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Chapter 20

A Warmup: Set Cover

20.1 Definition and Background

Suppose we have a family of sets
SiveesSm where | ) S =n].
j=1

The set [n] is called the ground set; recall that [n] is standard notation for {1,...,n}. Clearly each
set in the family satisfies S; C [n].

We would like to choose as few of those sets as possible, while preserving the property that their union
equals [n]. In mathematical notation, the Set Cover problem is

ming |C| : C C [m] and U S; = [n]
jeC
Let OPT to refer to this minimum value.

An algorithm for this problem is called an a-approximation if it always outputs a cover C' satisfying
|C| < a-OPT. Clearly a > 1. Here a could be a constant or it could depend on other parameters, like
n or m.

Some known facts about the Set Cover problem.

e It is NP-hard, as was shown by Karp in 1972. Thus, it is unlikely that any polynomial time
algorithm can guarantee to produce an exact solution.

e The natural greedy algorithm is a In n-approximation algorithm.

e For every constant ¢ < 1, it is very unlikely that there is a (cInn)-approximation algorithm. (If
such an algorithm existed, this would have similar consequences to P=NP.) Thus, the greedy
algorithm is the best possible.

Instead of discussing the greedy algorithm, we will discuss this problem with a viewpoint of mathematical
optimization.


https://en.wikipedia.org/wiki/Mathematical_optimization
https://en.wikipedia.org/wiki/Mathematical_optimization

Integer program. The first step is to write the problem as an integer program (IP). For each j € [m],
we create a Boolean variable x; that indicates whether we select the set S;. Using these variables, we
can write the problem as

m
min E Zj
—1

J

s.t. Z z; >1 Vi € [n]
j:iESj
z; € {0,1} Vj € [m]

The objective function Z;n:l x; counts the number of chosen sets. The i*" inequality constraint ensures
that at least one of the chosen sets contains element i. Thus, this integer program captures the Set
Cover problem exactly. It follows that its minimum value is also OPT, and it is also NP-hard to solve
exactly.

Linear program. The next idea is to relax the integer program to a linear program (LP), by
allowing the variables x; to lie in the interval [0, 1] rather than the discrete set {0,1}. The resulting LP
can be written

m
min E Z;
1

j

s.t. Z xj >1 Vi € [n]
J:i€S;
0<z;<1 Vj € [m]

We will use LPOPT to denote the minimum value of this LP.

Question 20.1.1. Does the value of the LP always equal the value of the IP? That is, does LPOPT
always equal OPT?

Answer.

“IOYIP A0T} oIoUM MO[oq o[durexo ue 99s [[,oM INQ ‘JUoWINSIR JYSIJIIR UR J0U SI
Jey [, oW} [RIIOUATOd UI POA[OS 9 URD ST 2SNeIAq ‘IN=d UoA0I1d oARY P,oM TS} ‘OILI} 9IoM 1 JT "ON
Question 20.1.2. Do we always have LPOPT < OPT or LPOPT > OPT?

Answer.
“IS[[RWIS 8¢ AUO UBD dN[RA S} IOJOIOY)

pue ‘SUOIIN[OS J[IS'S] JO 108 I98Ie[ B ISAO SUIZIWIUIW ST J7T oY} ‘SnyJ, ‘JT oY) 0} UOIN[os 9[qISes] ®
0s[e ST J[ 9} 0} & UOIN[OS J[(ISed] AISAd B[} 930U ‘SIU) 89S O], "TdO > LJOJdT 2ARY SARM[R 9\

Example 20.1.3. Consider the following example with n = m = 3.
S1=1{1,2} Se =1{2,3} S3 ={1,3}.

It is clear that we must choose at least two sets in order to cover all three elements of the ground set.
However, if we set 1 = 292 = x3 = 0.5, then one can verify that this is a feasible solution to the LP
with objective value 1.5.

Problem to Ponder 20.1.4. In this example, what is LPOPT, the optimal value of the LP?

6 (©Nicholas Harvey 2021. All rights reserved.
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The term integrality gap is used to refer to the ratio of the optimum values of an IP and its corre-
sponding LP. Example 20.1.3 shows that our LP for Set Cover has an integrality gap greater than 1.
Nevertheless, the LP is still useful. We will show two results.

1. The integrality gap of this LP is at most ~ Inn.

2. Given any feasible solution x to the LP, there is a randomized algorithm that, with constant
probability, can produce a valid set cover C' whose size is at most ~ In(n) - 3, x;.

Question 20.1.5. Do you see why the second assertion implies the first?

Answer.
‘de3

AyeISe9uT O} WO PUNOC PAIrsep oY) SPAIS TPIYM ‘ TJOJT(¢)u] T 1.JO Yey) SMO[[0] 31 ‘) uer) 103Ie] ou
ST UOTIN[OS I9A0)) 99§ 3159q A 90UIG “TJOJT(u)ul T || Surkysiyes 10400 39S © UTRIO 9M ‘WIILIOSTE PIZI
-wopuel o) SuIA[ddy T, JOd'T 3s0w Je onjea oA1109[qo ser| 9] "J] 9y} 0} uornjos wnuirydo ue I9pIsuo))

20.2 Randomized Rounding

In this section we design an algorithm that will prove the second assertion above. This is called a
rounding algorithm, because it converts a fractional solution into an integral solution.

Algorithm 20.1 Rounding the Set Cover LP. Assume that the input x is a feasible solution to the LP.

1: function SETCOVERROUND(z)

2 Let C « () > The indices of the chosen sets
3 Let L < In(4n) > The rounding has L phases
4 fort=1,...,L

5: forj=1,...,m

6 Add j to C independently with probability z;

7 return C

8: end function

Lemma 20.2.1. The output C fails to cover all elements in [n] (i.e., U;cc S; # [n]) with probability
at most 1/4.

Claim 20.2.2. Consider the " phase of the algorithm. Each element i € [n] fails to be covered by
the sets chosen in this phase with probability at most 1/e.

Proof. Element ¢ is not covered if every set containing ¢ fails to be chosen. The probability of this is

Pr[(j not chosen) Vj s.t. i € S;] = H Pr[j not chosen | (by independence)

j:iES]'

= I a-=)
j:’iES]'

< H exp(—x;) (by Fact A.2.5)
j:’iES]'

= exp ( - Z xj).

J:i€S;

7 (©Nicholas Harvey 2021. All rights reserved.



This is at most 1/e since x is feasible for the LP. O

Proof of Lemma 20.2.1. First let us analyze the probability that a particular element is not covered by
C. For any i € [n],

-

Pr[element ¢ not covered] = Pr[element i not covered in phase t]

o~
Il
—

AN
S

(1/e) (by Claim 20.2.2)

#
Il
—

= exp(—L) = i (since L = In(4n)).

By a union bound (Fact A.3.8), the probability that any element fails to be covered by C is

n n

1 1
Pr [ any element not covered by C'| < g Pr [element ¢ not covered by C'] < yrlialir O
n
1=1 i=1

Lemma 20.2.3. The output C' has |C| > 4L -}, z; with probability at most 1/4.
Proof. In each phase, set j is added to C' with probability z;, so the expected number of sets added

is Zj x;. The expected number of edges added in all iterations is at most L times larger. That is,
E[|IC]] < L-%_,z;. It follows that

E[|C
Pr [\C! >4L- x| < ZLLHZ]HJ:J (by Markov’s inequality, Fact A.3.23)
L- Zj Z;j _ 1

< = -. O
— ALY ;T 4
We conclude with the following theorem.

Theorem 20.2.4. The output C covers all elements and has size at most 4L - ) ;%5 with probability
at least 1/2.

References: (Shmoys and Shmoys, 2010, Section 1.7).

Proof. By Lemma 20.2.1, C fails to cover all elements with probability at most 1/4. By Lemma 20.2.3,
C' has size exceeding 4L - > ; j with probability at most 1 /4. By a union bound, the probability that
either of these occurs is at most 1/2. O

Corollary 20.2.5. There is a randomized, polynomial-time algorithm that gives a 4 In(4n)-approximation
to the Set Cover problem.

Proof. Compute an optimum solution z to the linear program; it satisfies > ;T = LPOPT. This can
be done in polynomial time, for example by interior point methods. By Theorem 20.2.4, the rounding
algorithm above has probability 1/2 of producing a Set Cover solution C' with

IC| < 4L-) a; = 4L-LPOPT < 4L-OPT. O
j

8 (©Nicholas Harvey 2021. All rights reserved.
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20.3 Exercises

Exercise 20.1. By adjusting the parameters, show that the integrality gap is at most (14 2¢)In(n/e)
for any € > 0.

Exercise 20.2. Consider an instance of the Set Cover problem in which all sets have size |S;| < k.
Our randomized rounding algorithm gives an O(logn) approximation. However, it is known that the
greedy algorithm gives a In k approximation.

Can we modify the rounding algorithm to use fewer than Inn phases? Perhaps we can use only Ink
phases and thereby get a In k approximation? Unfortunately not.

Part I. Fix k£ = 1. Describe an instance of the Set Cover problem and a feasible LP solution such that,
in each phase t, each element i has probability p > 1/e — 1/4n of being uncovered in that phase.

Part II. Consider your instance from part (a). Let £ = Inn — d for an arbitrary value d. Suppose we
only perform the randomized rounding for ¢ phases. Prove that the expected number of elements who
are still uncovered is Q(e?).

Part ITI. Consider the same instance from part (a). Let £ = In(n)/2. Prove that, with probability at
least 1 — 1/n, there are at least \/n/2 elements still uncovered after ¢ phases. You may assume that n
is sufficiently large.

9 (©Nicholas Harvey 2021. All rights reserved.



Chapter 21

Concentration Bounds, with details

21.1 Chernoff bound, in detail

The Chernoff bound was presented in a simplified form in Theorem 9.2.2. Let us now present it in a
more elaborate form.

Let X1,...,X, be independent random variables such that X; always lies in the interval [0, 1]. Define
X =>"" | X;. The expectation E[X | need not be exactly known, but we assume that g <E[X ] < f.
If it is exactly known, we may define i = g =E[X].

Theorem 21.1.1. For all § > 0,

(a) i () 6762‘1/3 (if o< 1) “Gaussian tail”
~ S 7
Right tail: Pr [X > (1 + 5)#] < ((1-&-2)1‘*‘5) < e_(1+5) In(1+9)i/4 (if o> 1) “Poisson tail”
6_6‘0'/3 (if 6> 1) “Exponential tail”
() - fi (d) y
Left tail: Pr [X S (1 — (S)/:l:l S <%) S 6—52H/2 “Gaussian tail”.

Inequalities (c) and (d) are only valid for 6 < 1, but Pr{X < (1 —-4)z]=01if § > 1.

References: (McDiarmid, 1998, Theorem 2.3), (Lehman et al., 2018, Theorem 20.5.1), (Motwani and Raghavan, 1995, Section 4.1),
(Mitzenmacher and Upfal, 2005, equations (4.2) and (4.5)), (Klenke, 2008, Exercise 5.2.1), Wikipedia.

The tails have a qualitative difference in their dependence on 4.

e The “Gaussian tails” depend on §2. This resembles a Gaussian distribution (see Appendix B.4.3),
whose tails look like exp(—d2/2) (see Fact B.4.8).

e The “Poisson tail” depends on [§dlndl. This resembles a Poisson distribution, whose mass function
function looks like! 1/8! ~ exp(—d1n ).

e The “Exponential tail” depends on [@. This resembles the exponential distribution, whose tail
looks like e~9. This is weaker, but more convenient, than the “Poisson tail”.

!See, e.g., (Vershynin, 2018, Theorem 1.3.4) or these lecture notes.
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21.2 Proofs for Chernoff Bound

21.2.1 Proof of inequality (a)

The Chernoff bounds would not be true without the assumption that X1, ..., X,, are independent. What
special properties do independent random variables have? One basic property is that

E[A-B] = E[A] - E[B] (21.2.1)

for any independent random variables A and B.

References: (Lehman et al., 2018, Theorem 19.5.6), (Anderson et al., 2017, Fact 8.10), (Feller, 1968, Theorem 1X.2.3), (Cormen
et al., 2001, Exercise C.3-5), (Motwani and Raghavan, 1995, Proposition C.6), (Mitzenmacher and Upfal, 2005, Theorem 3.3),
(Grimmett and Stirzaker, 2001, Lemma 3.3.9), (Durrett, 2019, Theorem 2.1.13), (Klenke, 2008, Theorem 5.4).

But the Chernoff bound has nothing to do with products of random variables, it is about sums of random
variables. So one trick we could try is to convert sums into products using the exponential function.
Fix some parameter 6 > 0 whose value we will choose later. We will look at the random variables

exp(0X;) Vi € [n]

and exp(X) = exp (92n:Xi> = ﬁexp(GXi)
i=1 i=1

Since X1, ..., X, are independent, it follows? that e?X1, ... ¢?X» are also independent. Therefore, using
(21.2.1) repeatedly,

E [e”ﬂ - [IE {eaXi}. (21.2.2)

So far this all seems promising. We want to prove that X is small, which is equivalent to proving that
e?X is small. Using (21.2.2), we can do this by showing that each E [eexi] is small. Perhaps we can
somehow show E [eaXi] is small by comparing it to E[ X;]?

If we were forgetting the rules of probability, we might be tempted to say that E [eoXi ] equals e? BIXil
but that is false. We might remember one useful probability trick called Jensen’s inequality (Fact B.4.2)
that says f(E[A]) < E[f(A)] for any random variable A and any convex function f. Applying this
with f(x) = €%, we see that

HBIX:] < E[e”‘i]. (21.2.3)

So we get a lower bound on E [eeXi] in terms of E[X; ], but we actually wanted an upper bound.

Claim 21.2.2 gives the desired upper bound; it shows that the inequality in (21.2.3) can almost be
reversed. The proof is easy once we have the following convexity fact.

Claim 21.2.1. For all # € R and all z € [0, 1],

exp(fz) < 1+ (! —1)z < exp ((69 —1)z).

The inequalities are illustrated by this plot.

2See (Lehman et al., 2018, Lemma 19.2.2), (Cormen et al., 2001, Equation (C.24)), (Grimmett and Stirzaker, 2001,
Theorem 3.2.3), (Klenke, 2008, Remark 2.15(iii)).

11 (©Nicholas Harvey 2021. All rights reserved.



Proof of Claim 21.2.1. Consider the first inequality e < 1+ (e — 1)x for all # € [0,1]. This follows
from Fact B.3.8 by setting ¢ = e?. The second inequality 1+ (¢’ — 1)z < exp((e — 1)z) follows from
the familiar Fact A.2.5. O

Claim 21.2.2. Let 6 € R be arbitrary. Then E [e?*i ] < exp ((¢? — 1) E[X;]).

Proof. The main idea is as follows. Although we cannot “pull the expectation inside the exponential”,
we can use Claim 21.2.1 to approximate the exponential by a linear function, then “pull the expectation
inside” via linearity of expectation, then finally switch back to an exponential function.

The formal argument is
B[] < Bl14( - 1)X:| = 14 (¢ - DE[X] < exp((e? - DE[X;]),
where both inequalities follow from Claim 21.2.1. ]

Now we are ready to prove the inequality (a) of the Chernoff bound.

Pr[X > (1+6)a] = Prlexp(6X) > exp (0(1+0)4) | (by monotonicity) (21.2.4)
E [exp(0X)]
exp(6(1 +0)/1)
— Hz 1 B [GGXZ}
ol (by (21.2.2))
[T exp((e” — DE[X;])
exp(0(1+d)i)

< (by Markov’s inequality)

< (by Claim 21.2.2).

Gathering everything inside one exponential we get

Pr(X > (1+6)i] < exp((e”~1) S E[X]-6(1+ 0)it). (21.2.5)

By calculus, the choice of 8 that minimizes the right-hand side is
0 = In(1+9). (21.2.6)

12 (©Nicholas Harvey 2021. All rights reserved.



Plugging this into (21.2.5) and using ) ,E[X;] = E[X | < /i, we obtain
Pr[X > (1+6)i] < exp (5@ —In(1+6)(1 + 5)@),

which is equivalent to inequality (a).

References: Another exposition of inequality (a) can be found in (Lehman et al., 2018, Section 20.5.6).

21.2.2 Proof of inequality (b), when 6 € [0, 1]

Claim 21.2.3. Then (1+2z)In(l+z)—x > @ -x? for all z € [0, 1].

Proof. Note that the LHS and RHS both vanish at z = 0. So the claim holds if the derivative of the
LHS is at least the derivative of the RHS on the interval [0,1]. By simple calculus,

dn(2) o
T g ¥ = In(2)z.

% [(1+2)ln(l+2) -] =ln(1+2) and

These derivatives are illustrated in the following figure.

0.67
0.5+

0.4+

—In(l+x)

—In(2) x 0.37

0.2+

0.1

They agree when x = 0 (both equal zero) and also agree when x = 1 (both equal In2). Thus we have
In(1 4 z) > In(2)z for all z € [0, 1], since the LHS is concave and the RHS is linear. O

Inequality (b) now follows straightforwardly because

66
< exp ( - hl—252> (by Claim 21.2.3)
2
< 6_62/3

since In(2) > 0.69 > 2/3.

13 (©Nicholas Harvey 2021. All rights reserved.



21.2.3 Proof of inequality (b), 6 > 1

Claim 21.2.4. Define

g(z) = (14+2)In(l+2)/4

Then f(z) > g(x) > h(z) for z > 1.
This claim is illustrated by the following plot.

254

—(I+x)In(1+x)—x| 1.5+

—L . :
4 (1+x)In(1 +x)
1

— X

3

0.5

—
w

1.5 2 25
N

Proof. First we observe that the claimed inequality holds at the point x = 1. We have

F(1) = 2In(2) —1 > 0.38
g(1) = In(2)/4 =~ 0.346
h(1) = 1/3 < 0.34.

We will show that their derivatives satisfy

d O d 2 d
— > — > — >
@) > gle) > Th() Va1,

from which the claim follows by integration. These derivatives have the following expressions.

%f(ff) =In(1+x) %g(m) =(1+1In(l+2x))/4 and %h(az) =1/3.

Inequality (2) is straightforward. For > 1, we have (1 +In(1+))/4 > (1 4+ 1n(2))/4 ~ 0.423, which
is greater than 1/3.

For inequality (1), first observe that y > (1 + y)/4 for y > 1/3. Substituting y « In(1 + z) gives
In(1+z) > (14 1In(1 4 2))/4 for 2 > €'/3 — 1 ~ 0.395. This implies (1). O

14 (©Nicholas Harvey 2021. All rights reserved.



