\1+2717(27171+1) = )\271—1 .

Lemma 13.28. Let B, € {0,1}2"*2" be the adjacency matriz of Q,. There is a matriz A, € {—1,0,1}>" %"
obtained by replacing some of the +1 entries in B, by —1 such that exactly a half of the eigenvalues of A, are \/n
and the other half —/n.

Proof. Let I,, € {0,1}2"*2" denote the identity matrix. Notice that B,, can be recursively defined as follows:

0 1
[ ] Bl = |:1 0:|
B, I
¢ Bni = {In B,

Similarly, we define A by

A, I,
[ ] An+1 = |:I —A .

We now show that A2 = nl,. As for the base case, we have

[(1) (ﬂ 8 {(1) (1)} - {(1) (1]_ : (13.3.4)
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For n > 1, assume that A2 = nl,, we have

[An I, r B { A2 412 AL —A,Jn} B [(n+ 1, 0

= 1 . .
I, —A Aply — A, A2 412 0 (n+1)1,| = O+ Vs (13.3.5)

This implies 4,, has one unique eigenvalue n. Because A4,, and A2 have exactly the same set of eigenvectors, we
have that the eigenvalue \; of A is either /n or —/n.

Note that for a real symmetric N x N matrix ) = (g;;), the sum of all eigenvalues Zf\;l A; is equal to the trace
tr(Q) = vazl q:i- Hence, it must be the case that exactly a half of the eigenvalues of A,, are y/n and the other
half —/n as Zfil a;; = 0. O

proof of theorem[13.29. Let B,, € {0, 1}2"%2" be the adjacency matrix of @Q,,. Let A be constructed as described
in the above lemma. Take any 2"~! + 1 vertices of @,, and let C be the corresponding (2"~ + 1) x (27! + 1)
submatrix of A. Hence, we obtain an subgraph G = (V, E) of @Q,, with |[V| = 2"~! + 1 and by corollary
AG) > 11(C) > Agnor(A) = V. 0

7
*o*

13.4 Consequences of the Sensitivity Conjecture
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14 PSEUDORANDOMNESS

14 Pseudorandomness

Let U,, denote the uniform distribution of an n-bit string. We can think of a general probability distribution as a
non-negative function D : {—1,1}" — R>¢ satisfying

o Vx € {—1,1}",D(x) >0, and
® > sefo1yn D(@) =1
The notion of probability density function follows naturally.

Definition 14.1. A (probability) density function ¢p : {—1,1}" — R>( of a distribution D is a nonnegative

function defined by
ep(x) =2"D(x) (14.0.1)

Notice that E~pu, [¢p(2z)] = 1. Observe that for any g : {—1,1}" — R,

1

= 2 (90,0) = 5 Bun, [o()g(x)] (1402

Ey~plg(y)]
In particular, we have that for a nonempty set S C [n], if we replace g by xs,

¢p(S) = Esnv, [p(2)xs(2)] = Eyn[xs(y)] (14.0.3)

Example 14.2. We have that the density function of a uniform distribution U,, is simply a constant 1 function
and

¢u,(0) =Ey v, [xo(y)] =1
¢u, (S) =Ey~v,[xs(y)] =0 for S#0

Definition 14.3. Let D be a distribution and A be a family of functions f : {—1,1}" — R. We say that the
distribution e-fools A if

(14.0.4)

[Ey~n[f ()] — Eonv, [f(2)]] < € (14.0.5)
for any f € A.

Definition 14.4. For a distribution D : {—1,1}" — Rsg, we say that ¢p : {—1,1}" — R>¢ is a e-biased
density function if
[6p(S)| < e (14.0.6)

for any S # (). We also call D an e-biased distribution.

In other words, the Fourier coefficients of the density function of a small biased distribution is "similar" to
those of the uniform distribution.

Remark 14.5. Notice that "Bias" has several meanings:
e A distribution D with an e-biased density function is called an e-biased distribution.

e We say that a p-biased distribution if each bit is independently chosen to be 1 with probability p and —1
with probability (1 — p).

e As for a function f: {—1,1}" — {—1,1}, we have bias(f) = E,u, [f(x)].

o We say that a function f : {—1,1}" — R is e-regular if |(£)(S)| < € for all nonempty subset S C [n]. Notice
that this is same as e-biased for density functions ¢p : {—1,1}" — Rxq.

Definition 14.6 (Pseudorandom Generators). We say that a function G : {—1,1}" — {—1,1}",r < n, is an
e-biased pseudorandom generator(PRG) if the output distribution G(U,) is an e-biased distribution.
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Definition 14.7. The sample space or support of a distribution D : {—1,1}" — R is defined by

Yp ={z e {-1,1}"|D(x) # 0}. (14.0.7)
Remark 14.8. Notice that because the input of G is from {—1,1}", the support of G(U,) has at most 2" strings.
Definition 14.9. We say that f : {—1,1}" — {—1,1} is a Bent function if f(S) = £2""/2 for all S C [n].

Example 14.10. The inner product mod 2 function f : {—1,1}"* — {—1,1},n = 2¢ has Fourier coefficients
+27"/2 and is thus a Bent function. The 0/1 version of the inner product mod 2 function f : {—1,1}" —
{0,1},n = 2t can be viewed as a density function and its corresponding distribution is 1/ 27/2_biased. However,
the sample space is {—1,1}" and thus very large.

Essentially, we would like an e-biased distribution with small sample space. In the next section, we will show
an efficient constructions of e-biased distributions in [AGHP92|. Before that, we present the following example to
show the equivalence of constructing small biased distributions and fooling parity functions.

Example 14.11. Notice that if G : {—1,1}" — {—1,1}",r << n, is an e-biased pseudorandom generator, then
the output distribution G(U,.) fools any parity function because for any nonempty set S C [n],

Eycw,)XxsW)] = Eznv, [xs(@)]| = [Eyncw,) IXsW)]| = ¢cw,)(5) < € (14.0.8)

The first equality comes from the fact that the expectation of any parity function of a nonempty set is zero. The
second equality follows from equation and the third from the definition
Notice that the output distribution has a sample space |Yg(y,)| < 2" as shown in remark

14.1 Efficient Constructions of e-Biased Distributions with Small Sample Spaces <

In this section, we show the construction due to Alon, Goldreich, Hastad and Peralta that proves the following
theorem.

Theorem 14.12 ( [AGHP92|). There exists a deterministic algorithm that given input n, e, outputs in poly(n/e)
time a set ¥ € {0,1}" with |X| = O((n/€)?) such that the uniform distribution on % is e-biased.

This theorem implies that there is an e-biased pseudorandom generator that maps 2log(n/e) truly random bits
to n bits. We remark that |Z| = O((n/€)?) is almost best possible. Before we get into the proof, we introduced
some concepts related to finite fields.

Proof of Theorem[I].13 Let m = log(n/e). Assume that an irreducible polynomial p of degree m is given. We
use p to represent field elements in Fom as bit strings of length m.

Let (z,y) be an ordered pair where x and y are both of length m. We write z¢ as the i-th power of x in Fym and
(2%, y)2 the inner product of % and y, modular 2. Let r = r¢...r,,_1 be elements of the sample space X, where each

ri = (z',y)a. (14.1.1)

Hence, we have
D] = 2™ x 2™ = (n/e)?. (14.1.2)

As we have seen in example [14.11] it suffices to show that the uniform distribution on Ye-fools parity function xg
for any S # (. Consider s = sq...5,—1, the characteristic vector of a nonempty set S C [n], and the polynomial
ps(t) = Z?;ol s;t" over Fam. Notice that because r,s € {0,1}", the parity

Xs(r) = (=1)(72 (14.1.3)

Thus, it suffices to show that (s,7)2 =1 for 1/2 4+ *e¢ fractions of r € X. Now,

n—1 n—1 m—1 m—1 n—1 —1 n—1
(s,7)2 = E ST = E ,y m “Y5) )y = ( si-x')j Y5 (14.1.4)
i=0 =0 j:0 7=0 i:O j=0 =0
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Because ps(t) = Y27~ s;t’, we have

=

m

(.72 = 3 (a(@)); - 5 = (pal), )2 (14.1.5)
0

=
Consider all possible y € {0,1}™,

Case 1: If ps(z) # 0 for fixed x, then p,(x) is also fixed. Therefore, (ps(x),y)2 = 0 for exactly half of all possible y
because .

Case 2: If ps(z) = 0, then (ps(x),y)2 = 0 for all y. However, because ps has degree n — 1, ps(z) = 0 for at most n—1
possible x.

Overall, we have (ps(x),y)2 = 0 on at most

1+n71<1+n 1Jr
S e R S R
2 2m 2 2m 2

fraction of (z,y) € {0,1}>™ and thus at most 3 + € fraction of r € . O

We now show that |%| = O((n/e€)?) is almost optimal. Before that, we state Alon’s result for perturbed identity
matrices.