We can now show inequality (b) of Theorem 21.1.1 in the case § > 1. Using the notation of Claim 21.2.4,

e

s = exp(—((1+5)ln(1+5)—5)>

= exp ( — f(é)) < exp ( — g(é)) < exp ( — h(d)).

Substitituting the definition of g and h, we obtain

4

(m)u < exp (— (1+0)In(1+0)i/4) < exp (—di1/3).

21.2.4 Proof of inequality (c)

The argument is very similar to the proof of inequality (a). We will choose 6 to be negative.

Pr(X <(1-6)i] = Prlexp(6X) > exp (0(1—0)i)] (by monotonicity and 6 < 0)
_Elep(6X)] arkov’s inequali
xp(B(1 — 9)7) (b Markors fnedualiy)

0

[Liz, exp((e” — D E[X;])
exp(6(1 — 9) )

n

:exp(e—l ZE —91—5)/1)

< exp ((¢” = D~ 0(1 - 8)t).

(by Claim 21.2.2)

This last inequality holds because # < 0 so ¢ — 1 < 0, and because i < Y E[X;]. Plugging in
0 = In(1 — 0), which is negative, we obtain

Pr(x < (-0 = (7 53)

which is inequality (c).

21.2.5 Proof of inequality (d)

The statement and the proof are similar to Claim 21.2.3.

Claim 21.2.5. Then (1 —2)In(l1 —z)+z > 3 -2? forall z € [0,1).

Proof. Note that the LHS and RHS both vanish at x = 0. So the claim holds if the derivative of the
LHS is at least the derivative of the RHS on the interval [0,1). By simple calculus,

d d
dx[(l—x)ln(l—x)—i—m] =—In(1—2) and T 2?/2 = .
The linear approximation of —In(1 — x) at = 0 is
x-%(—ln(l—a})) =z (&) =z
=0 =0
Furthermore, —In(1 — =) is convex on [0,1) because its second derivative is 1/(1 — z)? > 0. Thus
—In(1—z) >z on [0,1). O

15 (©Nicholas Harvey 2021. All rights reserved.



Inequality (d) now follows straightforwardly because, using Claim 21.2.5,

e—é

m _ exp(_((1_5)1n(1_5)+6)> < exp(—52/2).

21.3 Proof of the Hoeffding Bound

The Hoeffding Bound was introduced in Section 9.3. We will prove the following slightly weaker result.

Theorem 21.3.1. Let X;i,...,X,, be independent random variables such that X; always lies in the
interval [0, 1]. Define X = """ ;| X;. Then

Pr|X —E[X]| >t] < 2exp(—t?/2n)  Vt>0.
Simplifications. First of all, we will “center” the random variables, which cleans up the inequality

by eliminating the expectation. Define X; = X; — E[X;] and X = 3_7 | X;. Note that® X; € [~1,1].
Our main argument is to prove that

Pr {X > t] < exp(—t?/2n). (21.3.1)
The same argument also applies to -X , So we get that
Pr [—X zt} = Pr [X < —t} < exp(—t2/2n).
Combining them with a union bound, we get
Pr|X -E[X]|>t] = Pr [|X| Zt} < Pr {X zt] + Pr {—X Zt} < 2exp(—t?/2n).
This proves the theorem (with the weaker exponent).

Proof of (21.3.1). As in the proof of the Chernoff Bound (see (21.2.1)), we will use the fact that
E[A-B|=E[A]-E[B] for any independent random variables A and B.

Key Idea #1: As in the proof of the Chernoff Bound, we will convert sums into products using the
exponential function. Fix some parameter A > 0 whose value we will choose later. Define

Y; = exp(AX;)

n n n

Y = exp(/\X) = exp (AZX}) Hexp(AXi) = HYZ
; = :

=1 1=

It is easy to check that, since { X7, ..., X, } is mutually independent, so is {Xl, ... ,Xn} and {Y7,...,Y,}.
Therefore, as in (21.2.2),

E[Y] = [[EIV]. (21.3.2)

3This step is where the argument is not careful enough to obtain the optimal exponent: X; is actually supported on
an interval of length 1, although our argument only assumes that it is supported on an interval of length 2.

16 (©Nicholas Harvey 2021. All rights reserved.



So far this all seems quite good. We want to prove that X is small, which is equivalent to proving Y is
small. Using (21.3.2), we can do this by showing that the E[Y;] terms are small. Doing so involves an
extremely useful tool.

Key Idea #2: The second main idea is a clever trick to bound terms of the form E [exp(AA) ], where
A is a mean-zero random variable. We discuss this idea in more detail in the next subsection. We will
use? Lemma 21.3.2 to show

B[Y;] = E{exp()\)?i)} < exp(A2/2). (21.3.3)

Thus, combining this with (21.3.2),

E[Y] < ﬁexp(A2/2) = exp(A\?n/2). (21.3.4)
=1

Now we are ready to prove Hoeffding’s inequality:
Pr [X > t} = Pr [exp()\f() > exp (At) } (by monotonicity of e*)
E [exp()\)z)}

< L 1
—  exp(At)
= E[Y ] exp(—A\t)
< exp(A®n/2 — At) (by (21.3.4))
= exp(—t2/2n),

(by Markov’s inequality)

by optimizing to get A = t/n. O

21.3.1 Hoeffding’s Lemma

The second main idea of Hoeffding’s inequality is the following claim.

Lemma 21.3.2 (Hoeffding’s Lemma, symmetric version). Let A be a random variable such that
|A| <1 with probability 1 and E[A] = 0. Then for any A > 0, we have E [exp(AA)] < exp(A\?/2).

Intuitively, the expectation should be maximized by the random variable A that is uniform on {—1,+1}.

In this case,
1 1
Elexp(A4)] = §e>‘ - §€_>\ < M2
This inequality is a nice bound on the hyperbolic cosine function (Claim 21.3.3). The full proof of
Lemma 21.3.2 basically reduces to the case of A € {—1,1} using convexity of e*.

Proof. Define p= (14 A)/2 and ¢ = (1 — A)/2. Observe that p,¢ >0, p+¢=1,and p—q= A. By
convexity,

A -
et e A _
7—#—(6)‘—6 ’\).

exp(AA) = exp (A(p — q)) = exp (Ap+ (=A)g) < p-exp(A) + ¢ - exp(—A) = 5 5

4If we were more careful here and instead used Lemma 21.3.4, we could improve the constant in the exponent in
(21.3.3) from 1/2 to 1/8. This would improve the constant in the exponent in (21.3.1) from 1/2 to 2.
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Thus,

A —A A A -
Elepd)] < BE| S S ey = 10
2 2 2
since E[ A] = 0. This last quantity is bounded by the following technical claim. O

Claim 21.3.3 (Approximation of Cosh). For any real x, we have (% + ¢™%)/2 < exp(x?/2).

References: (Alon and Spencer, 2000, Lemma A.1.5).

Proof. First observe that the product of all the even numbers at most 2n does not exceed the product
of all numbers at most 2n. In symbols,

N

n n

2"(n!) = [J2i) < [[i = @n)

i=1 i=1
Now to bound (e* 4+ e™*)/2, we write it as a Taylor series and observe that the odd terms cancel.
2n

er +e* " —z)" 2" z z?/2)"
T LEtE S i i S % - e

n>0 n>0 ’ n>0 n>0 n>0

A common scenario is that A is mean-zero, but lies in an “asymmetric” interval [a, b], wherea < 0 < b. A
tighter version of Lemma 21.3.2 can be derived for this scenario, although its proof is more complicated.

Lemma 21.3.4 (Hoeffding’s Lemma, asymmetric version). Let A be a random variable such that A €
[a, b] with probability 1 and E[A] = 0. Then for any A > 0, we have E [exp(AA)] < exp (A*(b—a)?/8).

References: (McDiarmid, 1998, Lemma 2.6), (Cesa-Bianchi and Lugosi, 2006, Lemma A.1), (Shalev-Shwartz and Ben-David, 2014,
Lemma B.7), (Alon and Spencer, 2000, Theorem A.1.17), Wikipedia.

The proof uses ideas similar to the proof of Lemma 21.3.2, except we cannot use Claim 21.3.3 and must
instead use an ad-hoc calculus argument.

21.3.2 The Generalized Hoeffding Inequality

Theorem 21.3.5 (Hoeffding’s General Inequality). Let Xi,..., X, be independent random variables
where X; € [a;,b;]. Let X =37 | X;. Then

Left tail: Pr X;<E[X]—-s < exp ( — 2n—)
_; %] ] > i (bi — as)?
. .
Right tail: ~ Pr|S X;>E[X]+s| < exp ( - 2n—)
_; > im1(bi — ai)?
. P
Combined tails: Pr Xi—E[X]|>s| < 2exp < - 2,1—).
L ; ] Zizl(bi — a;)?

In particular, for any desired ¢ € (0,1), setting s = \/In(2/q) > (b; — a;)?/2 gives
Pr[[Y X —E[X][2 5] < q.

References: (McDiarmid, 1998, Theorem 2.5), (Vershynin, 2018, Theorem 2.2.6), (Boucheron et al., 2012, Theorem 2.8), (Roch,
2020, Theorem 2.40), (Dubhashi and Panconesi, 2009, Problem 1.9), (Grimmett and Stirzaker, 2001, Theorem 12.2.3), Wikipedia.
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Proof of Theorem 21.3.5. We will prove only the right tail. Let X; = X; — E[X;]. For § > 0,

Pr(3L,X) —E[X] > s] = Pr[},X; > s]

= Pr [exp(ﬁziyi) > 605} (monotonicity)

< E[exp(—0s+ 6>, X;) ]| (Markov inequality)

= e ¥ H E [exp(6X;) | (independence of X;)

< et H ¥ (bi=ai)?/8 (by Lemma 21.3.4)

= exp (—0s+ 63, (b; — a;)?/8) (21.3.5)

By simple calculus,  — —0s+602a is minimized by taking § = s/2«, and the minimum value is —s2/4a.
Thus (21.3.5) is minimized by taking 6 = 4s/>".(b; — a;)?, yielding the bound

82
Pr[Y.X, —E[Xi] 2 s] < exp(—M).

This is the claimed right tail. O

References: Dubhashi-Panconesi Problem 1.9, Ledoux-Talagrand Section 4.1, Wikipedia.

21.4 Exercises

Exercise 21.1 Massart’s Lemma.  Let P C R? be a set of points satisfying ||p|| < 1 for all

p € P. (Here ||p| is the Euclidean norm \/>>% | p2.) Let m = |P|. Let &,...,& € {—1,+1} be uniform
and independent random signs.

Part I. Use the Generalized Hoeffding Inequality to prove that, for all s > 0,
d
Pr | ma &> s| < m-exp(—s2/2).
r[gleg;pz&_SI < m-exp(—s°/2)
Part II. Using the previous part, prove that

d
E[r&aﬁ(;pi&] < V2Inm+ O(1).
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Chapter 22

More Applications of Concentration

22.1 Balls and Bins: The Heaviest Bin

Let us return to the topic of balls and bins, which was first introduced in Chapter 7. Consider throwing
n balls into n bins, uniformly and independently. Let B; be the number of balls in bin ¢. In Section 7.6
we used an ad hoc argument to analyze the load on the heaviest bin, namely max; B;. Now we will give
an alternative analysis using the Chernoff bound.

Theorem 22.1.1. Assume n > 3. Define

16Inn
Inlnn’

With probability at least 1 — 1/n, the heaviest bin has at most « balls. That is,

Pr [maXBi < a} > 1-1/n.
KA

This theorem is optimal up to constant factors. It is known that max; B; > Inn/Inlnn with probability
at least 1 — 1/n. See, e.g., (Mitzenmacher and Upfal, 2005, Lemma 5.12).

This choice of « is motivated by the following claim.

Claim 22.1.2. o> 2 and alna > 8lnn.

Proof. The first step is to give tail bounds on B;. We decompose Bj into indicator random variables as
B = Xi+Xo+--+ Xy,

where X; is 1 if the j*® ball lands in the first bin. For each j € [n] we have E[X;] = 1/n, so
E[Bi]=};E[X;] =1. What is the probability that this first bin has at least a balls?

We will analyze this event using Theorem 21.1.1, inequality (b) for the case § > 1. Specifically, letting
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X =Bj;and d =a—1 > 1, we obtain

Pr(B; >a] = Pr[B; > aE[B]] (since E[B1]=1)
< exp(—E[Bi]-aln(a)/4) (by the Chernoff bound)
= exp (— aln(a)/4) (since E[B1]=1)
< exp (- (8Inn)/4) (by Claim 22.1.2)
_ % (22.1.1)

So bin 1 is unlikely to have more than « balls.

Here we have analyzed bin 1, but the bins are all equivalent so the same analysis actually holds for all
bins. The remainder of the argument is just the union bound.

Pr[any bin has > a balls] = Pr[Bi >a V By>a V --- V B, > «]

< ZPr [B; > o] (Fact A.3.8)

< Zi (by (22.1.1))

Thus, with probability at least 1 — 1/n, all bins have at most « balls. O

Proof of Claim 22.1.2. First we claim that 2y/x > Inx for all z > 0. For = € (0, 1] this is clear because
2y/x > 0 > Inz. In the regime = > 1 we have 1/\/x > 1/x, so integrating both sides shows that

2y/x >Inzx.

Applying this inequality with = = Inn, we obtain 2v/Inn > Inlnn. Since n > 3 we have Inlnn > 0, so
the previous inequality may be rewritten as

1
~ S Vi (22.1.2)

Inlnn

From this we may infer (again using n > 3) that

1
a > 8-<2 n") > 8.vIn3 > 2.

Inlnn

Next we take the log of both sides of (22.1.2), obtaining

Inn
> .
Inae > In (ZInlnn) > (1/2)Inlnn
Thus, to conclude
o > 162" . ((1/2)Inlnn) = 81
alno > 16, - — nlnn) = 8lnn,
which was the claimed bound. O
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22.2 Congestion Minimization

One of the classically important areas in algorithm design and combinatorial optimization is network
flows. A central problem in that area is the maximum flow problem. We now look at a generaliza-
tion of this problem. An instance of the problem consists of a graph G = (V,E) and a sequence
(s1,t1),--.,(Sk, tx) of pairs of vertices. (The graph can be directed or undirected.) Let n = V and
m = |E|. For convenience, we will assume there are no multi-edges, and that commodities have distinct
source-sink pairs, so that m, k < n?.

A natural question to ask is: do there exist paths P; from s; to t; for every ¢ such that these paths
share no arcs? This is called the edge-disjoint paths problem. For directed graphs, the problem is
NP-hard even in the case kK = 2. For undirected graphs, the problem is polynomial time solvable if & is
a fixed constant, but NP-hard if k is a sufficiently large function of n.

We will look at a variant of this problem called the congestion minimization problem. The idea is
to allow each edge to be used in multiple paths, but not too many paths. The number of paths using
a given edge is called the “congestion” of that edge. We say that a solution has congestion C' if it is
a collection of paths P; from s; to t;, where each edge is contained in at most C' of the paths. The
problem is to find the minimum value of C such that there is a solution of congestion C. This problem
is still NP-hard, since determining if C' = 1 is precisely the edge-disjoint paths problem.

We will look at the congestion minimization problem from the point of view of approximation algorithms.
Let OPT be the minimum congestion of any solution. We would like to give an algorithm which can
produce a solution with congestion at most o - OPT for some o > 1. This factor « is the called the
approximation factor of the algorithm.

Theorem 22.2.1. There is an algorithm for the congestion minimization problem with approximation
factor O(logn/loglogn).

To design such an algorithm we will use linear programming. We write down an integer program (IP)
which captures the problem exactly, relax that to a linear program (LP), then design a method for
“rounding” solutions of the LP into solutions for the IP.

The Integer Program Writing an IP formulation of an optimization problem is usually quite simple.
That is indeed true for the congestion minimization problem. However, we will use an IP which you
might find rather odd: our IP will have exponentially many variables. This will simplify our explanation
of the rounding.

Let P! be the set of all paths in G from s; to t;. (Note that |P?| may be exponential in n.) For every
path P € P’ we create a variable x'5. This variable will take values only in {0,1}, and setting it to 1
corresponds to including the path P in our solution.

The integer program is as follows.

min C
s.t. Z zt =1 Vi € [k]
PcPpi '
Z Z p <C Veec FE
t  pep?
ecP
C >1
z% € {0,1} Vi€ [k], P e P!

The last constraint says that we must decide for every path whether or not to include it in the solution.
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The first constraint says that the solution must choose exactly one path between each pair s; and t;.
The second constraint ensures that the number of paths using each arc is at most C. The optimization
objective is to find the minimum value of C' such that a solution exists. Lastly, we have the constraint
C > 1. This seems redundant, since it is clearly satisfied by any solution: every path s;-t; must traverse
some edge, forcing congestion at least 1. Nevertheless, it will be slightly helpful for the linear program
below.

Every solution to the IP corresponds to a solution for the congestion minimization problem with con-
gestion C, and vice-versa. Thus the optimum value of the IP is OPT — the minimum congestion of
any solution to the original problem.

This integer program is NP-hard to solve, so we relax it into a linear program, by replacing the integrality
constraints with non-negativity constraints. The resulting linear program is:

min C
s.t. Z zt =1 Vi € [k]
Pepi '
Z Z p <C Vee E
i pepl
ecP
C >1
Tp >0 Vie k], PeP

Using techniques® in combinatorial optimization, we can:

e solve this LP exactly in time poly(n), and

e ensure that the number of non-zero variables z% is poly(n).

Let C* be the optimal value of the LP. Recall that we have a constraint which ensures that C* > 1.
Claim 22.2.2. C* < OPT.

Proof. The LP was obtained from the IP by removing constraints, so the LP’s feasible region contains
the IP’s feasible region. Thus, any feasible solution for the IP is also feasible for the LP. In particular,
the optimal solution for the IP is feasible for the LP. So the LP has a solution with objective value
equal to OPT, and its minimum objective value is at most OPT. O

The Rounding. Our algorithm will solve the LP and most likely obtain a “fractional” solution — a
solution with some non-integral variables, which is therefore not feasible for the IP. The next step of
the algorithm is to “round” that fractional solution into a solution which is is feasible for the IP. In
doing so, the congestion might increase, but we will ensure that it does not increase too much.

We will use randomized rounding in such a way that we choose ezactly one path from s; to t; for each
i € [k]. That is, we generate independent random variables Py, ..., Py, where P; € P*, such that

Pr[P,=P] = 2% Vic[k], PcP"

Observe that the LP’s constraints ensure that these are indeed probabilities: for each i, :cég > 0 and
> pepi Tp = 1. The algorithm simply outputs the chosen paths P, ..., Py.