Theorem 14.13 ( [Alo09]|). Let A be an N x N real matriz with A;; = 1 and |A; ;| < € for i # j, where
1/y/n <e<1/2, then
log N

e2log(1/e)

Claim 14.14. The number of random bits Q(log(n/e)) is optimal up to some hidden constant.

rank(4) > Q( ) (14.1.6)

Proof. Let G : {0,1}" — {0,1}" be a e-biased PRG. For a characteristic vector of a nonempty set S C [n],s =
S0---Sp—1, we define a real vector vs of length 2" by

1
_ _1)(G@)9)z . r
v =57 (( 1) 2 e{0,1} ) (14.1.7)
Now, let A be a 2" x 2™ matrix defined by
1 1
Age = (vs,01) = o Z (=1)(G@))z(_1) (G @)Dz — = Z (—1)(G@)s0t)z (14.1.8)
z€{0,1}" z€{0,1}"

In other words, let V' be a 2™ x 2" matrix with rows v, we define A by
A=Vv.vT (14.1.9)
Because for any nonempty set S, (G(z), s)2 = 0 for 1/2 + € fraction of time, we have

Ass =1

14.1.10

Aual < e (14:1.10)

Thus, by theorem [14.13} we have rank(A) > Q(%). Because A can be at most full rank, i.e. rank(A4) < 27,
we have log N

: og

2" > Q—"— 14.1.11

- (62 log(l/e)) ( )

and thus r > Q(log(n/e)). O
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R

14.2 Higher Degree Polynomials <

So far, we have seen that e-biased distributions can fool parity functions [NN93|, [AGHP92|, which are linear
functions over any field. How about higher degree polynomials? The following example shows that small biased
distributions may not fool quadratic polynomials.

Example 14.15. Consider the inner product mod 2 as a degree 2 polynomial over Fy. That is, we define
IP: F§ — Fy by

IP(z) = 120 + 2324 + ... + Tp—1Zn (14.2.1)
We have seen in example[14.10 TP is an 1/2"/2-biased Bent function. Now, consider the 1/2"/%-biased distribution

D with density function
pp =1IP (14.2.2)

then we have the function IP is constant on the support of D and hence D does not fool the quadratic polynomial
1P.

In [LVW93|, Luby, Velickovic and Wigderson gave the first non-trivial PRG that fools constant degree poly-
nomials and even constant depth circuits, but it requires a large number of random bits. In |[Bog05|, Bogdanov
showed optimal constructions of PRGs but it only works when the field size is at least polynomial in the degree.
In [BV07] Bogdanov and Viola gave a new approach, which we will present shortly, for polynomials in small fields;
at the time they showed that the constructed PRG fooled polynomials of degree 2 and 3 and conjectured that it
applied to any degree. Later in [Vio09|, Viola proved this conjecture. Note also that in |Lov08§|, Lovett has shown
a weaker version of this conjecture.

Theorem 14.16 ( [Vio09]). Fiz d > 1,¢ > 0. Let D be an e-biased distribution in {0,1}" and let y*, ...,y be
independent samples from D. Then for any polynomial h : F5 — Fo of degree at most d, then

Byi.. yann[f "+ +y?)] = Eocu, [f(2)]] < € (14.2.3)

2{1—1

where f(x) = (—1)M®) eg =16 -€/2" .
To prove this theorem, we will need the following auxiliary lemma.
Lemma 14.17. Let h: F} — Fy be a polynomial of degree d. We fix y,y' € Fy and define g : Fy — Fy by
9(x) i= h(z +y) + h(z + 1) (14.2.4)
Then g has degree at most d — 1.

Sometimes we informally call g the derivative of h. For intuition, we can assume h and g are multilinear, but
such an assumption is not needed for the proof.

Proof of lemma[T7.17 Let 2°,|S| = d be the monomial of h(x) with the highest degree. We then have for
g : F3 — Ty, because y and 4/ are fixed, the term (z + 4)° + (z + y')° cancels out. Hence, g has degree at most
d—1. O

Notation 14.18. For the simplicity of notation, we write z ~ Dg_; to denote z = y* + ... + y@~ ! for 3!, ..., y?!

sampled independently from D.
Proof of theorem[1f.16. We prove the theorem by induction on the degree d.