!There are two ways to do this. The first way is to solve the dual LP using the ellipsoid method. This can be done in
poly(n) time even though it can have exponentially many constraints. The second way is to find a “compact formulation”
of the LP which uses fewer variables, much like the usual LP that you may have seen for the ordinary maximum flow
problem.
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22.2.1 Analysis

Our main taks is to analyze the congestion of these chosen paths. Consider a specific edge e € E. The
number of chosen paths that use edge e is clearly

k
E 1€EPZ"
=1

Furthermore, the random variables 1l.cp, are independent because the chosen paths Pi,..., P are
independent.

Claim 22.2.3. The expected number of chosen paths that use edge e is

k
E 16€Pi
=1

E < C*.

Proof. Since the events “P; = P” are disjoint, we have

E[lep] = > Pr[P=P] = > b
PeP! PeP!
ecP eeP

Thus, by linearity of expectation, the expected number of chosen paths using edge e is

k k
D Zleepi] =Y
=1 i1=1 pep?
eceP

The second constraint of the LP ensures that this is at most C'. Furthermore, since we assume that our
fractional solution is optimal for the LP, we have C = C*. O

This claim only tells us about the ezxpected congestion. When using randomized rounding, there will
tend to be variance, and some edges might end up with a congestion exceeding this expectation. We
will use the Chernoff bound to show that the congestion in unlikely to be too much larger. Specifically,

define?
241Inn

Inlnn’
We will show that it is very likely that every edge has congestion at most aC*. This choice of « is
motivated by the following claim, which is a trivial modification of Claim 22.1.2.

Claim 22.2.4. o> 2 and alna > 121Inn.

Lemma 22.2.5. Fix an edge e. Then

k
Pr [Z leep, > aC*

=1

Proof. We will apply the Chernoff bound to

k
X =) lep.
=1

2We have a > 0 due to the assumption that n > 3.
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Note that X is a sum of independent random variables, each of which takes values in {0,1}. Define
i = C* and note that E[X ]| < [ by Claim 22.2.3. Next define 6 = o — 1 and note that 6 > 1 by
Claim 22.2.4.

Thus we may apply Theorem 21.1.1, inequality (b) for the case 6 > 1. This yields

Pr(X>aC*] = Pr[X > (14+0)j] (definition of § and /i)
< exp(—(1+6)In(1+6)a/4) (Chernoff bound)
= exp(— (alna)C*/4) (definition of §)
< exp(—31nn),

where this last inequality uses Claim 22.2.4 and also that C* > 1 (due to the last constraint of the
LP). O

Theorem 22.2.6. With probability at least 1 — 1/n, the rounding produces a list of paths Pi, ..., P
with congestion at most aOPT.

Proof. The proof follows easily by a union bound. The probability that any edge has congestion at least
C* is exactly

k k
Pr | Je e FE s.t. Z lecp, > aC*] < Z Pr [Z leep, > aC* (by a union bound)
i=1 c€E i=1
> (1/n?) (by Lemma 22.2.5)
eeE

< 1/n,

IN

since |E| < n?. By Claim 22.2.2 we have C* < OPT. Thus, the probability that any edge has congestion
at most aOPT is at most 1/n. O

Further Remarks. The rounding algorithm that we presented is actually optimal: there are graphs
for which OPT/C* = Q(logn/loglogn). Consequently, every rounding algorithm which converts a frac-
tional solution of LP to an integral solution of IP must necessarily incur an increase of Q(logn/loglogn)
in the congestion.

That statement does not rule out the possibility that there is a better algorithm which behaves com-
pletely differently (i.e., one which does not use IP or LP at all). But sadly it turns out that there is no
better algorithm (for the case of directed graphs). It is known that every efficient algorithm must have
approximation factor o = Q(logn/loglogn), assuming a reasonable complexity theoretic conjecture
(NP ¢ BPTIME(nO(cglogn)))  So the algorithm that we presented is optimal, up to constant factors.

22.3 Error-correcting codes

Suppose a person (the sender) wants to transmit a message to another person (the receiver). This
message might somehow be corrupted during transmission. The goal is for the receiver to determine
the original message, even if these corruptions occur.

There are various ways to model corruptions, such as stochastic noise (or Shannon model), stochastic
erasures, stochastic deletions, adversarial erasures, etc.
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We will consider the adversarial noise model (or Hamming model), in which it is assumed that at
most ¢t symbols of the message are be corrupted. The values and locations of those corruptions can be
arbitrary.

The sender and receiver will first agree upon a code, which we define to be a set of binary strings of
length n. These strings are called codewords. In symbols, the Hamming cube is {0,1}", and a code
is a set

Code: C C{0,1}".

Since the codewords are binary strings, C is sometimes called a binary code. The set C can be ordered,
for example by viewing the codewords as binary numbers. Thus we may write C = {C1,...,Cy} for
some value M. Note that |C| < 2", so

2" > M (22.3.1)

The communication scheme is as follows. Suppose that there are M different messages that the sender
could send. We can think of a message simply as being an integer m € [M]. (For example, the messages
might be arbitrary binary strings of length 1g M.) Each message m can be identified with a codeword
in a canonical way; for example, message m corresponds to codeword C,.

Transmitting m directly would take [lg M| bits. Instead, the sender transmits C,,, which takes n bits.
This requires more bits to be transmitted:

n > [lgM] (22.3.2)

because of (22.3.1). This value n is called the block length of the code. The efficiency of the code is
measured by how tight the inequality (22.3.2) is. Quantatively, the rate of C is defined to be

lgiIC|]  lgM
n  on

R =

The main question: if the codeword is corrupted during transmission, can the receiver still determine
the original message m?

22.3.1 Decoding

Let & denote Binary Xor. The Hamming distance between x,y € {0,1}" is

n

Alw,y) = Y (@i@y) = D |wi—vl = llz—yl;. (22.3.3)
i1

i=1
Observe that A satisfies the triangle inequality
A@,2) < Aley)+ Ay, 2) (22.3.4)

because ||-||; is a norm. (This also follows by applying Fact A.2.4 component-wise.)

The mintmum distance (or simply distance) of C is

d = min A .
Jin, (z,y)

The relative distance is d/n.

Claim 22.3.1 (Unique decoding). Let x € C be arbitrary. Produce y from z by flipping at most L%J
bits. Then, given y, one can determine x.
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Proof. By construction of y, the Hamming distance A(x,y) satisfies

Az,y) < V;lJ

However, for any other codeword z € C, where z # x, we have

Az,y) > Az,z) — Az, y) (by the triangle inequality (22.3.4))

d—1
> d—|—
= 0= |5
d—1
> d/24+1/2 > { 5 J
We have shown that y’s Hamming distance to x is smaller than to any other z. O
22.3.2 A random code construction

Theorem 22.3.2. For any € > 0, there exists a binary code of relative distance 1/2 — ¢ and rate Q(e2).

References: MIT course notes.

Remark 22.3.3.

e You might wonder why we aim for relative distance nearly 1/2 instead of relative distance nearly
1. This is because binary codes with relative distance nearly 1 have rate going to zero with n.
Specifically, if § > 1/2 + € then M < 1/e so the rate is R <1g(1/¢)/n, which vanishes as n — oo.
See (Guruswami et al., 2019, Theorem 4.4.1).

e The Gilbert-Varshamov greedy code construction also achieves relative distance 1/2 — ¢ and rate
Q(e?). See (Guruswami et al., 2019, Theorem 4.2.1 and Proposition 3.3.5).

e For codes with relative distance 1/2 — ¢, the rate of €(e?) is nearly optimal. The so-called Linear
Programming bound implies a O(e?log(1/¢€)) upper bound on the rate. See (Guruswami et al.,
2019, Section 8.2). For the special case of “balanced codes”, the O(e? log(1/¢)) bound follows from
an algebraic argument due to Alon.

Claim 22.3.4. Let y, z be independent and uniformly random points in {0,1}". Then

Pr[A(y,z)/n <1/2—€] < exp(—€n).

Proof. The Hamming distance A(y, z) can be decomposed into indicators as
A(yv Z) = ZXZ

where X; = y; @ z;. Note that X; is an unbiased Bernoulli RV — it is 0 or 1 with probability 1/2. (This
actually follows from Corollary A.3.26.) The expected distance is p = E[A(y, z) | = n/2. Then, by the
Chernoff bound,

PriA(y,z)/n<1/2—¢€] = Pr{A(y,z) < (1 —2€)u]

< exp (- (2¢)°1/2)
= exp(—€éZn). O
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Proof of Theorem 22.3.2. Let M = exp(e?n/2) and pick Ci,...,Cps in {0,1}" independently and uni-
formly at random. The previous claim shows that, for any pair of these points, they are unlikely to
have small Hamming distance. This is extended to all pairs of points by the union bound.

M
Pr(3i,j st. A(C;,Cj)/n<1/2 —€] < < 5 > - exp(—€’n) (union bound)

MQ
< 5 exp(—€*n) (by Claim 22.3.4)
_ ! (exp(€n/2))” - exp(—€’n)

2 Me——_—

=M

= 1/2.

We define the code C = {C1,...,Cy}. It definitely has rate

lgM  énj2 9
n  In@2n ).

Furthermore, with probability at least 1/2, we have A(Cj, Cj)/n > 1/2 — e for all i # j, which implies
that C has relative distance at least 1/2 — e.

Since this construction has probability at least 1/2 of producing a code with the desired rate and
distance, it follows that such a code must exist. This style of argument is an example of the probabilistic
method. ]

Research Questions. There are several open questions relating to this topic. See (Guruswami et al.,
2019, Section 8.3).

e Is the Q(e?) rate optimal?
e Can one explicitly describe a code achieving rate Q(e2)?

e Is there a code with rate Q(e?) that can be efficiently decoded?

Recent research. Very recently, startling progress has been made on the second and third questions.
A breakthrough of Ta-Shma in STOC 2017 has shown that there are explicit codes with distance 1/2—¢€
and rate Q(e?*®) where a — 0 as € — 0. Moreover, in STOC 2021, Jeronimo et al. showed that these
codes can be decoded in nearly-linear time.

Exercises

Exercise 22.1. For this exercise, define the Hamming ball, for any x € {0,1}" and d > 0, to be
B(z,d) = {ye{0,1}" : A(z,y) <d}.

Here A(z,y) is the Hamming distance, defined in (22.3.3). Assume that d < n/2. Use the Chernoff
bound to prove an upper bound on the volume |B(z,d)].
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Exercise 22.2. The Hoeffding bound shows that a sum of n independent indicator RVs deviates
from its expectation by \/n with constant probability. This question (roughly) shows that the norm of
a random vector deviates from its expectation by O(1) with constant probability!

Let X be uniformly distributed on {0,1}".
Part I. Prove that E [HXH%} =n/2.

Part II. Note that E[||X],] # {/E {HXH%] in general. Prove that E[|X],] < /E [HXH%} =/n/2.

Part III. Prove that, for all t > 0,

Pr[IX], > /2 +t] < exp(—42).

Exercise 22.3 Sparse strategies for zero-sum games.

Background. In a zero-sum game® with payoff matrix A € R"™*" there are two players that we will
name Alice and Bob. Alice has to choose one action in [m] while, simultaneously, Bob has to pick one
action in [n]. Both Alice and Bob know that if Alice picks action i € [m] and Bob picks j € [n], then
Alice will have to pay A;; dollars to Bob. In such a game, Alice wants a strategy that minimizes how
much money she has to pay Bob, while Bob wants a strategy that maximizes how much money he
receives from Alice.

From everyday experience (e.g., rock paper scissors), we know that it often make sense to use a ran-
domized strategy. Let

Ay = {peloa: Xp=1}

be the set of all probability distributions over these n choices. Suppose that Alice chooses r € A, then
takes action i € [m] with probability r;. Similarly, Bob chooses p € A,, then takes action j € [n] with
probability p;. With these randomized strategies, one can easily verify that the expected amount of
money Alice pays Bob is 7T Ap.

The central result of zero-sum games, due to von Neumann, proves that there are randomized strategies
that are simultaneously optimal for both Alice and Bob! Formally, there exist p* € A, and r* € A,,
such that
T T T
inmaxr Ap = maxminr Ap = (r*) Ap*. 22.3.5
minmayr Ap = maxminr Ap (r*) Ap ( )
Although one can efficiently compute these optimal strategies using linear programming, they may give

positive probability to almost all actions, so they are dense.

In this exercise, we will see that there are nearly-optimal strategies that are sparse. More concretely,
let us assume that A; ; € [0, 1] for all 4, j. Fix some parameter € > 0. We will show Bob has a strategy
giving positive probability to O(log(m)/€?) actions. By symmetry, the same is true for Alice.

Henceforth, fix p € A,. Let X1,..., X} be i.i.d. random variables satisfying
Pr(X,=j] =p; Vi€[n]

This is called a categorical distribution.

3For more details about zero-sum games, check out this video or Wikipedia.
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Part I. Show that for any i € [m]| we have
- 1o >
Pr ZAi7jpj - % ZAi,Xs >el| < e 2k,
7=1 s=1
Part II. Define g € [0,1]" by ¢q; = k;/k, where k; = |{ s € [k] : X, = j }|. Show that

n n

. —2€%k

Pr ZAinj — ZAi,ij > ¢ for some i € [m] | < me ",
j=1 j=1

Part III. Show that if &k = [ln(ggl)-‘, then there is ¢ € A,, with at most k non-zero entries such that

n n
ZAinj - ZAi,ij <e Vi € [m].
J=1 j=1

Part IV. Let u* be the optimal value given by (22.3.5). Conclude that there is a randomized strategy
q € A, for Bob that puts positive probability on at most 0(10§2m) actions and satisfies min,ca, v Ag >
uw* — €. That is, in expectation the optimal strategy for Bob gains at most € more money than the

strategy given by gq.
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Chapter 23

Derandomization

In this chapter we discuss the topic of derandomization — converting a randomized algorithm into a
deterministic one.

23.1 Method of Conditional Expectations

One of the simplest methods for derandomizing an algorithm is the “method of conditional expecta-
tions”. In some contexts this is also called the “method of conditional probabilities”.

Exhaustive search. Let us start with a simple example. Suppose X is an random variable taking
values in [k]. Let f : [k] — R be any function and suppose E|[ f(X)] < p. How can we find an z € [k]
such that f(z) < p? Well, the assumption E[ f(X)] < u guarantees that there exists x € [k] with
f(x) < p. So we can simply use exhaustive search to try all possible values for = in only O(k) time.
The same idea can also be used to find an x with f(x) > p.

High-dimensional exhaustive search. Now let’s make the example a bit more complicated. Sup-

pose X1,...,X, are independent random variables taking values in [k]. Let f : [k]™ — R be any
function and suppose E[f(X1,...,X,,)] < p. How can we find a vector (x1,...,z,) € [k]" with
flxy,...,xn) < pu? We could again perform exhaustive search, but now it will take O(k™) time. In

many scenarios, this may be too costly.

Method of conditional expectations. The method of conditional expectations gives a more efficient
solution than high-dimensional exhaustive search, under some additional assumptions. This method
dates back to a 1973 paper of Erdos and Selfridge.

The method of conditional expectation assumes that we have some additional algorithmic access to
the problem. To explain this, we need to carefully define some notation that we will use related to
conditional expectations. For any i € [n] and z € [k]’, define

E[f(X) | X<i = 2<i]
= E[f(Xl,,Xn) | Xlzzl,...,Xi:Zi]. (2311)
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which we can expand as

= Z Z PriXipi=xipga A ANXp=x, | X<i=2<i| f(21,..., 2, Tix1, .-, Tp).
rit1€k]  zn€lk]

Here the z; values are not random — they are the values that we condition on. The z; values are not
random either — they are used inside the conditional expectation to enumerate all possible values that
the X; random variables can take.

Usually we will conside the case where the RVs X, ..., X,, are mutually independent. In this case,
conditioning on the first ¢ variables does not affect the distribution on the remaining variables. This
allows for a slightly simplified formula.

E{f(X) | XSiZZSi] = E[f(zla"'aZini+1,"'7Xn)]

— Z Z ( H Pr[Xj::L'j]>f(zl,...,zi,$i+1,...,.ZEn)

zi41€[K] zp€lk] \j=i+l

Assumption 23.1.1. We assume we have an oracle that, given any ¢ € [n| and any z1,...,2; € [k],
can efficiently evaluate E[ f(X) | X<; = 2<; ].

Theorem 23.1.2. Given such an oracle, Algorithm 23.1 will deterministically produce a point z € [k]|"
satisfying f(z) < E[f(X)].

Algorithm 23.1 The method of conditional expectations for finding z € [k]” with f(z) < E[f(X)].

1: fori=1,...,n do

2 Set z; + 0

3 repeat

4: Set z; + z;+1

50 umbil E[f(X) | X< = 2<i] SE[f(X) | X<im1 = 2<i1]
6: end for

Proof of Theorem 23.1.2.

Correctness. The claimed bound on f(z) is proven as follows. First note that, after conditionining on
X<p = Z<pn, no randomness remains, so X = z. Thus

f(z) = E[f(X) | X<n = 2<n]
< E[f(X) | X<po1 = 2<n—1] (termination condition of n'" repeat loop)
< E[f(X) | X<n—2=2<n-1] (termination condition of (n — 1)*® repeat loop)
< E[f(X) | X<1=2<1]
< E[f(X) | X<o=2<0] (termination condition of first repeat loop)
= E[f(X)]

Termination. Next we must argue that every repeat loop will eventually succeed, with z; set to some
value in [k].
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This argument involves the law of total expectation (Fact A.3.15): if Y is random variable with any dis-

tribution, By, ..., By are events of which exactly one must occur, and all events have positive probability,
then
k
E[Y] = > Pr[B;]-E[Y | B;].
j=1

We apply this identity to the random variable Y = f(X), where the distribution conditions on the event
X<i—1 = z<i—1, and with the event B; being the event X; = j. This yields the identity

E[f(X) | X<i—1 = 2<i-1]
= Y Pr(Xi=z | Xi=2<a] - BIA(X) | X<i = 2<i].

ZlE[k?]
Note that Zzie[k} PriX; =2z | X<i-1 =2<i—1] = 1. Thus, E[f(X) | X<i—1 = 2z<i—1] is a convex
combination of the values { E[ f(X) | X<; = z<;] : z; € [k] }. In particular,

min E[f(X) | X<i =2<i] < E[f(X) | X<im1 = 2<i—1]-

ZZ'E[.I{J
Thus, the i*? repeat loop will eventually find a value of z; so that the loop terminates. ]

Question 23.1.3. Above we remarked that, without Assumption 23.1.1, we might need to evaluate f
at O(k™) points in order to find a z such that f(z) < E[f(X)].

However, under Assumption 23.1.1, what is the runtime of Algorithm 23.1?7 Assume that evaluating
E[f(X) | X<i = 2z<;] takes O(1) time.

Answer.

(uy) O St owIjunI 1240} 9Y) 0s ‘owry (%)) sormbor doo] jeodal oY) JO UWOTIRDOAUT ORG]

23.1.1 Some generalizations

Let us remark that the Method of Conditional Expectations is quite flexible, and we can generalize it
in many ways.

Reversing the inequality Algorithm 23.1 finds a point z € [k]™ such that f(z) < E[f(X)]. Alter-
natively, we could find a point z € [k]™ such that f(z) > E[f(X)]. To do so, we could either reverse
the inequalities in Algorithm 23.1, or we could do it by a reduction: simply replace f with —f.

Generalized support Suppose that X; is a discrete random variable supported on a set A;. Let
f 11, Ai = R be a function. The following is an easy modification of Algorithm 23.1.

Algorithm 23.2 A generalization of Algorithm 23.1 where X; is supported on A;.

1: fori=1,...,n do
2: Set z; argminCGAi E [f(X) | Xgi—l = 2<i—1, X; = C]
3: end for

Theorem 23.1.4. Algorithm 23.2 will output a vector z € [[, A; satisfying f(z) < E[f(X)]. Fur-
thermore, the total runtime is O(>_,[A;|).

33 (©Nicholas Harvey 2021. All rights reserved.



23.1.2 Example: Max Cut

To illustrate the Method of Conditional Expectations, let us consider the Max Cut problem from
Section 16.1. We are given a graph G = (V, E) with n = |V| and m = |E|. Recall that this algorithm
generates a cut §(U) simply by picking a set U C V uniformly at random. Equivalently, for each vertex
v € V, the algorithm independently flips a fair coin to decide whether to put v € U. We argued that
E[|6@)|] = |E|/2.

We will use the Method of Conditional Expectations to derandomize this algorithm. Let the vertex set
of the graph be V' = [n]. Let

flx1,...,xn) = |0(0U)| where U={i:x;=1}.

Let X = (X1,...,X,) be independent random variables where each X; is 0 or 1 with probability 1/2.
We identify the event “X; = 1”7 with the event “vertex i € U”. Then E[f(X)] = E[|6(U)|] = |E|/2.
We wish to deterministically find values z = (21,...,2,) € {0,1}" for which f(z) > E[f(X)] = |E|/2.

In order to apply the method, we must check that Assumption 23.1.1 is satisfied. That is, given i € [n]
and z € {0,1}", we need to efficiently evaluate

E[f(X) | X<i=2<].

What is this quantity? It is the expected number of edges cut when we have already decided which
vertices amongst {1,...,i} belong to U, and the remaining vertices {i + 1,...,n} are placed in U
randomly (independently, with probability 1/2). This expectation is easy to compute! For any edge
with both endpoints in {1,...,7} we already know whether it will be cut or not. Every other edge has
probability exactly 1/2 of being cut. So we can compute that expected value in O(m) time.

Armed with this approach to evaluate the conditional expectations, we can now run' Algorithm 23.2.
There are O(n) iterations, each of which evaluates O(1) conditional expectations, and each of those
requires O(m) time. So the total runtime is O(nm).

References: (Vadhan, 2012, Section 3.4.2).

23.2 Method of Pessimistic Estimators

So far we have derandomized our very simple Max Cut algorithm. Next we will consider examples
involving more sophisticated probabilistic tools, such as the Chernoff bound.

Motivating example. Let X = (Xi,...,X,) be independent random variables, with X; € [0, 1].
Define the function f as follows:

1 if lezZT

Tlyeo oy Tp) = 15 5y = .
S ) 2wz {0 if Yoai<T

Thus
E[f(X)] = Pr[}; X;=7].

'"We could run Algorithm 23.1, but since X; is supported on {0,1} instead of on [2] = {1,2}, it might be more
convenient to think of Algorithm 23.2.
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Can we apply the method of conditional expectations to this function f? For any i € [n], z € [0, 1]%, we
need to efficiently evaluate

E[f(X) ‘ Xgi:ZSi] = PI‘[ ZZXZZT | Xlzzl,...,Xi:Zi ] (23.2.1)

Unfortunately, computing this is not so easy. If the X;’s were i.i.d. Bernoullis then we could compute
that probability by expanding it in terms of binomial coefficients. But in the non-i.i.d. case, things are
more complicated — see Exercise 23.2.

Main idea. Here is the main idea of “pessimistic estimators”: instead of defining f so that its
expectation equals the probability in (23.2.1), we will define a function g whose expectation gives an
easily-computable upper-bound on that probability. Such a function g is called a pessimistic
estimate of that probability.

Our standard approach to tackle probabilities of the form (23.2.1) is to use the Chernoff (or Hoeffding)
bounds. So we will define our pessimistic estimator g using functions that arise in those methods.

For simplicity, suppose that Xi,..., X, € {0,1} are independent Bernoulli random variables. The first
step of the Chernoff bound (namely (21.2.4)) shows that, for any parameter 6 > 0,

Pr|Y, X 27| = E[f(X)] < Elexp(~07+057,X,) | = E 6_9T~ﬁeeXf . (23.22)
j=1

Remark 23.2.1. It is worth noting that this step holds for any joint distribution on the X;’s, including
any non-independent or conditional distribution. This is because we have only used exponentiation and
Markov’s inequality, which need no assumptions on the distribution.

Definition 23.2.2. Motivated by the inequality (23.2.2), we define
n
g(z) = g(z1,...,2,) = exp(—07+ 627:137]-) = 7. H i Vr € R™. (23.2.3)
j=1

Claim 23.2.3. For any z € R", we have f(x) < g(z).

Proof. 1t is easy to see that

0 (ify <)
1,5, = < —0r +0y) VyeR.
= {1 (ify > 1) } exp(—07 +0y) vy

Thus, substituting y = 377,

Tj, we get
f(z) = lzyzlazjo < eXp(_eT—i_eZ?:lxj) = g(),

as required. O

Continuing from Claim 23.2.3, if we take expectations on both sides of the inequality, we obtain
E[f(X)] < E[g(X)], (23.2.4)
which is exactly the statement of (23.2.2).
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Let’s check that the conditional expectations are easy to compute with g. (Herel we will crucially use
independence of the X; random variables.) Given any numbers i € [n], z € {0,1}", we have

n

7
Elg(X) | Xai=2<] = e [ - B| [] "V | X<i =2«
j=1 j=it1

% n
=[] - I E [eexf}, (23.2.5)
j=1

j=i+1

where this last line is due to independence.

Is this easily computable? Let us compare the conditional expectations of f and g. The conditional
expectation of f, shown in (23.2.1), was difficult to compute. The conditional expectation of g, shown
in (23.2.5), is much nicer because we no longer have to compute the conditional expectation of many
random variables all at once: we only have to compute unconditional expectations E [eng ], then
multiply those quantities. This is much easier.

In fact, the quantity E [eGXJ' ] is simplify the moment generating function of X;, which has explicit
formulas for most random variables of interest. For example, if X; is Bernoulli with parameter p, then

E {eer} = pe + (1 —p).

23.2.1 Applying the Method of Conditional Expectations

Now let us discuss a toy example of applying the Method of Conditional Expectations to the pessimistic
estimator g. Suppose that X1, ..., X, are independent random variables with each X; € [0, 1], and X
supported on a finite set A;. We would like to find a vector z € H?Zl A; such that

n

Yoz <o (23.2.6)

Jj=1

Obviously this is a trivial problem because the smallest possible value of that sum is obtained by
setting z; <= min.A;. Nevertheless, it is instructive to see how pessimistic estimators can be used for
this problem.

The starting assumption. If we were applying the ordinary Method of Conditional Expectations,
we would start off by assuming that

E|Y z| < (23.2.7)
J

However, because we are using the Method of Pessimistic Estimators, we will make a different assump-
tion. First, we will assume that we have some slack in the inequality (23.2.7). Specifically, we assume

that we have parameters {1 and 6 > 1 such that i > E [Z] zj} and 7 = (1 +9).
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Using this pessimistic estimator g, we obtain the following inequalities.

E[£(X)] < E[¢(X)] (by (23.2.4)) (23.2.8)
=E|e . ﬁ efXi (definition of g)
j=1
< exp(—(1+6)In(1 + 6)/a/4). (23.2.9)

These inequalities here can all be found in the proof of the Chernoff bound. In particular, the first
inequality is the same as (21.2.4). The last inequality appears in equation (b) of Theorem 21.1.1 (see
also Claim 21.2.4), and it requires (see (21.2.6)) that we choose 6 = In(1 + 9).

Our key assumption is that all parameters have been chosen to satisfy the following inequality.
Starting assumption: exp(—(1+9d)In(1 +0)a/4) < 1. (23.2.10)

As shown in (23.2.9), this implies that
Blg(X)] < L

Furthermore, by (23.2.8), this also implies that

Pr szZT = E[f(X)] < 1.
J
Therefore, there must exist a vector z € Hj A; with ). z; < 7. However our goal is to efficiently
construct such a vector z, and that is where the pessimistic estimator g shows its real power.

The algorithm. We now explain how to efficiently and deterministically find such a vector. We
simply apply the method of conditional expectations to g. Under the assumption (23.2.10), we know
that

Efg(X)] < 1L

By Theorem 23.1.4, Algorithm 23.2 will output a vector z € []; A; satisfying g(z) < 1.

What can we conclude about z7 We know that

(by Theorem 23.1.4): 1 > g(z) = exp ( — 07 + 92?:123')

(take the log): 0> —0r+0 Z 2j
j=1

(divide by @ and rearrange): T > Z 2j
j=1

Thus we deterministically constructed a vector z € Hj Aj; satisfying (23.2.6), which was our original
goal.

23.2.2 Congestion Minimization

Now we discuss a much more substantial application of pessimistic estimators. Recall that Section 22.2
presented a randomized algorithm that gives a O(logn/loglogn) approximation to the congestion mini-
mization problem. We will now convert that into a deterministic algorithm via the method of pessimistic
estimators.
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Recall that an instance of the problem consists of a graph G = (V, E) and a sequence (s1,t1), ..., (Sg, tx)
of pairs of vertices. Let n = |V| and m = |E|. We want to find s;-t; paths such that each edge e is
contained in few paths. Let P’ be the set of all paths in G from s; to t;. For every path P € P!, we
create a variable xfp. The linear programming relaxation of that problem is as follows.

min C
s.t. Z zt =1 Vi € [k]
PcPi '
Yo Y ah <c Vee E
i pcpl
ecP
C >1
zt >0 Vi € [k] and P € P

The algorithm of Section 22.2 generates a sequence of paths P = (Py,..., Pg), where each P; is indepen-
dently chosen such that Pr[P; = q] = xfl for each ¢ € P*. Then, fixing an edge e € E, Lemma 22.2.5
used a Chernoff bound to analyze the probability that at least aC* of these randomly chosen paths
traverse edge e.

Pessimistic estimator for one edge. The pessimistic estimator corresponding to this event is
ge(P) = ge(Pr1,...,P;) = exp ( —0r+40 Z 1e€pi>.
i€ (k]
Here, as in Section 22.2.1 and (21.2.6), we use the parameters

241nn

7T =al”, “nlnn’

d=a—-1, and 6=In(1+9).
We have shown in Lemma 22.2.5 that these parameters yield

Elg(P)] <

nd’

Combined pessimistic estimator. Since we want to avoid excessive congestion on all edges simul-
taneously, we will produce a combined pessimistic estimator g by adding the functions g, for each edge.

We define
g(P) = > ge(P).
e€E
Then, since |E| < n?, we immediately have
E[g(P)] < nQ-% < 1.
n

Thus, we may apply the Method of Conditional Expectations to g. By Theorem 23.1.4, Algorithm 23.2
will output a vector q € H?ZI PJ satisfying g(q) < 1.

What can we conclude about the paths ¢ = (q1,...,qr)? We know that

(by Theorem 23.1.4): 1 > g(q) = Zexp ( —0r+40 Z 1e€q,‘)
eck i€[k]

38 (©Nicholas Harvey 2021. All rights reserved.



Thus, since each term of the sum is strictly positive, for every e € E, we have 1 > g.(q). That is,

1 >exp(—97+021eeqi> Vee E

i€[k]
(take the log): 0> —6r+40 Z lecg, Vee I
1€[k]
(divide by # and rearrange): T > Z lecy, Vee E

i€[k]

That is, for every e € E, the number of paths that traverse e is less than 7 = aC* < aOPT. Thus
we have deterministically constructed a sequence of paths gy, ..., qs, with each ¢; € P, such that the
congestion is at most c«OPT.

The last remaining detail is the runtime. FExercise 23.3 argues the algorithm can be implemented in
polynomial time.

23.3 Exercises

Exercise 23.1. The greedy algorithm for Max Cut is as follows. Let V' = {vi,...,v,} be the
vertices. Initially U < () and W < (). For i = 1,...,n, we do the following: if v; has more neighbours
in W than in U, we add v; to U, otherwise we add v; to W. At the end of the algorithm every vertex
is either in U or W, s0o W =V \ U.

Prove that our algorithm for Max Cut using the Method of Conditional Expectations (see Section 23.1.2)
is equivalent to the greedy algorithm.

Exercise 23.2. Let Xy,..., X, be independent Bernoulli random variables that are not necessarily
iid. Let p; = E[X;]. Let S = ", X;. Write an expression for Pr[.S > n/2] in terms of the p;
parameters.

What is the runtime of the most natural algorithm to evaluate this expression? Is it polynomial time?
Exponential time?

Exercise 23.3. Let P = (P,..., Pg) be the randomly chosen paths generated by the algorithm of
Section 22.2. Let g. and g be the pessimistic estimators defined in Section 23.2.2.

Part I. Argue that, for any ¢ € [k] and any ¢ € H;zl P7, in poly(n) time we can evaluate
E[ge(P) | P<i=q].
Part II. Argue that, for any i € [k] and any g € Hj':l PJ . in poly(n) time we can evaluate

E[g(P) | P<i=q].

Part III. Argue that the entire algorithm for deterministically computing the paths g¢i,...,qr with
congestion at most «OPT can be implemented in poly(n) time.
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Exercise 23.4. Let P C R? be a set of points satisfying ||p|| < 1 for all p € P. Let m = |P| and
T=+/2In(m) + 1.

Give a deterministic algorithm to construct signs 21, ..., 24 € {—1, 41} such that max,cp Z?:l pizi < T.
The algorithm should run in time poly(dm).
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Chapter 24

Dimensionality Reduction

Dimensionality reduction is the process of mapping a high dimensional dataset to a lower dimen-
sional space, while preserving much of the important structure. In statistics and machine learning, this
often refers to the process of finding a few directions in which a high dimensional random vector has
maximum variance. Principal component analysis is a standard technique for that purpose.

In this chapter we consider a different sort of dimensionality reduction. Given a set of high-dimensional
points, the goal is to find lower-dimensional points whose pairwise distances approximately match the
original points. We present a technique, known as the random projection method or Johnson-
Lindenstrauss method, for solving this problem.

In the previous chapters, our main tool has been the Chernoff bound. Here we will not directly use the
Chernoff bound, but the main proof uses very similar ideas.

24.1 Intuition

Let us begin with some three-dimensional examples. We will measure lengths using the Euclidean norm.
Our notation for the length of a vector v is ||| = 1/>°, v2.

In our first example, the dimension can be reduced while exactly preserving pairwise distances.

Example 24.1.1. Consider the points

0.3237 0.1327 —1.6022
r1 = | —2.1870 x9 = | —3.5215 x3 = | —2.2986
—0.3354 —0.7627 —1.4660

They have pairwise distances

|x1 — x2|| = 1.4142 |1 — x3]| =~ 2.2361 |xe — z3]| =~ 2.2361
We now define a linear map

0.5146 —0.8525 0.0920
Then define two-dimensional points y; by y; = Lx;. This yields the points

() w) o)

41

L_<—O.7056 —0.4820 —0.5193>



They have pairwise distances
lyr — yall & |21 — @2|| = 1.4142  ||yy — ys|| = |lz1 — 23| = 2.2361  ||ly2 — ys|| = ||z2 — 23 ~ 2.2361.
This is not so impressive because the points x live in a two-dimensional subspace, so we have simply

performed an orthogonal change of coordinates to obtain their two-dimensional representation.

In our second example, it is not possible to reduce the dimension while exactly preserving pairwise
distances.

Example 24.1.2. Define the points

1 0 0 1
z1=10 o= |1 z3=10 4= 11
0 0 1 1

They have pairwise distances

|z — || = V2 Vi, j.

Thus, they form a regular 3-simplex (or tetrahedron) in R3. It can be shown that there is no represen-
tation for the 3-simplex in R or R%. So there is no way to reduce the dimension of these points while
exactly preserving the pairwise distances.

Nevertheless, in the next section we will show that we can reduce the dimension of any high-dimensional
point set if we are allowed to approximate the pairwise distance.

24.2 The Johnson-Lindenstrauss Theorem

Suppose we have n points z1, ..., z, € R% We would like to find n points 41, . .., y, € R, where t < d,
such that the lengths and pairwise distances of the y vectors are approximately the same as for the x
vectors. We will show that this can be accomplished while taking ¢ to be surprisingly small.

Each vector y; will be obtained from z; by a linear map. Let R be a random t x d Gaussian matriz.
This means that each entry of R is an independent standard Gaussian random variable. Gaussians are
defined in Appendix B.4.3.

Theorem 24.2.1 (Johnson-Lindenstrauss 1984). Let z1,...,z, € R? be arbitrary. Pick any ¢ = (0, 1).
There exists t = O(log(n)/€?) such that, if R is a t x d Gaussian matrix, and y; = Rx;/v/t then, with
probability at least 1 — 1/n,

(T4 llaill Yy
(1+e) ||lzj — 2|

(1 —¢) [l
(1—¢) Hl'j — Ty

Iyl

o5 — uy y (24.2.1)

<
< Vi,

<
<

References: (Shalev-Shwartz and Ben-David, 2014, Section 23.2), (Dubhashi and Panconesi, 2009, Section 2.5), (Vershynin, 2018,
Theorem 5.3.1), (Boucheron et al., 2012, Theorem 2.13), (Roch, 2020, Section 2.4.6), (Blum et al., 2018, Section 2.7), (Wainwright,
2019, Example 2.12).