Base Step: d = 1. By definition, because D is an e-biased distribution, we have

[Ey~plf(y)] = Eeev, [f(2)]| < € < 16e = €. (14.2.5)

Inductive Step: We assume that the statement holds for all degrees at most d — 1. Let § = ,/e4_1, we split our
analysis into two cases: Eycp, [f(2)] > § and E,ep, [f(2)] < 4.
Case 1: Ey~u, [f(u)] > 6. We show that

Eanny 1 [f(2)] = Bontr, [ (@)]] < <2 (14.2.6)
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We choose z ~ Dg_1,2 ~ Up,y ~ U, and set y’ = 0, we write gy(z) = h(z +y) + h(z +¢') = h(z +y) + h(x).
Then,
By 2 [(- 1)) — By (1)) = By [(-1) 0FIHO) B [0 R (142)

Because y is uniformly random, y + z and y + z are also uniformly random. That is,

Ey7z[(—1)9y(z)] _ ny[(—l)gy(m)} ) [(_l)h(y)Jrh(z)] _ Ew[(_l)h(yﬂh(@}

- Y,z

=E,[f ()] - (B.[f(2)] — E.[f()])

On the other hand, by lemma|14.17, for fixed y € F3 and ¢’ = 0, g, () has degree at most d — 1. By the inductive
hypothesis, |E.[(—1)9% ()] = E,[(=1)9%®)]| < e4_; and thus

(14.2.8)

By (1)) = Eyo[(-1)" @] < By | [E2[(-1) )] — ]Ex[(—l)gy(m)]l} <€a (14.2.9)
Recall that Eyy, [f(y)] > J, which implies

By - [(=1)9®)] = By o [(=1)*@]] _ ea

IE.[f(2)] — Eu[f(2)]] = B, (o) <=3 (14.2.10)
Now, let 2’ ~ Dy, w ~ Dg_1,v ~ D. Notice that since z ~ U, v + z is uniformly random. Hence,
|EZ’~Dd [f(Z)] - Ea:[f(x)]l = |Ev7w[f(v + w)] - Evm[f(v + x)]l (14211)

S Ey[Ey[f (v +w)] = Eo[f (v + 2)]]

Notice that for fixed v, v + Dy_1 is similar to v + U,, to the polynomial f, i.e., v+ Dy_; also fools f. To see this,
suppose on the contrary that v + Dg_1 does not fool f, then for the polynomial f'(z) = f(v + ), we have

€a-1 < [Bu[f (v +w)] = Eo[f (v + 2)]| = [Ew[f'(w)] - Eo[f'(2)]] (14.2.12)

That is, D41 also fools f’. Because for fixed v, f’(x) has the same degree as f(v+z), this contradicts the inductive
hypothesis. Now, because for fixed v, we have v+ z is also uniformly distributed and hence E,[f(v+ )] > §. This
gives us |Ey[f(v 4+ w)] — Ey[f (v + x)]| < €4—1/6 and as 6 = \/€q—1,

Eornn,[f(9)] — Balf@)]] < BufEulf (v + )] — Eulf(0 + 2)]| < “=L = VT < e (14.2.13)

Case 2: Eyy, [f(u)] < 6. We show that
Earno,[f ()] = Eulf (@)]] < 00 + 1) (14.2.14)
Let 2 ~ Up,v ~ D,v' ~ D,w ~ Dy_1,% ~ D,. Notice
[ [f(2)]]7 = [Buwo[f (w + )] (14.2.15)
Using Cauchy-Schwarz inequality, we have
Eow,of(w+0)]* < Ey [IJEU [f(w + v)]lz} (14.2.16)
Hence,
B (] < Eu[[Eulf(w+ )] = Eu [Euyur [f(w +v) fw+ )]
(14.2.17)
= By or [Eulf(w +0)f(w + )]

Notice that for fixed v and v/, we have

Flw+v) f(w + ') = (—1)rothere) (14.2.18)
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By lemma [14.17] g, »(w) = h(w + v) + h(w + v') has degree at most d — 1. Hence, by the inductive hypothesis,
let f'(w) = f(w+v)f(w+v'), we have

Eu[f(w +v)f(w+ )] = Eo[f (2 + 0) f(z + V)] < [Eo[f(w +0) f(w + )] = Bo[f (2 + v) f(x + )]

<ess (14.2.19)
Hence,
Ea[f( ) <= Evur [Eulf (0 +0)f (@ +0)]] € ea1 + Evr [Eulf (@ + 0)f(z + )] (14.2.20)
Using Fourier expansion, we obtain,
Ev,v’[EZ[f(x""v)f(m"‘v/)ﬂ :Ev,v’_ [( f( XS$+U>( Z f XTx"‘U))]}
) SC[n] TC[n)
=B [Eal Y. FS)FT)xs(e +o)xr(z+ )] (14.2.21)
- S,TC[n]
=B [EL Y () (T)xsar@)xs@pr(®)]
- 8,TC[n]
where SAT is the symmetric difference. By linearity of expectation, we have
LORRY [Ex[f(x +v)f(z -+ } > f(s Ey o [xs(0)x7 (V)| Ee[x5aT ()] (14.2.22)
S, TC[n]
By lemma[2.9] we have E;[xsar(z)] = 1 if and only if S = T'. Hence,
Evw [Eulf(z +0)f (0 +0)]] = 32 F(SP o xs()xs(v)]
Skl ) (14.2.23)
=f0+ Y F(S)Euwxs)xs()]

|S1>0,5C][n]

By lemma(10.20, f(0) = E,~r, [f(u)] < 8. Again, by Cauchy-Schwarz inequality, E, ./ [xs(v)xs(v")] < [Euo[xs(v)]Ey [xs(©")]].
Notice that by equation 14.0.3[, for any set S, E,/[xs(v")] = ¢p(S) < € because D is e-biased. In summary, we
have

Ef NP < et + By [Balf (o +0)f( + )]
€d—1 + f(@)z + Z f(S)zEv,v’ [xs(v)xs(v")]

15]>0,5C[n] (14.2.24)
:Ed_1+§2+62 Z f(S)2 S Ed_1+52+62
15/0,5C [n]
Because 0 = /eq_1 = €q, we have [E./[f(2')]|* < 2eq—1 + €* < 4e4_1. Lastly, we have
B [f(2)] = Eanv, [f (@) < [Ex [f(2)]] + Eonv, [f (@)]] < V/dea-1 + 6 =< 3eq (14.2.25)
O
14.3 Applications &

e-biased pseudorandom generators can be used to derandomise any randomised algorithm that is based on the
properties of parity functions over the uniform distribution. In particular, we can use it to derandomise learning
and testing algorithms, such as the BLR test (section , the Goldreich-Levin algorithm (section and learning
algorithms based on the Goldreich-Levin algorithm.
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15 NOISE OPERATOR

15 Noise Operator

Definition 15.1. For 0 > p > 1 and f: {—1,1}" — R, we define the noise operator with parameter p,T,(f) :
{=1,1}" — R on the function f by
Tp(f) (@) = By, [F ()] (15.0.1)

where we write y ~ p, to denote y as a "noisy copy" of z, i.e.,
)y with probability (1 — p)
vi= x; with probability (1 + p)
In particular, we say that y is p-correlated to z.

Notice that y = z when p = 1, which means T (f)(xz) = f(z) and y is uniformly random if p = 0. The noise
operator is linear. That is, for some real number A,

T, (f +Ag) = T,(f) + AT,(g) (15.0.2)
Example 15.2. For fixed x € {—1,1}", we have that for all 4,
Eymp, Wil = p2is  Eyop, [rivi] = p (15.0.3)

Proposition 15.3.
T,(f)= > p¥'f(s)xs (15.0.4)
SCln]

Proof.

T,(f) = Eyeup [xs(y)] = Eyeup [H yil = H EyEup lyi] = H pPT; = Plslf(s)XS

i€s i€s i€s
O

Example 15.4. If + € {—1,1}" is chosen uniformly at random and for each z,y ~ p,, we say that (z,y) is a
p-correlated pair of random strings. Notice that for all 4,

Elz;] =E[y:] =0,  Elvy]=p (15.0.5)

15.1 L, Norms “»

Definition 15.5. Let V be a set. A function ¢ : V — R is a norm if for all u,v € V', we write ||v|| = ¢(v) and
1. ||Jv]| = 0 and |[v|| = 0 if and only if v is the identity element.
2. |la-v|| = |]e] - ||v]] for any scalar « € R.
3. |Ju + v|| < [|u]| + ||v]|, which is the triangle inequality.
Recall that for f: {—1,1}" — R, the L, norm is defined as

1/p

1711y = (Bamer, [1£ ) 7)) (15.1.1)

Notice that ||f|], is a norm when p > 1; otherwise || f||, may violate the triangle inequality.

Lemma 15.6. For anyc € R and f: {-1,1}" = R,

el < lelll£1lp (15.1.2)
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Definition 15.7. A real valued function f is convex if for any 0 < A < 1, we have
fQa+ (1 —=Mb) < Af(a)+ (1 —N)f(b) (15.1.3)

Theorem 15.8 (Jensen’s Inequality). If g is convex and 0 < \; < 1,>°. \; =1, then
90> Xiwi) <> Nig(wi) (15.1.4)

Theorem 15.9 (Minkowski’s Inequality). Let f,g: {—1,1}" = R,

1+ gllp < [1f1lp + llgllp- (15.1.5)

Notice that for the vector norms, the opposite of the following result holds.