Observations.

e The linear map R is oblivious: it does not depend on the points z1,...,x, at all.
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e A standard Gaussian is also called a N(0,1) random variable, meaning that has zero mean and
variable 1. Instead of defining y; = Rz;/v/t, we could equivalently let the entries of R have
distribution N(0,1/t) and define y; = Rx;. (This follows from Fact B.4.6 with d = 1 and o1 =
1/VE)

Whereas principal component analysis is only useful when the original data points {z1,...,z,} are
nearly low dimensional, this theorem requires absolutely no assumption on the original data. Also, note
that the final data points {yi,...,y,} have no dependence on d. The original data could live in an
arbitrarily high dimension. (Although one can always assume d < n since z1,...,z, lie in their linear
span, which is a Euclidean space of dimension at most 7.)

24.2.1 Overview of proof

To prove the theorem, let us define the random linear map that is used to construct the points y;. The
parameter ¢t will be chosen appropriately below. Let R is a t X d matrix whose entries are independently
drawn from N(0,1), i.e., Gaussians with mean 0 and variance 1. The point y; in Theorem 24.2.1 is
simply by multiplication with R and then rescaling

R'.%j
\/i'

In pseudocode, we can write the algorithm as follows.

Yj <

Algorithm 24.1 The Johnson-Lindenstrauss algorithm. Each input vector z; is in R%.

1: function JL(vector x1,...,x,, int d, float €)

2 Let t < O(In(n)/€?)

3 Let R be a random Gaussian matrix of size ¢t x d
4: fori=1,...,n

5 Let y; + R-x;/\/t

6 return yi,...,Yn

7: end function

Our proof of Theorem 24.2.1 will show that this algorithm produces vectors yi, . .., y, satisfying (24.2.1)
with probability at least 1 — 1/n. (There is a caveat: the definition of ¢ involves a constant that we
have not specified.)

The key to proving Theorem 24.2.1 is to prove the following lemma.
Lemma 24.2.2 (Distributional JL). Let R be a t x d Gaussian matrix. Let § € (0, 1] be arbitrary. Let
t = 81In(2/8)/€%. Then for all vectors v € R? with [jv]| = 1,

[ Ro]]
Vit

Proof of Theorem 24.2.1. Set § = 1/n3. Consider the set of vectors

Pr Z(1—€el4¢€ | < 0. (24.2.2)

W=A{z;:i=1,....n} U{xi—a; :i#j}.
There are at most n? vectors in W.
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For any non-zero w € W, we may apply the DJL lemma to v = w/ ||w||. The event that w’s norm is
not adequately preserved is

eo = {18 gn-crvd iy = {2l en-c1eq}.

because ||Rw| = ||Rv - ||w|||| = |Jw|| - |[[Rv|. The condition (24.2.1) holds if and only if no event &,
occurs. Thus

Pr [ condition (24.2.1) fails to hold] = Pr[ U 5w]

weWw
< Z Pr[&y] (the union bound)
weW
< |[W1-d (by Lemma 24.2.2)
< 1/n. O

24.2.2 Random Dot Products

The idea of taking a random dot product is crucial to our discussion. Consider an arbitrary vector
v e R Let g € R be a random vector where E[g;] = 0 for each i. We are interested in the analyzing
the dot product g"v. This quantity may not seem so interesting at first glance because, by linearity of

expectation,
d

E[gTv} = Y Elg]u = 0. (24.2.3)
=1

So let us also introduce the notion of wariance, which is defined in Definition B.4.3. We require the
following fact.

Fact B.4.5. Let g1,...,gq be independent random variables with finite variance. Let o1,...,04 € R
be arbitrary. Then Var [Ele Uigl-} = Ele o? Var [ g;].

We will additionally assume that Var[g;] = 1 for each i. Then we have

E [(gTv)Q} = Var [gTU} (by (24.2.3) and (B.4.2))
d d
= Var Zvigl-] = ZU?Var[gi] (by Fact B.4.5)
i=1 i=1
= |Jvl*.

This shows that (¢Tv)? is an unbiased estimator for ||v||%. Thus, we can estimate ||v]|® by estimating
E[(gTv)?]. If the estimate is sufficiently good, we can then take the square root and estimate ||v|.

Which random vector? So far, the discussion is valid for any independent RVs g; with mean 0 and
variance 1. For example, we could take g; to be uniform on {—1,1}.

Our subsequent analysis will be made easier by choosing g; to have the Gaussian distribution N(0,1).
This is due to a key property: the sum of Gaussians is also Gaussian.
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Fact B.4.6. Let g1,...,gq be independent random variables where g; has distribution N(0,1). Then,
for any scalars o1, ..., 04, the sum % 03¢, has distribution N(0, %, 62) = N(0, ||o]3).

Consequently, our random dot product ¢g"v has the distribution

d
Distribution of g"v: N (0, ) v?) = N(0, ||v]*). (24.2.4)
=1

Improved estimates by averaging. A common idea in randomized algorithms is to average multiple
independent estimates in order to get a higher quality estimate. (See, e.g., Section 12.2.2.) Perhaps we
can get a high-quality estimate of HUH2 by picking several random vectors g, then averaging the values
of (g"v)??

This idea is exactly what the Johnson-Lindenstrauss lemma does. Our matrix R is a ¢t X d Gaussian
matrix. Let r; refer to the i*® row of R. Then rq,...,r; are independent Gaussian vectors, so each
component of Rv is a random dot product:

(Rv); = rlv Vi € [t].

The squared norm of Rv/+/t is then

2 ! v)? rTv)?
= Zl(Rt Ji _ ;( Zt) , (24.2.5)

H Rv
Vit
which is the average of ¢ independent random dot products.

24.2.3 Proof of Lemma 24.2.2

Let us rewrite (24.2.2) as follows.

[ R

Pr
Vit

Z(1—¢€1+¢€) } = Pr | Rv||* & (1—e? (1+e)?) -t ] (squaring both sides)

t

=Pr| > ()¢ (1-¢? (1+¢)?) ~t] (by (24.2.5))

i=1

t

< Pr Z(T;U)QQ(l—E,lﬂ-E)'t]

=1

Here we have used the simple bounds

(1-€?*<1l—¢ and (1+e?>1+e

We have shown in (24.2.4) that v has the distribution N (0, ||v||?), which is N(0,1) since we assume
that v is a unit vector. It now turns out that Zﬁzl(r;r v)? has a well-known distribution too. It is the
sum of the squares of t independent standard normal random variables, which is called the chi-squared

distribution with parameter t.

Question 24.2.3. What is E |:”RU||2}?

45 (©Nicholas Harvey 2021. All rights reserved.


http://en.wikipedia.org/wiki/Chi-squared_distribution
http://en.wikipedia.org/wiki/Chi-squared_distribution

Answer. .

"(T°0)N st a4 odouts

9 = [nlu}m/\izzz = [Z(@f»é)}ﬁz = {ZH“HMH

9ARY A\
To summarize, our desired inequality is
t
Pr Z(rhﬁ Z(1—e 14e)-_t <6 (24.2.6)
=t E[X]
——

where X is a chi-squared RV with parameter ¢. Fortunately, tail bounds for these RVs are known.

Lemma 24.2.4 (Tail bound for chi-squared). Let X have the chi-squared distribution with parameter
t. Then

Pr{|X —t| >et] < 2exp(—€’t/8) Ve € (0,1).

References: (Shalev-Shwartz and Ben-David, 2014, Lemma B.12), (Wainwright, 2019, Example 2.11 and Example 2.28).

This lemma easily allows us to prove (24.2.6), which proves (24.2.2).
PriXd(1—e 1+4¢€)-t] = Pr[|X —t|>et] < 2exp(—€’t/8) = 4, (24.2.7)

since t = 81n(2/9)/¢2.

24.2.4 Example of a chi-squared tail bound

To illustrate one strategy for proving Lemma 24.2.4, let us prove the following bound on the right tail.
This even yields the better constant in the exponent of 1/2 rather than 1/8.

Claim 24.2.5. Let X have the chi-squared distribution with parameter ¢. Then Pr [ X > t(1+¢€)?] <
exp(—te?/2).

Proof. Our proof will follow the Chernoff bound strategy. For any o € R and 6 > 0, we have

PriX>a] = Pr[eex>eea} < e_eo‘E[eHX}. (24.2.8)

The quantity E [eeX ] is called the moment generating function, and for many standard distributions
it has a known closed form. We now cheat by referring to Wikipedia, where we find that the moment
generating function for the chi squared distribution is E [e/% ] = (1 — 20)~1/2 (for 6 < 1/2), so

Pr(X >a] < e %1 -20)712  (if6€0,1/2)).
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The next step is to plug in an appropriate choice of . We set § = (1 —t/«)/2, giving
Pr(X >a] < e 9/2(t/a)7?
t 9 t 1 . 2
= exp (5 (1 —(1+¢) ) ~3 In (m) (setting a = t(1 +¢€)*)
exp ( —t(e+€/2 —In(1 + e)))

exp ( —t(e+ /2 — e)) (using In(1 4 z) < x; see Exercise B.2)

IN

< exp(—t€®/2). O
Question 24.2.6. Improve the bound log(1 + ¢€) < € to log(1 +¢€) < e — €2/4 for € € [0, 1].
Answer.

‘uoryeIs8ojur pue g/xr — 2z sue[dar Aq G ¢ g 1€ WOIJ SMO[[O] 1]

24.2.5 Broader context

In this section we have switched from the world of discrete probability to continuous probability. This
is to make our lives easier. The same theorem would be true if we picked the coordinates of r; to be
uniform in {+1, —1} rather than Gaussian. But the analysis of the {+1, —1} case is trickier, and most
proofs analyze that case by showing that its failure probability is not much worse than in the Gaussian
case. So the Gaussian case is really the central problem.

Second of all, you might be wondering where the name random projection method comes from.
Earlier versions of the Johnson-Lindenstrauss theorem used a slightly different linear map. Specifically,
they used the map Rv where RTR is a projection onto a uniformly random subspace of dimension
t. (Recall that an orthogonal projection matrix is any symmetric, positive semidefinite matrix whose
eigenvalues are either 0 or 1.) One advantage of that setup is its symmetry: one can argue that the
failure probability in Lemma 24.2.2 would be the same if one instead chose a fized subspace of dimension
t and a random unit vector v. The latter problem can be analyzed by choosing the subspace to be the
most convenient one of all: the span of the first ¢ vectors in the standard basis.

So how is our map R/+/t different? It is almost a projection, but not quite. If we chose R to be a
matrix of independent Gaussians, it turns out that the range of RT R/t is indeed a uniformly random
subspace, but its eigenvalues are not necessarily in {0, 1}. If we had insisted that the random vectors r;
that we choose were orthonormal, then we would have obtained a projection matrix. We could explicitly
orthonormalize them by the Gram-Schmidt method, but fortunately that turns out to be unnecessary:
the Johnson-Lindenstrauss theorem is true, even if we ignore orthonormality of the r;’s.

Our linear map R/+/t turns out to be a bit more convenient in some algorithmic applications, because
we avoid the awkward Gram-Schmidt step.

Optimality. Recently there has been much progress on understanding the optimality of these results.
The DJL lemma is actually optimal, up to constant factors.

Theorem 24.2.7 (Jayram-Woodruff 2013, Kane-Meka-Nelson 2011). Any f satisfying the DJL lemma
must satisfy ¢ = Q(log(1/6)/€?).

But, this does not necessarily imply that Theorem 24.2.1 is optimal; perhaps the theorem can be proven
without using the DJL lemma. Alon proved the following lower bound. (See Theorem 9.3 of this paper.)

47 (©Nicholas Harvey 2021. All rights reserved.


http://www.math.tau.ac.il/~nogaa/PDFS/extremal1.pdf

Theorem 24.2.8 (Alon). Let z1,...,2,41 € R" be the vertices of a simplex, i.e., ||x; — ;|| =1 for all

i# 7. Ifyr, ..., ynt1 € R satisfy (24.2.1), then t = 9(621%({{)/6)).

This shows that Theorem 24.2.1 is almost optimal, up to the factor log(1l/¢) in the denominator.
Actually, for this particular set of points (the vertices of a simplex), Theorem 24.2.1 is not optimal and
Alon’s bound is the right one. However, there is a different point set showing that Theorem 24.2.1 is in
fact optimal.

Theorem 24.2.9 (Larsen-Nelson FOCS 2017). There exist points z1,...,2z, € R? such that the
following is true. Consider any map L : R? — R?, let y; = L(z;), and suppose that (24.2.1) is satisfied.
Then t = Q(log(n)/€?).

Other norms and metrics. The Johnson-Lindenstrauss lemma very strongly depends on properties
of the Euclidean norm. For other norms, this remarkable dimensionality reduction is not necessarily
possible. For example, for the £; norm ||z, := Y, |z;], it is known that any map into R? that preserves
pairwise /1-distances between n points up to a factor ¢ > 1 must have d = Q(nl/CQ). If c=1+e¢, then
there are upper bounds of d = O(nlogn/€?) and d = O(n/e?).

References: Talagrand Proc. AMS 1990, Brinkman-Charikar FOCS 2003, Lee-Naor 2004, Newman-Rabinovich SODA 12.

For more on this subject, see the survey of Indyk and Matousek or the tutorial of Indyk.

24.3 Fast Johnson-Lindenstrauss

In the previous section we saw the Johnson-Lindenstrauss theorem on dimensionality reduction. Suppose
we have n points in R? and we map them to R?, where t = O(log(n)/€?), simply by applying a t x d
matrix of Gaussians (scaled appropriately). Then all lengths and pairwise distances are preserved up
to a factor 1 + ¢, with high probability. This is a very useful tool in algorithm design.

Let’s consider the efficiency of such a mapping. Directly applying matrix-vector multiplication, the time
to map a single point from R? to R? is O(td). There has been much work on trying to make this faster.

One direction of research considered using a slightly sparse matrix instead of a dense matrix of Gaussians.
The state of the art (Kane-Nelson JACM 2014) allows the matrix to have only an € fraction of non-zero
entries, so the time to map a single point becomes O(etd). Their result is optimal to with a factor of
O(log(1/¢)).

Today we discuss a different line of research. Instead of using sparse matrices, we will use structured
matrices, for which multiplication can be done faster than the naive algorithm. (As a trivial example,
consider the matrix of all ones. It is dense, but multiplying by it is very easy.) Such matrices are called
“Fast Johnson-Lindenstrauss Transforms”, and they have been used extensively in the algorithms,
compressed sensing, machine learning and numerical linear algebra communities.

The first result of this type is stated below. Is is of the Distributional JL type, in that it preserves the
length of any fixed vector with good probability.

Theorem 24.3.1 (Ailon-Chazelle STOC 2006). There is a t x d random matrix that satisfies the DJL
lemma and for which matrix-vector multiplication takes time O(dlogd + t3).

To understand if this runtime is good, consider the scenario where we are applying dimensionality
reduction to n data points. The Ailon-Chazelle result is only interesting for certain parameters n, d and
t. First, suppose n is very small, say d = n, so t ~ logn = logd. Then the original JL theorem takes
time roughly O(td) = O(dlogd) per vector, which is the same as Ailon-Chazelle. Second, suppose n is
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very large, say n = 2V, so t ~ logn = d¥/2. Then the original JL theorem takes time O(td) = O(d®/?)
per vector and Ailon-Chazelle also takes time O(dlogd + t3) = O(d/?). The Ailon-Chazelle result is

interesting in the intermediate range, where d < n <« 9d'/?

We will prove the following theorem, which is a slightly simplified form of the Ailon-Chazelle result.

Theorem 24.3.2. There is a random matrix R of size t x d with t = O(log(d/§)?log(1/4)/€?) such
that, for each = € RY,

[Rel €1 —e1+¢] -]
holds with probability at least 1 — J. Matrix-vector multiplication with R takes time O(dlogd + t).

24.3.1 A Simple Start: Super-Sparse Sampling

Let’s start with simple idea: given a vector x, we will sample it using a very sparse sampling matrix.
This matrix is denoted S and it has size ¢ x d. Each row of S has a single non-zero entry of value \/d/t
in a uniformly random location.

For any vector € RY, we have

d
E [(Sx)?] = ZPr [z’th row’s nonzero entry is in location j} (\Vd/t)? - a:]2 = (1/t) - ||=|3
7j=1

=1/d

Z(Sx)?] = |z|i3 (24.3.1)

i=1

— E[||Sx||2] - E

So this works well in expectation, even if we have ¢t = 1. Unfortunately the variance can be terrible.

Example 24.3.3 (Sparse case). Suppose z has just one non-zero coordinate, say = = e;. The expected
number of non-zero coordinates in Sz is t/d. So Sz is very likely to be 0 unless t = Q(d). So there is
very little dimensionality reduction.

Example 24.3.4 (Dense case). Suppose = = [1,1,---,1]/v/d, which has ||z||, = 1. Then Sz = \/1/tz,
so ||Sz|| = /1/t- v/t = 1. Thus the norm of z is preserved exactly, regardless of the value of ¢.

Let us try to extract some general principles from these examples.

e Sparse case. If one coordinate is much larger than the others in absolute value (as in Exam-
ple 24.3.3) then this approach seems unlikely to work.

e Dense case. If all coordinates have similar absolute value (as in Example 24.3.4, then the approach
seems promising. In this case, we also say that x is “uncorrelated with the standard basis”.

To make these principles mathematically precise, we turn to the language of norms. Let us recall the
following standard inequality.

Fact B.2.1. For all z € R,
lell, < flall, < /7 Jall,  Vi<r<p<oo

In particular, the most useful cases are

v
\%
=

lzlly = llzlly =

1
ﬁ”xnl < ally < V- |l

A
A

oo *
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Let us now consider the norms in the preceding examples.

e Sparse case. In Example 24.3.3, we have [|z|, = |lz],, = 1.

e Dense case. In Example 24.3.3, we have |z|l, = 1 but ||z||, = 1/Vd.

Inspired by the examples, we use the ratio ||z, / ||z||, as a measure of sparsity of the vector .

]

T is sparse: x 21
[E4[PS
: [Edl 1
x is dense: 0 < .
Izl ~ Vd

By Fact B.2.1, these are the most extreme values of this ratio.