Proposition 15.10. For 1 <p < q < oo, we have

Al < 11 f1lg (15.1.6)

Proof. We write m(x) to denote the probability of drawing x from some distribution; as in the case for L, norm,
w(x) =2"".

Eveu, [1f(@)] = 3 (@)l @) (15.0.7)
Let p=1and ¢ > 1. Let g(z) = 29/P = 29, we have that g ?s convex and thus by Jensen’s Inequality,
o> p@)f @) = (X a@If@))" < 3 p@)l ) (15.1.8)
Hence,
(B 1F@1) " = (r@li@) < (L r@lr@ln) ' = (Beevlr@m) " (519
As for the general case, we have g(z) = 29/P is convex because ¢ > p. Hence,
(@@ = (X r@)f@r)” < 3@l (15.1.10)
O
15.2 Contractivity &

Let z,y € {—1,1}" where y is p-correlated to x. It is sometimes convenient to think of y as the coordinate-wise
product as y = x - z where

_1 . .. l _
b= W?th probab?l?ty %(1 p) (15.2.1)
1 with probability 5(1 4+ p)
Hence, we can write
Tp(f)(z) = E.[f(x - 2)] (15.2.2)

Proposition 15.11. The noise operator T,(f) with parameter 0 < p < 1 on function f : {-1,1}" — R is
contractive, i.e. forp > 1,

T (Dllp < (11l (15.2.3)
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Proof. Notice
TPl = (Eamtr, [ By, 117
:( o~ U [IIE f (x-Z)Hle/p (15.2.4)
= (B | S ])

For each z, let g,(x) = 7(2) f(z - z). By Minkowski’s inequality, we have

(e | St ) = (i [ S ) =N = Sy 0525

Because for fixed z, 7(z) is fixed and z - z is uniformly random as z is uniform.

1/p 1/p

19:p = (Banr 72 f@ - 2)7)) " = (B, [7(2)f @) = IIm(2) £l (15.2.6)

By lemma [15.6] [|7(2) f||, = |7 (2)| - || f|l,- In summary,
T (H)lp < Z g:11p = Z () - |1 fllp = B[ fll] = |11l (15.2.7)
O

Remark 15.12. Notice that for 0 < p < p’ < 1, we have
T,(f) = Ty (T (f))  where p = § (15.2.8)

Let g = T,(f), using the theorem we just proved, we have

Lo (P)llp = gllp = 1 Tp (9)lp = 1T (T (FDMp = [T ()] (15.2.9)
15.3 Hypercontractivity Theorem <

Recall that for 1 < p < ¢ < oo, we have ||f||, < ||f|lq. Hence, for all r with 1 < r < p, we have ||T,(f)||, <
T, (f)llp < |1f]lp- Is there any p such that for any r > p, ||T,(f)|l» < ||f||p still holds? In fact, we can show the
following theorem.

Theorem 15.13 (Hypercontractivity Theorem). Let f: {—1,1}" = R. For any 1 <p < ¢ < oo and
0<p<y/——

we have ||T,(f)|lq < |f]lp-

We prove this by induction on n.
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15.3.1 Base step: n=1
Let a = f(1),b = f(—1). Without loss of generality, we assume that a > 0,b > 0.

1/q

TP la = (Eamtr, [ By 1] ) " = (Bavrr, [IB-L1 (2 2)]1))

= 5150 pr) + 50+ pr0| + 550+ 05 + 50 - p )]

1/q

11 1 a 11 1 a1/q
=[z|za- s+ + 5|50 ~(1=p)b 15.3.1
530 - pa+ 50+| +5|50+pa+ 50 -0 ] (15:3.1)
l/a+b a—b\1 lrsa+b a—b\ayt/a
_[5(2 _'02) §<2+p2”
a+brl a—Dbye 1 a—b\al/e
= “(1- “(1
2 [2( pa—i—b) +2( +pa+b”
Let « = (a—b)/(a+b). Then
a+brl a 1 a11/q
1T (Nlly = 5= [5 (1= pa) +5(1+pa) ] (15.3.2)
Notice - . y
a+ q q11/q
1lly = 17Dl = 5= 5 (1 - ) + 5(1+a) ] (15.3.3)
Applying Taylor expansion, we have
02
(14 pa)? =1+ pga+ Eq(q —1a?+ ..
02
(1—pa)?=1-pga+ Eq(q —1)a? - ..
2 (15.3.4)
(14 pa)?+ (1 —pa)? =1+ %q(q —1Da?+ ..
-1
(1+0¢)p+(1—a)p:1+%a2+...
Hence, suppose |p| < /(p —1)/(¢ — 1), then
02
ala—1)a* <g(p-1)a’ (15.3.5)
One can check that
1/q 1/p
[(1+po¢)q+(1fpoz)q} < [(1+a)p+(1fa)p} (15.3.6)

which concludes the base step.

15.3.2 Notations
Before we start the inductive step, we introduce some notations.

Definition 15.14. Let i : X — R be a probability distribution on X and v : Y — R a probability distribution
on Y. Then p x v is a probability distribution on X x Y and

We call u x v the product distribution.

For example, the uniform distribution on {—1,1}" and the distribution z, used for noise operator are product
distributions. Recall the subfunctions of f: X XY — R:

49



15.3 Hypercontractivity Theorem 15 NOISE OPERATOR

e For a fixed x € X, f, : Y — R is a subfunction restricted to Y.
e For a fixed y €Y, f, : X = R is a subfunction restricted to X.

Let X xY ={-1,1}", u: X — R be a distribution on X and v : ¥ — R a probability on Y. We can think of
|| fz||p as a function of z, i.e., we define Gp(z) as

Gola) = 11felly = (Eymsll o))

Thus, we can write

1/p

11l = Gyl = (B G @) = (Bonn Bl )] " (15.3.8)

We write Tf the noise operator applied to the coordinates in subset S, i.e., for f: X xY — R, let u and v be
defined as z earlier (equation [15.2.1)), i.e. - u ~ p,,y - v ~ v,; we can write T,(f)(z,y) as

Tp(f)(2,y) = ELEy[f (2 - u,y - v)] (15.3.9)

as for fixed z € X, we write T (f)(x,y) as

TY (f)(x,y) = By[f(2,y - v)] (15.3.10)
For fixed z, notice that the subfunction of T),(f)
T, (£)a(y) = Eo[faly - v)] (15.3.11)

is equivalent to T (f,). We write Hy : X — R as
Hy(z) = 1T, ()allg (15.3.12)
15.3.3 Inductive step

By induction hypothesis, we have Hy(z) = [T} (f)«|lq < I|fzllp- Thus,

1/q

1Dl = 1T TY (Pl = (B [|BuBo[f (- - )]|]) (15.3.13)
Using Jensen’s inequality,
E.Ey [[EEo[f (2 u,y-v)]|] <E,E, [Ey [|Eolf(z - u,y- U)Hq}] (15.3.14)
Note that for fixed x and u,
Eolf(z-u,y-v)] =Byl fauly - 0)] = T) (f)a-u(y) (15.3.15)
Hence,
Ey[[Eolf(z-u,y - 0)]|*] = By [|T) (Ha-u@)]'] = [Hy(@ - w)|* <[] frul |2 (15.3.16)
which gives us
1/q 1/q
IZo(Plla < (Bl fellf]) " = (BoBu| Byl foul)P)™"]) (15.3.17)

We denote h(z) := E,[|f-(y)[P]. Then ||h||q/, = (Ez[|h(z)|q/p])p/q and by Jensen’s inequality, because ¢ > p,

llasp = (B[ [ )PIP])™* < (B (B, 112 () /7)™

(15.3.18)
= (B [E-[£, ()PP = By Il £, Pl
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Hence,

(BB B[] ) = (BB [[ -] ]) " = (Ml < B PILs) 7 (15.319)

Observe

(a/p)]\P/4 (1/a)-p
olPllgsp = (BeBa[[ £ w )] 7)) = (BaBa || £ w)|]) T = WTX(RIE <Al (15:320)
where the last inequality follows from the inductive hypothesis. In summary,

1/q

ITo(Dlla < (BaBu [, 1 £ @)D ]) ™ < @AD" = 15115 (15:3.21)

15.4 Matrix Valued Hypercontrativity Theorem <&
Notice that when ¢ = 2, by Parseval’s Theorem [3.3] and Proposition [I5.3] we have

1T (N)ll2 = Baco, [T,()N? = (D 2517 (5))? (15.4.1)
SCinl

Hence, for any 1 < p < 2, by setting p = v/p — 1, we have by the Hypercontractivity Theorem |15.13

Z P2 = 1T ()2 < (I f]lp = (%Zlf(w)\p)”p (15.4.2)

In [BARDWOS]|, Ben-Aroya, Regev and De Wolf presented a version of this inequality for matrix-valued functions
on the Boolean cube.