The following claim formally proves that super-sparse sampling works when x is dense. Define

2In(4d/§
N = f2In(4d/d) (24.3.2)
d
Claim 24.3.5. Let y be a fixed vector in R? with ||y||, = 1 and [jy||,, < A. Let S be a t x d super-sparse

sampling matrix with ¢t = 21n(4d/8§)?In(4/6)/e?. Then
Prlsylf g (1—e1+0)] < o2

Proof. See Exercise 24.5. O

24.3.2 Idea: Rotating the basis

Stating the problematic scenario in these terms leads to a useful idea. We said that super-sparse sampling
will require large ¢ when ||z|| ., /|||, & 1. Now we recall an important property of the Euclidean norm:
it is invariant under rotations and reflections. Formally, ||M x|, = ||z||, for any orthogonal matrix M.
Another way to say this is that |||, is invariant under an orthogonal change of basis, and indeed |||,
can be defined without reference to any basis (using an inner product). On the other hand, the infinity
norm ||-|| . is heavily dependent on the choice of basis. For example,

u=(1,0,0,...,0) € RY has llully, = [Jullo =1
v=(1,1,...,1)/VdeR? has  |ull,=1and|v|, =1/Vd

even though v is a rotation of w. Intuitively, the quantity ||z||,, / ||z|, is telling us how well the vector
x “aligns” with the standard basis.

In order for our super-sparse sampling to work we need x to be dense, which means that x is not aligned
with the standard basis. However we have no control over x because our theorem needs to work for
all z. The key idea is to control our basis instead. Why not choose a random basis that is unlikely to
align with the given vector x7 Indeed, that is basically what is accomplished by the dense matrix of
Gaussians in the previous section.

The only issue with the dense matrix of Gaussians is that matrix-vector multiplications are too slow.
So let’s think if there is a quicker way to randomly rotate the basis. Whenever I think of vectors that
“disagree” with the standard basis, the first object that comes to mind is a Hadamard matrix.
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Definition 24.3.6. A Hadamard matrixz is a d x d real matrix H that is orthogonal (meaning
HTH = I) and has all entries in {j;l/\/g}

It is not a priori clear that Hadamard matrices exist, and indeed it is not fully known for what values
of d they exist'. In the case d = 2, we have the Hadamard matrix

Hz = G —11>/f2’

which amounts to a 45-degree rotation of the standard basis. In fact, we can build on this recursively
to obtain a Hadamard matrix whenever d is a power of two.

13d/2 ]id/Q )
d <1id/2 lid/? / ( )

This is called a Walsh-Hadamard matrix, and it has many nice properties.

First of all H,; is symmetric, so H! = Hy,. To see that H, is indeed a Hadamard matrix, we must make
two observations. First, induction shows that every entry of Hy is 4+(1/v/2)°82¢ = +1/v/d. Second, we
have

H, H, H, H, 2H ;5 H, 0
MTts = mae = (T o) (Fan Hn) o _ (S Voot
d i aid Hyn —Hgpo Hqpo —Hgjp / 0 2Hg/9H )2 /

so Hg is orthogonal.

Another nice property of Hy is that matrix-vector multiplication can be performed in O(dlogd) time.
This follows from an easy divide-and-conquer algorithm.

24.3.3 Randomized Hadamard Matrix

Using H, to change our basis will not guarantee that x is dense. It is obvious that, for any fixed
orthogonal matrix M, there exist vectors = for which | Mz|| /|[Mz|, = 1: simply let  be any row of
M. This is why the randomization is necessary.

Instead, we must pick a random change of basis M and argue that

M 1
each x € RY satisfies ( | x”"o ~

2 ~ —  with high probability ). (24.3.4)
Mz, — Vd )

So far our Hadamard matrix H = Hy has no randomness. How can we “randomize” it? Well, in the
recursive definition (24.3.3) we quite arbitrarily put the minus sign in the lower-right quadrant. The
construction works just as well if we put the minus sign in any quadrant, so this suggests that we should
be able to randomize the construction using random signs.

We will introduce random signs in a slightly more convenient way. Let D be a diagonal matrix whose
ith diagonal entry is a random sign & € {—1,1}, and these are independent. Our random Hadamard
matrix is the product M = HD. This is indeed a Hadamard matrix: its entries are still £1/v/d, and
M is orthogonal because MM = DHTHD = D? = 1.

The following claim shows that, with this randomized Hadamard matrix M, every vector z satisfies
(24.3.4).

1One open question is that a d x d Hadamard matrix exists whenever d is a multiple of 4.
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Claim 24.3.7. Let 2 € R? be non-zero. Let y = HDz, where HD is the random Hadamard matrix.
Then

Iyl - [2I0(4d/5)

lylly d
A

Prp

< 6/2.

Proof. 1t suffices to consider the case ||z||, = 1, because ||[HDz|| / ||H Dzx||, is invariant under rescaling
x. Note that ||[HDz|, = ||z||, = 1 as HD is orthogonal, so it suffices to show that all coordinates of
H Dz are likely small. We will follow our usual approach of showing that each coordinate is very likely
to be small, then union bounding over all coordinates.

Consider y1, the first coordinate of y = HDx. It is obtained by multiplying each coordinate of z by a
random sign, then taking the dot-product with the first row of H. So

y1 = ZﬁjHl,jﬂfj, (24.3.5)
J

Note that the terms of this sum are independent random variables. It is tempting to apply the Cher-
noff bound to analyze y;, but the Chernoff bound that we have used so far is only valid for sums
of non-negative random variables. Instead, we will use the generalized form of the Hoeffding bound,
Theorem 21.3.5.

We apply that theorem with X; = &;Hy jz;. Since & € {—1,+1}, we have X; = £H; jz;. So X lies in
the interval [aj, b;] where —a; = b; = |H; jxj|. Note that E[X;] =0 and

(1/d)z} = 4llz]3/d = 4/d.

d
= 1

d d
(bj-(lj)g = 4ZH127]-$? = 4
j=1 =

J

1 J

Defining ¢ = §/2d, the quantity s in Theorem 21.3.5 becomes s = \/21n(4d/d)/d, which equals the
value of X\ defined in (24.3.2). Consequently, (24.3.5) and Theorem 21.3.5 yield

Pr{ly)| > A] = Pr ‘zjxj—E[szjHZS < §/2d.

=0
A union bound over all coordinates of y shows that
d
Pr(flylle = A] < D Prllyl = A] < d-(5/2d) = 6/2. O
j=1

24.3.4 Putting it all together

Earlier we said that super-sparse sampling should work as long as x is dense holds. We have just shown
x is likely to be dense after applying the randomized Hadamard matrix; more precisely, (24.3.4) holds
with M = HD. The final step is to apply the super-sparse sampling matrix S to Mx. To summarize,
the overall linear map is R = SHD where S is a super-sparse sampling matrix of size t x d, H isa d x d
Hadamard matrix, and D is a diagonal matrix of random signs.
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Proof of Theorem 24.3.2. Fix any vector x with ||z||, = 1. Construct the random matrix R = SHD as
explained above and let y = H Dz. Define the events

& = {lylle = A}

& = {19yl ¢ (1—e 1+ }

We have the following bounds.
Pr[&]
Pr[& | &]

/2 (by Claim 24.3.7)
5/2 (by Claim 24.3.5).

IN A

Thus, by Exercise A.4, we obtain
Pr|Rz|| € (1—€1+¢)] = Pr[&] < Pr[&]+Pr[& | &] <6
Finally, let us check that matrix-vector multiplication with R = SHD is efficient.
e Multiplication by D is trivial and takes O(d) time.
e Multiplication by H requires O(dlogd) time as explained above.

e Multiplication by S is trivial and takes O(t) time.

So the total time is O(dlogd + t). O

24.4 Subspace Embeddings

The Johnson-Lindenstrauss Theorem shows how to reduce the dimension while preserving distances
between a finite set of points. Now we will consider how to reduce the dimension for the infinitely many
points in a subspace.

Let U be a subspace of R? with dimension k. We would like to find a matrix R of size ¢ x d such that
t ~ k and

€ [1—e€l+¢ Ve e U, z #0. (24.4.1)

Question 24.4.1. Is this trivial?

Answer.
‘0 =23 ynm (TF'§g) soysIyes sy, /) JO SISeq [RULIOUOY}IO UR 9q 2] JO SMOI oY} 19] PUR Y = 7 19T "SOL

What makes the problem non-trivial is that we want R to be oblivious to U, just like Johnson-
Lindestrauss is oblivious to the points whose distance are preserved.

Theorem 24.4.2. For any integer k and any € € (0,1), let t = O(klog(1/e)/e?). Let R be a t x d
matrix where the entries are independent with distribution N(0,1/t). Then, for any subspace U of
dimension k, we have

[ R

r
]

P €E[l—el+e VaeUz#£0|>1-2e"

To prove the JL. Theorem, we proved the DJL. Lemma for individual vectors z, then extended that to a
finite collection of vectors by taking a union bound. Now Theorem 24.4.2 requires that we approximate
the norm for all vectors in U simultaneously. Since U is infinitely large, a naive union bound will not
suffice.
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A simplifying reduction. Instead of considering an arbitrary subspace U, it suffices to consider the
case that U = span{ey,...,er}. The reason stems from the following fact.

Fact 24.4.3. Let R be a t X d random Gaussian matrix and let A be any d x d orthogonal matrix.
Then RA has the same distribution as R.

References: See (Vershynin, 2018, Proposition 3.3.2).
Imagine letting the first & columns of A be an orthonormal basis of U, then extending that to an
orthonormal basis of R%. Then (24.4.1) is equivalent to

[ Az]|
(el

€ [1—e€1+¢ Vx € span{ey, ..., ex}. (24.4.2)

Since RA and R have the same distribution (by Fact 24.4.3), our goal is equivalent to showing

| Rz
]

Pr El—el+e VeeRF, 2#£0| > 1—eF (24.4.3)

where R has now shrunk from size ¢ x d to ¢t x k, since we only cared about span {ei,...,ex}.

24.4.1 First approach: Appling a standard theorem

The event in (24.4.3) uses important quantities from linear algebra. For any ¢ x k matrix R, define

| Ra|]
zeRF, 220 |||

1R
zeRF, 20 |||

Maximum singular value: s;(R) =

Minimum singular value: si(R) =

References: Wikipedia.

Using these definitions, (24.4.3) is equivalent to showing that
Pril—e<sp(R) A sy(R)<1l+e] > 1-2e" (24.4.4)

The singular values of Gaussian matrices are very well-studied, and the following bound is known.

Theorem 24.4.4. If R has size t X k where the entries are independent N (0,1/t) then, for all z > 0,

\/E+Z < Sk(R) A Sl(R) < 1+\/E+Z

Pr|1-— i < < i

> 1—2exp(—2%/2).

References: See Theorem 2.13 in Davidson-Szarek, (Wainwright, 2019, Example 6.2 and Exercise 5.14), (Vershynin, 2018, Theorem
4.6.1).

Taking t = k/e? and z = V/k this proves (24.4.4) (up to constant factors) which proves Theorem 24.4.2.

24.4.2 Second approach: A direct argument

Next we observe that the function = — ||Rx|| /||z|| is a continuous function on non-zero x. Thus if
|Rx| /||z|]| € [1 — €, 1+ €] holds for some z, then it approximately holds for all nearby x. Also, since
||Rx|| / ||| only depends on the direction of x, not its norm, it suffices to consider vectors with ||z|| = 1.
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Define the Euclidean sphere
s={zeR: |z =1}.
Since we only need to consider points y € S, it seems conceivable that we could find finitely many points
P ={pi1,...,p¢} such that every point in S is “nearby” to some p;.
Definition 24.4.5. An e-net of a set S is a set P C S satisfying minyep ||[p — x| < € for all z € S.
References: (Vershynin, 2018, Definition 4.2.1), (Wainwright, 2019, Definition 5.1), Wikipedia.
The following fact is known.
Fact 24.4.6 (e-net of sphere). The sphere S in R has an e-net of size (3/¢)F.
References: (Vershynin, 2018, Corollary 4.2.13), (Wainwright, 2019, Example 5.8).

Let P be an e-net of size (3/¢)" = exp (kIn(3/¢)). Then we apply the Johnson-Lindenstrauss lemma
with error parameter € to the points in P. Note that |[p|| = 1 for all p € P, since P C S. By (24.2.7)
and a union bound, we have

|Rp| € [1—¢€1+¢ Vpe P (24.4.5)

with probability at least
1—|P|-exp(—€*/8) > 1—exp (kIn(3/e) — €t/8).
This probability is at least 1 — e™* if t = 16k In(3/¢) /€.

Now we show that, if the norm is (approximately) preserved on the e-net, then it is preserved on the
entire sphere.

Claim 24.4.7. Suppose that (24.4.5) holds. Then ||Rz| <1+ O(e) for all z € S.

References: (Vershynin, 2018, Lemma 4.4.1).

Proof. Consider any z* € argmax, g ||Rz||. The existence of z* comes from the Weierstrass extreme
value theorem, since x +— || Rz|| is continuous and S is a closed, bounded set.

Since P is an e-net, there exists p* € P such that ||z* — p*|| < e. By (24.4.5), we have || Rp*|| € [1—¢, 1+€].
We now bound ||Rz*|| by relating it to || Rp*|.

|Rz*|| < [|Rp*|| + ||R(z* —p")| (by the triangle inequality)
< (T+e)+[|R(" —pY) (by (24.4.5))
= (1+¢)+ Rm lz* = p*| (normalizing the vector)
e —=p
< (1+4¢€) + ||Rz™| - € (since z* is a maximizer).
Rearranging, we get || Rz*|| < 1£¢. Since 11 < 1+ 2¢ (see Fact B.3.5), the result follows. O

A similar argument yields the following claim, which proves Theorem 24.4.2.

Claim 24.4.8. Suppose that (24.4.5) holds. Then ||Rz| > 1 — O(e) for all x € S.

24.4.3 Subspace Embeddings with Fast JL

In the preceding discussion we have assumed that R is a Gaussian matrix, which simplified matters
due to the rotational invariance (Fact 24.4.3), but unfortunately multiplication by R is slow. We now
discuss how to replace R with a Fast JL matrix.
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The desired conclusion of Theorem 24.4.2 is that

[ R

Pr
(||l

€Ell—el+e VeeUz#0|>1—2"

Now let A be a d x k matrix whose columns are an orthonormal basis of U. Recall that P is an e-net
for S, the sphere in R¥. Since A is an isometry (a distance-preserving bijective map) between R* and
U,

o A-S={Ax : v €S} is the sphere in U.
e A-P={Ap :peP}isanenetfor A-S.

Now apply Theorem 24.3.2 with § = e=*/|P| > (¢/3e)* and t = O(log(d/5)?log(1/6)/€*). Tt follows
that
Pr[|Rz|| €[l —e,1+¢VeeA-P] > 1—2F

An argument similar to Claim 24.4.7 implies that

Pr[||Rz| € [1—O(e),1+ O(e)] Vx € U]
= Pr[|Rz| €[1 —O(e),1+0(e)] V2 € A-S] > 1—2e7F. (24.4.6)

This proves Theorem 24.4.2 with the weaker dimension of ¢t = O((klog(d)/€)?), but with a matrix R
supporting multiplication in time O(dlogd + t).

Discussion. See Section 2.1 of this survey, Section 8.7 of this survey or Section 6 of this survey.
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24.5 Exercises

Exercise 24.1. Let R be a JL matrix of size ¢ x d, where the entries are independent N(0,1/t).
Prove that E [RTR] = I. This is similar to the notion of being in isotropic position.

Exercise 24.2. Let z1,..., 2, be given vectors in R%, and let ¢ € (0,1) be arbitrary. For some
t = O(log(n)/€?), define R to be a t x d matrix whose entries are independent N (0,1/t).

Part I. Suppose that ||z;|| <1 for all i € [n]. Prove that, with probability at least 1 — 1/n,
lz]x; — 2;RTRa;| < e Vi, j.
Part II. Now assume no constraint on the norm of x1,...,z,. Prove that, with probability at least

1-1/n,
@] 2 — 2 RTRej| < el sl Vi, .

Exercise 24.3. Let R be a random Fast JL matrix, as described in Section 24.3, with arbitrary
t,d>1.

Part I. Is E [RTR] = [? This is similar to the notion of being in isotropic position.

Part II. Is R rotationally invariant? That is, for every d x d orthogonal matrix U, do R and RU have
the same distribution? Prove why or why not.

Exercise 24.4 Fast JL as a Data Structure. The Fast Johnson Lindenstrauss Transform is
just a random t x d R matrix of a special form. Explain how to implement it as a data structure for
which:

e it uses O(d + polylog(d/d)/€?) bits of space,

e the i, 5 entry of that matrix can be computed in O(logd) time.

Here polylog(-) means (log(-))¢ for some constant c.

Exercise 24.5 Super-Sparse Sampling works. Prove Claim 24.3.5.
Hints:

e ||Syl3 = 32,(Sy)2, and these summands are independent.
e The expectation was already analyzed in (24.3.1).
e The Generalized Hoeffding bound (Theorem 21.3.5) is recommended.

Exercise 24.6 7-net for the Hamming Cube. Recall that Section 24.4 defined an e-net with

respect to the Euclidean norm for the sphere. In this exercise we will construct a %-net with respect to
the Hamming distance for the Hamming cube {0,1}". (Recall that Hamming distance was defined in

(22.3.3).)
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For this exercise, define the Hamming ball, for any x € {0,1} and d > 0, to be

Bz, d) = {ye{0,1}" : A(z,y) <d}.

Part I. Fix some z € {0,1}" and d > 0. Let x1, - - - , xps be points sampled independently and uniformly
from {0,1}". Suppose that Pr[z € B(x;,d)] > p for some p € [0,1]. Show that

Pr|z¢ U B(zi,d) | < e PM,
1€[M]

Part II. Fix z € {0,1}" and let = be a point uniformly sampled from {0,1}". Show that

Pr[zeB(z,%)] > 2 m/2,

Hint: You will need some bounds on binomial coefficients.

Part ITI. Show that there is a 4-net for {0,1}" of size O(n - 2n/2),
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Chapter 25

Applications of Johnson-Lindenstrauss

In this chapter we will see several applications of the Johnson-Lindenstrauss lemma. These examples
illustrate two key reasons why Johnson-Lindenstrauss is so useful.

e First, it’s oblivious to the points being transformed. We can pick the matrix ahead of time, and
nevertheless it is likely to work well on whatever points it is applied.

e If there is an algorithm that involves the Euclidean norm, and whose performance is exponential
in the dimension, dimensionality reduction will improve its performance to polynomial in the
dimension!