Definition 15.15. Let M be a d x d complex matrix with singular values oy, ...,04. The (normalised Schatten)
p-norm is defined by

d
1Ml = (5D of)'/? (15.4.3)
i=1

Theorem 15.16 (Matrix Valued Hypercontrativity Theorem, [BARDWOS|). Let M be the space of d X d complex
matrices. For any f:{-1,1}" = M and 1 < p < 2, we have

(> (p—1I5If($)H)2 < 2nZIf z)[P)V/P (15.4.4)

SC[n]

SO

In the same paper, they discussed applications of this theorem in one way quantum communication complexity
and lower bounds on the length of 2-query locally decodable codes.

15.4.1 Locally Decodable Codes Revisited

Recall from section [5.1} we have seen that Hadamard code achieves optimal length for 2-query locally decodable
codes. However, the 2"-bit codewords are too large. On the other hand, for ¢ = 2, we cannot do better than
superpolynomial, as proved in [GKST02| for linear codes and later generalised in [KdWO03].

Theorem 15.17 ( |[KdWO03|). For 2-query locally decodable codes, we have

N > 28 (15.4.5)
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Surprisingly, [KdW03| used quantum arguments to show this result. Later in [BARDWO0S]|, the same result
was shown by applying the matrix valued hypercontrativity theorem.
As for 3-query locally decodable codes, Yekhanin has shown in [Yek08] that subexponential length 3-query linear
locally decodable codes exist assuming infinitude of Mersenne primes, specifically

20(10g n/loglog n)
=2

N (15.4.6)

Note that this is smaller than 2" but larger than n(°8™)°. Later Woodruff [Woo12| gave an Q(n?) lower bound
for linear 3-query locally decodable codes over any, possibly infinite, field, which is the largest general bound.
In [GM12]|, Gal and Mills showed that even for 3-query locally decodable codes, N is exponential under some
parameters.

Y
*

7
*

15.5 Noise Stability

Definition 15.18. For f: {—1,1}" — R, let (z,y) be p-correlated pairs. The noise stability of f is defined as

Staby(f) = Ee) [ () f () (155.1)
In particular, for f: {—1,1}" — {—1,1}, we have
Stab,(f) = 2Py [f(z) = f(y)] - 1 (15.5.2)
Trivially, constant functions have stability 1. The Fourier expansion of noise stability is given by
Stab,(f) = Bz [f (@) f(¥)] = Banv, [f (@) Trno(f)(2)] = (f, T,(f)) (15.5.3)

Using Plancherel’s Theorem we obtain

Stab,(f) = (L, T,(f) = Y FOT(NS) = 3 f(5) (15.5.4)
5C[n] 5C[n]

This implies that for f: {—1,1}" — {—1,1} that is unbiased, i.e., f(#) = 0, we have

Stab,(f) = Y_ f(9)?1 =" F(5)%01% < p > f(5)> <p (15.5.5)

5Cln) S0 S#£0

Example 15.19. Dictator function is noise stable. Stab,(z;) = p. Observe that this matches the lower bound of
unbiased functions f. Specifically,

Stab, () = Y f(5)%0% = p (15.5.6)

S#0
if and only if f(S) = 0 for all S with |S| > 1.
In fact, we have the following proposition.

Proposition 15.20. Let f : {—1,1}* — {—1,1} with f(S) = 0 for all |S| > 1. Then f is either constant, a
dictator function x;, or an anti-dictator function —x;.

If we require that the individual influence of a bit is not too large, i.e., Inf[f] is small, then majority function
is the "stablest".

Example 15.21. Majority function is also noise stable.

2 h is close t
Stab,,(MAJ) ~ {n” when pis close to 0 (15.5.7)

1—o0(y/1—p when pis close to 1
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Definition 15.22. For f : {—1,1}" — R, we first sample = ~ U, and obtain y from x by flipping each bit
independently with probability 0 > § < 1. The noise sensitivity of f is defined as

NS5(f) = BLf(2) # f(9)] = 5 — 55tabi25(/) (15.5.)

N | =

Intuitively, f is "noise stable" if its value changes with small probability; on the other hand, f is "noise
sensitive" if its value changes with large probability.

Example 15.23. Parity function is noise sensitive.

Stab,(x(n) = E@y] [ 2iwil = [[ B lzivi] = o"
‘ ‘ (15.5.9)
NSs (X)) =

Stabl_g(s(X[n]) = (1 — (1 — 25)”)

N
N =
N
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