25.1 Streaming algorithms for /5

Recall the streaming model from Chapter 13. We will change the notation slightly. The algorithm
receives a sequence of items (ay,as, ..., a,), where each a; € [d]. The frequency vector x € Z¢ is

xj = |[{i:a; =7} = number of occurrences of j in the stream.

The objective is to estimate some properties of x while using O(log(dn)) space. Properties of interest
include [[z]|,,, or the number of non-zero entries, etc.

Today we will give a simple algorithm to estimate ||z||,. As an example of a scenario where this would
be useful, consider a database table ((ai,b1),..., (an,by)). A self-join with the predicate a = a would
output all triples (a,b,b") where (a,b) and (a,b’) belong to the table. What is the size of this self-join?
It is simply ||z||%, where  is the frequency vector for the a values in the table. So a streaming algorithm
for estimating ||z|| could be quite useful in database query optimization.

The Algorithm. The idea is very simple: instead of storing x explicitly, we will store a dimensionality
reduced form of z. Let R be a random Gaussian matrix of size ¢ x d, divided by v/¢. (In other words,
each entry is drawn from the distribution N(0,1/¢). This is a rescaling of the linear map R defined
in Section 24.2.) Instead of explictly maintaining the vector x, the algorithm maintains the vector
y=R-x.
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Algorithm 25.1 Estimating the 5 norm of the frequency vector.

1: function ESTIMATEL2(int n)
2 Set t = O(1/€?)
3 Let R be a t x d matrix with independent entries drawn from N (0, 1/t)
4 Let y be the zero vector in R?
5: fori=1,...,mdo
6 Receive item a; from the stream
7 Add column a; of R to y
8 end for
return |y||
10: end function

At time step 4, the algorithm receives the index j = a;. This implicitly causes x; to increase by 1. Since
y = R -z, the corresponding change in y is to add the j* column of R to y.

To analyze this algorithm, we use the Johnson-Lindenstrauss lemma. In Eq. (24.2.7), we proved that
Pr{(1—e)llz]l < [lyll < (L+e)fz] = 1 —exp(—€*t/8).

Thus, setting t = O(1/€2), we conclude that ||y|| gives a (1 + ¢) approximation of ||x|| with constant
probability. Alternatively, if we want y to give an accurate estimate at each of the n time steps, we can
take t = O(log(n)/e?).

How much space does this algorithm take? The algorithm stores two objects: the vector y and
the matrix R. The vector y uses t = O(1/€?) words of space, which is consistent with our goal of using
very little space.

Unfortunately, the matrix R uses td words of space. Storing R explicitly is worse than storing the
frequency vector x. (There is also the issue of how many bits of accuracy are needed when generating
the Gaussian random variables, but we will ignore that.) However, it seems that there may be some
benefits to storing R instead of x, because R contains purely random numbers. The values of R do not
depend on values appearing in the stream.

o At first glance, it may seem that R needn’t be stored at all: every time an entry of R is accessed,
a new independent random variable could be generated. But this does not work: each time an
item j appears in the stream, we must add the j* column of R to y, and it must be the same
column each time.

e Does it help to use the Fast JL transform R = SHD introduced in Section 24.37 Storing this
matrix R requires only O(d + t) words of space, which is an improvement over the ordinary JL
matrix, but still too much.

e In a practical implementation, R will be generated by a pseudorandom generator initialized by
some seed. This has the advantage that we can regenerate columns of R at will by resetting the
seed. This is likely to work well in practice, but may not have provable guarantees.

e There is another approach that has been studied by theorists, and has provable guarantees but
is probably too complicated to use in practice. Theorists have developed provably good pseudo-
random generators, but only for algorithms that use a small amount of space. Since streaming
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algorithms do indeed use little space, this approach can indeed be used to regenerate the matrix
R as necessary.

References: See this paper of Nisan.

e Another approach with theoretical guarantees is to generate R using special low-independence
hash functions. A basic form of these ideas was discussed in Chapter 14. We may return to this
in future chapters. See (Blum et al., 2018, Section 6.2.3) or Chapter 6 of these notes.

25.2 Euclidean nearest neighbor

The nearest neighbor problem is a classic problem involving high-dimensional data. Given points
P=A{p1,...,pn} € R?, the goal is to build a (static) data structure so that, given a query point g € R?,
we can quickly find ¢ minimizing ||g — p;||. We focus on the Euclidean norm ||-|| = |-||5, but this problem
is interesting for many norms.

Trivial solutions. This problem can trivially be solved in polynomial time. We could do no processing
of P, then for each query find the closest point by exhaustive search. This requires time O(nd) for
each query. An alternative approach is to use a k-d tree, which is a well-known data structure for
representing geometric points. Unfortunately this could take O(dnl_l/ 4) time for each query, which
is only a substantial improvement over exhaustive search when the dimension d is a constant. This
phenomenon, the failure of low dimensional methods when applied in high dimensions, is known as the
“curse of dimensionality”.

Overcoming the curse. We will show that the curse can be overcome through the use of randomiza-
tion and approximation. The e-approzimate nearest neighbor problem (e-NN) is defined as follows.
Given a query point ¢ € R?, define
OPT = min|p—q|
peEP

we must find a point p € P such that

15 —qll < (140(e)) - OPT, (25.2.1)

Our goal is to preprocess P and produce a data structure of size poly(n). Given a query point ¢, we
wish to spend time say O(dlog(n)/e?) finding a point p € P satisfying (25.2.1). Imagine a setting where
n =~ 10! is the number of web pages, d ~ 103 is the number of features describing those pages, and
€ = 107! is the desired approximation. Our approach can answer a query in time dlog(n)/e? ~ 106,
whereas the trivial approach requires time nd ~ 10'3.

The high-level idea of our solution is very simple. First, design an exhaustive search algorithm that
requires space roughly 20(d) 6 solve e-NN for d-dimensional data. Then, apply dimensionality reduction
to reduce the data set to dimension ¢t ~ logn. Running the exhaustive search algorithm on the t-

dimensional data only requires space 20(t) — O,

25.2.1 Point Location in Equal Balls

The first step is to reduce our problem to a simpler one, in which a query only needs to determine
whether the closest point is at distance less than or greater than roughly r. This simpler problem is
called the e-Point Location in Equal Balls problem (e-PLEB). It is defined as follows.
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The input data is a collection of n points P = {p1,...,pn} C RZ. The notation B(p,r), defined
in (B.2.2), denotes the Euclidean ball of radius r around p. We will call B(p,r) a small ball, and
B(p, (1 + ¢)r) a big ball.

Given a query point ¢ € R?, the requirements are as follows:

o Case 1: (1+¢€)r < OPT.
In this case, ¢ is not in any big ball, i.e., fp; with ¢ € B(p;, (1 + ¢)r). We must output No.

o Case 2: 1 < OPT < (1+¢)r.
In this case, ¢ is in a big ball but not any small ball. We can either output No, or output Yes

together with a point p; with ¢ € B(p;, (1 +€)r).

e Case 3: OPT <.
In this case, ¢ is in a small ball (i.e., Ip; € P with ¢ € B(p;,r)). We must output Yes and a point
pj with ¢ € B(p;, (1 +¢)r).

Although there is some uncertainty about what happens in Case 2, we can draw some conclusions from
the output.

e If the output is Yes, then we are always provided with a point p; such that ¢ € B(p;, (1 +€)r).
e If the output is No, then either Case 1 or Case 2 could apply. In either case,

there isno p € P s.t. ¢ € B(p, 7). (25.2.2)

25.2.2 Reduction of NN to ¢«-PLEB

We now explain how to solve the e-NN problem using a solution to the e-PLEB problem. First scale
the point set P so that the minimum interpoint distance is at least 1, then let A be the maximum
interpoint distance. So 1 < |[p — p'|| < A for all p,p’ € P.

Initialization. To initialize the data structure, we create an instance of eePLEB(r) for every radius
rin

R = {(1+6%(1+e"(1+e?,...,A}. (25.2.3)
Question 25.2.1. How many different radii are there?
Answer.
"7 g osIIaXy Aq
- GFDu -
‘BG/(w)8o)p > ———— = (v) 1801
Clwon0 5 T = (9)

CRLCECRCIVN

Queries. Fix a query point ¢ € R Let us consider what the different outputs of e-PLEB(r) might
be for the radii in R.

62 (©Nicholas Harvey 2021. All rights reserved.



Radius [ (14+6)° [ A+ [ (1 +e)2 [ (1463 | (1+¢)? A
Example 1: Output No No No Yes Yes Yes
Case 1 1 2 3 3 3

Radius [ (14+6)° [ A+ [ (1 +e)? [ (1463 | (1+¢)? A
Example 2: Output No No No Yes Yes Yes
Case 1 1 1 2 3 3

Figure 25.1: Some possible outcomes of the e-PLEB subroutine. Note that there can be at most one
radius that results in Case 2.

Claim 25.2.2. For the radii in R, all No outputs occur for smaller radii than all Yes outputs.

Proof. 1f radius r falls into Case 1, then clearly all smaller radii also fall into Case 1 and therefore
produce the output No.

If radius r falls into Case 3, then clearly all larger radii also fall into Case 3 and therefore produce the
output Yes.

It remains to consider Case 2. Clearly at most one radius in R can satisfy the condition of Case 2. With
this radius, either Yes or No could be output, but both possibilities are consistent with the claim. [

Given any query point ¢, let 7 be the minimum radius r for which e-PLEB(r) says Yes. Let p € P be
the returned point for which ¢ € B(p, (1 + €)7). By Claim 25.2.2, # can be found by binary search.

Claim 25.2.3. p satisfies (25.2.1), and therefore is a solution to the e-NN problem.

Proof. The requirements of the e-PLEB(7) subroutine ensure that that ||p — ¢|| < 7(1 + €).

Recall that 7 is the minimum radius that said Yes. If # = 1 then clearly p satisfies (25.2.1). Otherwise,
e-PLEB(7/(1 + €)) output No. It follows (from (25.2.2)) that there is no point p’ € P with ¢ €

B(p',r/(1+¢€)). In other words,
,

e < minll -l

Thus p satisfies
p'EP

Since (1 + €)% <1+ 3¢ (see Fact B.1.3), this proves (25.2.1). O

Question 25.2.4. How many radii must the binary search consider in order to determine r*?

Answer.

'((9/(v)301)801)0 = [|%80r

25.2.3 Solving PLEB

The main idea here is quite simple. We discretize the space, then use a hash table to identify locations
belonging to a ball.
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Preprocessing. In more detail, the preprocessing step for e-PLEB(r) proceeds as follows. We first
partition the space into cuboids (d-dimensional cubes) of side length er/+/d. Note that! the Euclidean
diameter of a cuboid is its side length times v/d, which is er. Each cuboid is identified by a canonical
point, say the minimal point contained in the cuboid. We then create a hash table, initially empty. For
each point p; and each cuboid C that intersects B(p;,7), we insert the (key, value) pair (C,p;) into the
hash table.

Queries. Now consider how to perform a query for a point ¢q. The first step is to determine the cuboid
C that contains ¢, by simple arithmetic. Next, we look up C' in the hash table. If there are no matches,
that means that no ball B(p;,r) intersects C, and therefore ¢ is not contained in any ball of radius r (a
small ball). So, by the requirements of e-PLEB(r), we can say No.

Suppose that C' is in the hash table. Then the hash table can return an arbitrary pair (C,p;), which
tells us that B(pj,r) intersects C'. By the triangle inequality, the distance from p; to ¢ is at most r plus
the diameter of the cuboid, which is er. So ||p; — ¢|| < (1 + €)r, which means that ¢ is contained in the
big ball around p;. By the requirements of e-PLEB(r), we can say Yes and we can return the point p;.

Time and Space Analysis. To analyze this algorithm, we first need to determine the number of
cuboids that intersect a ball of radius . From (B.2.3), the volume of B(p,r) is 2@y /d%2, On the
other hand, the volume of a cuboid is (er/v/d)?. So the number of cuboids that intersect this ball is
roughly

90(d) pd. /g /2

279 dE O(1/e)?.

(er/ V)

Therefore the time and space used by the preprocessing step is roughly O(1/e)<.

To perform a query, we just need to compute the cuboid containing ¢ then look up that cuboid in the
hash table. This takes O(d) time if we use the perfect hashing of Section 15.4. This cannot be improved
— Q(d) time is clearly necessary, since we must examine most coordinates of the vector g.

Unfortunately the preprocessing time and space is exponential in d, which is another example of the
curse of dimensionality. The next section addresses this via dimensionality reduction.

25.2.4 Applying Dimensionality Reduction

The next step is to apply the Johnson-Lindenstrauss lemma to map our points to a low-dimensional
space. Let t = O(log(n)/€?). Let R be a random ¢ x d matrix whose entries have distribution N(0,1/t).
For any fixed query point g, Theorem 24.2.1 says that the linear map R approximately preserves pairwise
distances between all points in P U {¢} with probability 1 — 1/n.

The analysis of e-PLEB changes as follows. The preprocessing step must apply the matrix to all points
in P, which takes time O(dnt). The time to set up the hash table improves to O(1/e)t = nOos(1/e)/e*)
So assuming € is a constant, the preprocessing step runs in polynomial time. Each query must also
apply the Johnson-Lindenstrauss matrix to the query point, which takes time O(td) = O(dlog(n)/€?).

Finally, we analyze the reduction which allowed us to solve e-NN. Recall that the preprocessing step
simply instantiates e-PLEB(r) for all values of r in R. As discussed in Question 25.2.1, the number of
different instances is |R| = O(log(A)/e), so the total preprocessing time is

nCes/9/e) . O (log(A)/e).

'This can be seen from Fact B.2.1, because the cuboid has £ diameter er/v/d.
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This is polynomial time assuming A < o9 and € is a constant. Each query must perform binary
search over different radii to find 7. Each query to e-PLEB now takes time O(t). So the total query
time is

O(dt) + O(log|R|) - O(t) = O(t- (d—l—log(log(A)/e))).

This is roughly O(dlog(n)/€?) so long as A is reasonable, say A < 22°.

25.2.5 Discussion

Some of the earliest papers on approximate nearest neighbour are Kleinberg, Indyk and Motwani and
Kushilevitz-Ostrovsky-Rabani. The algorithm we present is due to Indyk and Motwani. It seems
quite inefficient, but of course there have been numerous improvements. The Indyk-Motwani paper
itself also proposed the alternative approach of “locality sensitive hashing”, which was touched upon in
Section 12.3. Some modern techniques for nearest neighbor are described in the survey of Andoni and
Indyk.

25.3 Fast Least-Squares Regression

Given matrix A of size d x m (with d > m) and a vector b € R?, the goal is to find

x* € argmin ||Az — b]| .
TER™

For some background motivation, see CPSC 340 Lecture 12 and Lecture 13.
Mathematically, this is quite a simple problem to solve: || Az — ng is a convex, differentiable quadratic
function, so the minimizers are the points with zero gradient. After some simple vector calculus, this
amounts to solving to the linear system

AT Az = A"b. (25.3.1)
References: UBC MATH 307 notes, (Trefethen and Bau, 1997, Theorem 11.1).

The focus of this section is algorithms for computationally solving (25.3.1).

Conventional Solutions. There are several standard approaches to solving (25.3.1).

e Naively, one could compute AT A and ATb explicitly and use Gaussian elimination to solve the
problem exactly.

Question 25.3.1. How much time does this take?

Answer.
TWYHLI0S[E 130R[RS ® AQ (e Wp) (O 0% poroxduar oq wed sIyf,

uny (wp)O SIS ‘W < P 9OULG "UOIYRUIIID
uerssney) wojred o3 owy (,w)O pue ‘q 7 oynduwod oy owy (wp)O ‘v, omduos oy owny (,up)O

e Since AT A is symmetric, we could use the Cholesky decomposition instead of Gaussian elimination.
This approach can also solve the problem exactly in O(dm?) time.

References: (Trefethen and Bau, 1997, Algorithm 11.1).
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Theorem 25.3.2. There is a randomized algorithm to find % satisfying
|Az —b|| < (14+0O(e)) - || Az™ = b|| (25.3.2)
in time
O(dmlogd) + poly(mlogd/e).
The failure probability is at most 2e¢~"".

The key point is that the leading term has improved from O(dm?) to only O(dmlogd). This gives an
improvement over conventional results if logd < m < d and € is modest.

The main idea is as follows. We will use a Fast JL matrix R to reduce the number of rows of A and b
tot = O((mlogd/e)?); see Section 24.4.3. After the dimension reduction, we then solve the problem by
conventional methods.

Algorithm 25.2 Fast algorithm for least-squares regression. A has size d x m and b has length d.

1: function FASTLEASTSQUARES(matrix A, vector b, float €)

2 Let t + O((mlogd/e)?)

3 Let R be a Fast JL matrix of size ¢t x d

4: Compute the matrix RA and the vector Rb

5 Find & € argmin,cpm |[RAz — Rb||, by conventional methods.
6 return 2
7: end function

Runtime analysis. The key computations are on line 4. Computing RA by ordinary matrix mul-
tiplication would take time O(tdm), which is too slow. However, since R is a Fast JL matrix, we can
do this much more quickly. Recall from Theorem 24.3.2 that matrix-vector multiplication with R takes
time O(dlogd + t). So we can construct RA by separately multiplying R by each column of A. Since
there are m columns, this takes O(dmlogd + tm) time. The vector Rb can be computed in the same
way.

Next, on line 5, we can find 2 by conventional methods in O(tm?) time. Plugging in the definition of ¢,
the total runtime is

O(dmlogd + tm) + O(tm?) = O(dmlogd) + poly(mlogd/e).

Analysis. Define
U = span ({ Az : z e R™ } U{b}). (25.3.3)

The vectors in U all have length d, but U is a subspace of dimension at most m + 1. By (24.4.6), the
matrix R approximately preserves the norm of all vectors in U, with probability at least 1 — 2¢~™. By
definition of Z, we have

|RAZ — Rb|| < [[RAz" — Rb|| = [|[R(Az" —b)|| < (1+¢€)-[Az" — b,
since Ax* — b € U. On the other hand,
|RAZ — Rb|| = [[R(Az —b)| = (1—¢)[AZ -0,

since AZ — b € U. Putting these inequalities together, we obtain
1+e€
—€

Since 1% < 1+ 2¢ (see Fact B.3.5), this completes the proof of Theorem 25.3.2.

€ —

Az —b] <

- [JAz* —b||.
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Discussion. This algorithm is due to Tamas Sarlos. See also Section 10.3 of this survey.

There have been many improvements. Let nnz(A) denote the number of non-zero entries in the matrix
A. It is known that the guarantee (25.3.2) can be achieved in time

O(nnz(A)) + poly(m/e).

See, for example, this paper or Theorem 21 of this survey.

25.4 Approximate Matrix Multiplication

Let A and B be matrices of size n x n. Computing the product AB exactly takes O(n3) time by
conventional methods, or O(n?3®) by a galactic algorithm. The following algorithm is much faster, and
is based on a very simple idea:

reduce the dimension of the matrices before multiplying them.

Algorithm 25.3 Algorithm to estimate AB. The matrices A and B have size n X n.
1: function FASTMATMUL (matrix A, B, float €)
2: Set t = O(log(n)/€?)
3: Let R be a t X n matrix with independent entries drawn from N(0,1/t)
4: return AR"RB
5: end function

Question 25.4.1. What is the runtime of this algorithm?

Answer.

‘(69/(u)80[ Zu)O = (;zzu)o oumIry}
So3e) WO} SUIUIqUIod A[[eUy pue ‘(3,u)) i} soxe)} gy uoy) | 3y Surd[dimu js1y ‘10semo “(u)0
OUIIJUILL OATS [[IM 381 7 |y SWIATAIMN “PoI[dI}[iUI o8 SEOLIFRW Y3 [OIYM UL JopIo oy} uo spuodep 3]
One appealing aspect of this algorithm is the following claim.
Claim 25.4.2. FASTMATMUL(A, B, €) is an unbiased estimator of AB.

The proof of this claim is Exercise 25.1.

Notation. The entry of A in the i*" row and j*" column is denoted A; ;. To refer to rows and columns,
we will use the following handy notation. Thinking of * as a “wildcard” character, we will let A; , denote
the i*" row of A and let A, 1, denote the k'™ column of A. Using this notation, the entries of the product
AB can be expressed as a dot product as follows.

n
(AB)ix = Y AijBjk = AiuBuy
j=1
References: (Murphy, 2022, Section 7.2.3).
Definition 25.4.3. For a matrix A, its Frobenius norm || Al is defined by
2 2 2
AR = D (Aiy)® = D l1Aislly = Y 14l (25.4.1)
ij€n] icln] j€ln]
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This is just the Euclidean norm of A when viewed as a vector of length n?.

References: (Trefethen and Bau, 1997, page 22), (Vershynin, 2018, Section 4.1.3), (Murphy, 2022, Section 7.1.3.2), (Blum et al.,
2018, Section 12.8.5), Wikipedia.

Our main theorem is that FASTMATMUL(A, B, €) is a good approximation for AB, with error measured
in the Frobenius norm.

Theorem 25.4.4. With probability at least 1 — 1/n,

IAB — ARTRB|p < €| Allp|Bllp-

Proof. We apply dimensionality reduction to the rows of A and the columns of B. Define
X = {(A)" cienyU{Bip:ken]}.
Exercise 24.2 shows that, with probability 1 — 1/n,

272’ —2TRTR!| < el|z| |2/ Vz, 1 € X
= |4 By — A R"RB. k| < €llAiull|Begll Vi, k € [n].

Squaring and summing over ¢, k, we have

> (AinBij — AinR"RB.;)”
i,k€[n]

IA

€ Y N Aisl® 1Bl

i,k€[n]

= (X 14?) (2 1B.1P).

1€[n] k€(n]

—(AB—ARTRB);

The theorem follows by taking the square root and using the identity (25.4.1). O

25.5 Exercises

Exercise 25.1. Prove Claim 25.4.2.
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Chapter 26

Online Learning

26.1 The model

We will consider an online learning model called “prediction with expert advice”. This setting involves
an algorithm, an adversary, and n “experts”. At each time step t = 1,2,..., the algorithm and the
experts must make a decision, and they each incur the cost of their decisions. For example, they
might try to predict if some event occurs, and the cost might indicate whether their prediction was
correct. These costs are controlled by the adversary. At the end of each time step, the adversary reveals
information about the costs to the algorithm.

26.2 Finding a perfect expert: the halving algorithm

Let us consider a basic setting. Suppose at every time ¢, we are trying to predict whether a sports team
will win. Each expert 7 announces a prediction p;; of whether they will win or not. The algorithm
receives these predictions then formulates its own prediction. Next, the adversary decides whether the
team wins or not, and reveals this outcome.

Theorem 26.2.1. Suppose that there is some expert that is always correct. Then Algorithm 26.1
makes at most log, n mistakes.

Proof. Every time the algorithm makes a mistake, the majority vote over S was incorrect. This means
that, in the next iteration, the size of S will have shrunk by a factor of at least 2. However, since we
assume that some expert is always correct, the set S always has size at least 1. Thus, there can be at
most log, n mistakes. O

26.3 No perfect expert: the weighted majority algorithm

Now let us consider the more general case in which there is no guarantee that an expert makes perfect
predictions. Let us now use the notation ¢; ; € {0,1} to denote the cost incurred by expert j at time
t. That is ¢;j = 0 if their prediction was correct, otherwise ¢;; = 1. Additionally, let C7; = Z?:l ct,j
denote the total cost incurred by expert j up to the end of iteration 7.
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Algorithm 26.1 The halving algorithm.

1: procedure HALVINGALGORITHM

2 Let S = [n] (the set of experts predicting correctly so far)
3 fort < 1,2,...

4 > Receive predictions p; € {0,1}"

5: Let m be the majority prediction of experts in S

6

7

8

> Predict m
> Receive the actual outcome, which tells us which experts were correct
Remove from S each expert j whose prediction was incorrect

We now present the weighted majority (WM) algorithm. Instead of discarding experts that make a
mistake, this algorithm will associate a “weight” with each expert: higher weight means that their pre-
dictions are more credible. The main idea is to decrease each expert’s weight multiplicatively whenever
he or she makes a mistake.

To make this precise, we need some more notation. The weight associated with expert j at time ¢t will
be denoted y; ;. Initially all weights are y; ; = 1, and they never increase. Every time expert j makes a
mistake, his or her weight is multiplied by e~". Thus, expert j’s weight at the start of iteration 7"+ 1

has the expression
T

yrig = [Je™ = exp(—nCry). (26.3.1)
t=1

Algorithm 26.2 The weighted majority algorithm.

1: procedure WEIGHTEDMAJORITY
2 Let yy = [1,...,1]
3 fort« 1,2,...
4 > Receive predictions p; € {0,1}"
5: Let m be such that Zexpert j predicting m Yt = % Z?:l Yt > the weighted majority vote
6 > Predict m
7 > Receive the actual outcome, which determines the cost vector ¢; € {0,1}"
8 for j«1,....n

e Yt.j (weight is unchanged if expert j predicted correctly)
9: Y41, = Yrje 1M = - . . . .

Y€ (weight is decreased if expert 7 made a mistake)

The notation becomes simpler if we introduce a new parameter €. Define

e=1—e" or equivalently n=In T (26.3.2)
The parameters n and € are closely related, since one can show
erxn—n?/2 and N~ e+ e?)2.
We will furthermore assume that € < 1/2. Then, using Fact B.3.6, we obtain that
n<e+ e (26.3.3)
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Theorem 26.3.1. Assume that € < 1/2. Consider any time step 7. Let Ap be the total cost (i.e.,
number of mistakes) of the algorithm after T iterations. Then, for every expert j € [n],

2lnn

Ap < 2(1+¢€)Crj +

In particular, this holds even for the “best expert”, i.e., 7* € argmin; Cr;.
References: (Hazan, 2015, Lemma 1.3).

Remark 26.3.2. There are variants of this algorithm that scale the weights by (1 —nc¢; ;) or (1 —mn)%i
instead of exp(—nc; ;). The proof can be easily modified to use those scalings instead.

Idea. The proof has two main ideas.

(a) The cost incurred by the algorithm in iteration ¢ can be related to the total change in the weights
during iteration t.

(b) The total weight in iteration 7'+ 1 provides a useful upper bound on the total cost that any expert
has incurred up to iteration T

Proof.

Step (a): We must analyze the cost of the algorithm in iteration ¢. The main fact at our disposal is:
whenever the algorithm makes a mistake, the weighted majority vote was incorrect. In mathematical

notation, » ... Yty = % > Yt Since the mistaken experts’ weights are decreased by a factor e™",
the main consequence is as follows.
If algorithm makes a mistake: Z Yir1,) = Z yr e+ Z Yt.j

J mistaken j correct j

=D g - =€) DY iy
J

mistaken j

—_——
ZZ]' Yt,j /2
1—e™"
< (1-—=) Zyt’j
= (1 — 7> Zym (by definition of €).
Using the bound 1 + x < e*, we obtain the bound
llyet1lly < 1 (if algorithm is correct)
el e /2 (if algorithm makes a mistake).

Taking the product for t =1,...,T, we obtain

llyr+ally H Hyt+1H1 < H e=/? = exp(—€Ar/2),
lly1lly lyelly

t: algorithm makes a mistake

since Ar is the number of mistakes made by the algorithm. Thus, since ||y1]|; = n, we have

HZ/T+1H1 S n-exp(—eAT/Q). (2634)
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Step (b): The next idea is that the sum of the weights gives a reasonable bound on any individual
weight. Specifically, by (26.3.1), we have

exp(—nCr;) = yr+1; < |yrsally - (26.3.5)

Combining (a) and (b): To relate the cost of expert j and the cost of the algorithm, we combine (26.3.4)
and (26.3.5) to obtain

exp(=nCrj) < llyrsilly < exp(—eAr/2)-n.

Taking the log, multiplying by % and rearranging, we obtain

Lastly, using (26.3.3), the coefficient of Cr; is bounded by 2(e + €2) = 2(1 + €), which completes the
proof. O

Remark 26.3.3. In this analysis, the current total weight of the experts, namely Zj yei = llvells
plays an important role. One may view this quantity as a “potential function” that captures the state of
the algorithm. Step (a) relates this potential to the cost of the algorithm. Step (b) relates this potential
to the cost of the best expert.

26.3.1 Lower bound

Let us consider a simple scenario with only two experts, where the first expert always predicts that the
team will win, and the second expert always predicts that they will lose. Suppose that the algorithm can
be any deterministic algorithm. If the adversary knows which algorithm is being used, then the adversary
knows what the algorithm will predict in every iteration. Thus, in every iteration, the adversary can

choose the sports team’s outcome so that the algorithm makes a mistake. However, only one of the two
experts mistakes a mistake. In mathematical symbols, we have

Ar =T and CT,l + CT72 =T. (26.3.6)

From this we obtain the following claim.

Claim 26.3.4. Consider a prediction scenario with two experts and with any deterministic algorithm.
Then, there is an adversary that ensures that

Ar > 2CT j+,

where j* € argmin; Cr; is the “best expert”.
Proof. From (26.3.6) we have Cr j« = min;epp Crj <T/2 = Ar/2. d

We conclude that no deterministic algorithm can remove the constant factor of 2 from Theorem 26.3.1.
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26.4 The randomized weighted majority algorithm

In this section we introduce an extremely interesting algorithm: the randomized weighted majority
(RWM) algorithm.

The first interesting result we will show is that it can remove the undesirable factor of 2 from Theo-
rem 26.3.1 — something that no deterministic algorithm can do! We will show that RWM’s expected
cost can be bounded by roughly (1 + €)Cr ;-.

There is another remarkable property of this algorithm. Whereas WM needs to receive the experts’
predictions in order to decide its own prediction (see Algorithm 26.2), RWM can decide what do before
even seeing the experts’ predictions. Instead RWM will, in a specific random way, pick an expert to
“follow”. Then, at the end of the iteration, it needs to know what cost every expert incurred.

Algorithm 26.3 The randomized weighted majority algorithm.

1. procedure RANDOMIZEDWEIGHTEDMAJORITY (7))

2 Let y1 < [1,...,1]

3 fort«+ 1,2,...

4 Let ¢ < y¢/ ||ye]|; (normalize the weights).

5: Follow expert j with probability x; ;.

6 > The expected cost incurred by the algorithm is 2?21 e = (Ct, Ty)

7 > Receive cost vector ¢; from the adversary

8 for j«1,....n

9 Yit1,5 < Yr.j exp(—nce ;) > decrease weight according to expert j’s cost

The quantities e =1 — e and Cr; = Zle ct,; are defined as in the previous section. Now
T

Ar = Z(Ct,l“t)

t=1
will denote the total expected cost of the algorithm,

Theorem 26.4.1. Assume that ¢; € [0,1]" for all ¢. Assume that e < 1/2. Consider any time step 7.
Then, for every expert j € [n],
Inn
AT S (1+6>CT] +7
In particular, this holds even for the “best expert”, i.e., j* € argminj Cr;.

References: (Hazan, 2015, Lemma 1.4), (Shalev-Shwartz and Ben-David, 2014, Theorem 21.11).

Idea. As in the proof of WM, it is useful to think of ||y, as a potential function. Step (b) is
unchanged: the total cost of expert j is bounded using the potential. Step (a) is a bit different: we
will relate the change in potential ||y:+1]|; / ||y¢]l; to the expected cost incurred by the algorithm at time
step t. In doing so, we will avoid the unwanted factor 2 that arises with WM.

Proof.
Step (a):

lyesll Yt,j EXPL—NC5) exp(—nc )
T L Z J T 1L < th] —€cj) = 1*621}7]6,57] < exp(—e€{cg, xy)).
1 1 =
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The first inequality uses Fact B.3.8 with o = e~ and the definition e = 1 — e~". The second inequality
is Fact A.2.5. Thus, taking the product for ¢t = 1,...,T, we see that the total weight at step T'+ 1 is
related to the total expected cost incurred by the algorithm:

T
”3/T+1||1 H ||yt+1||1 < HeXp(—€<Ct,33t>) = eXp(—€Z<Ct,-’Et>).

||y1||1 ||yt|i1 t=1 t=1

—_——
=Ar

Thus, recalling that ||yi||; = n, we obtain
lyrs1ll; < nexp(—eAr). (26.4.1)
Step (b): As in (26.3.5), we have
exp(—nCr;) = yr+1+ < lyrall; - (26.4.2)

Combining (a) and (b): To relate the cost of expert j and the expected cost of the algorithm, we
combine (26.4.1) and (26.4.2) to obtain

exp(—nCry;) < llyr4aly < n-exp(—eAr).
Taking the log and rearranging, we obtain
Ar < QCT,J‘ + —.
€ €

Lastly, using (26.3.3), the coefficient of Cr; is bounded by %(e + €2) = (1 + €), which completes the
proof. O

26.4.1 Extensions

Regret bounds
A fundamental concept in online learning is the notion of regret. In our setting, regret is defined to be
the difference between the algorithm’s cost and the cost of the best expert:

Regret(T) = Ap — min} Cr ;.
€

If one wishes to achieve low regret at time step 7', one may optimize € as a function of T" and obtain
the following result.

Corollary 26.4.2. Set € = \/In(n)/T. Then Regret(T) < 2vTInn.

Proof. For any j € [n], we have

Inn

Ar = Cr; < eCrj+ — (by Theorem 26.4.1)
1
< '+ an (since ¢; € [0,1]" Vi)
€
= 2vTIlnn,
by choice of €. In particular, this holds for j* € argmin; Cr,j, which implies the regret bound. O

Remark 26.4.3. The constant factor 2 can be improved to 271/2

and Lugosi, 2006, Section 2.2).

, which is optimal. See (Cesa-Bianchi
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Non-negative costs, quadratic bound

In this section we assume only that the cost vectors ¢; are non-negative.

Theorem 26.4.4. For every j € [n], we have

T
< th
t=1

l\D\\*)

T
Y23 it SF
= i n

Taking the minimum over j, we obtain the regret bound
n Inn
Regret(T) < 5 Z Z Ty kct E+t— o

Proof. We simply change step (a) of the proof of Theorem 26.4.1 as follows:

lyeilly _ Yok exp(=ncn)
lyelly el lyelly
n
= )z pexp(—nes)
k=1
2
< Zﬂft,k <1 —Negk + 50&) (by Fact B.3.7, and since ¢, 5, > 0)
k=1
< 1+< Ct,l‘t Z:Etkctk)
< exp ( —n{ce, ) + % Z a:t,kcik) (by Fact A.2.5).

k=1

Now, as before, we combine steps (a) and (b) to obtain:

n

2 T
exp(—nCry) < lyrialy < n-exp (- nz )+ 3D wencdy).
t=1 k=1
h/—’
=Ar

Taking the log, dividing by 1 and rearranging yields the claimed bound. O

Arbitrary costs

Next suppose we also allow negative costs. It is no longer possible to obtain multiplicative error, but
we can obtain a bound with an additive error term of O(eT).

Theorem 26.4.5. Assume that the costs satisfy ¢; € [—p, p|” for all ¢. Let ¢ = 1 — e™" and assume
that € < 1/2. Consider any time step ¢. For any j € [n], the expected cost of the algorithm satisfies

1
Ar < Cry+2p(== +T).
€
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Proof. The idea is to transform the costs into the interval [0,1], then to apply Theorem 26.4.1. Let I
denote the all-ones vector. We define

1 1- -
¢ = 3¢t + 51, or equivalently 2pé; — pl = ¢4. (26.4.3)
P
We then apply Theorem 26.4.1 with the cost vectors ¢1,...,¢ép. This leads to the bound
T
Z(Ct,$t> = 2p Z<ét,$t> —pT (by (26.4.3), and using <T, x) = 1)
t=1

T
2 1
< 2p(1+e Z pan pT (by Theorem 26.4.1)

T
R . 2plnn
= (2/) E Ct j —pT) + 2pe g Crj + P€
t=1

2plnn

T
< Z (QPCtj ) +2p€eT’ + (since ét,j < 1)

t=1
=cCt,j

Thus we have shown that

T ) 2plnn
Dolenae) < Y ey +20eT + L,
t=1 t=1
N—— ——
=Ap =Cr,
which is the claimed bound. O

Remark 26.4.6. The €T term can be improved to € 3.1 |ct j+|. See (Arora et al., 2012, Theorem 3).

Corollary 26.4.7. Let § € (0, 1] be arbitrary. Let p > 1 be such that the costs satisfy ¢; € [—p, p]”
for all t € [T]. Let T > %#7 e = \/In(n)/T and n = In &-. Then, for any j € [n],
Ar _ Crj

<
T — T

+ 0.

Proof. From Theorem 26.4.5 we obtain

i(cf;,m < ict,j+2 (lnn+ ) _ ZT:Ct,j+4 vinn ZT:Ct,j+5
T S L7 TPl 7)) T L T =L T

t=1 t=1 t=1 t=1

This is the claimed bound. O

Exercises

Exercise 26.1. Is Regret(t) a monotonically non-decreasing function?

Exercise 26.2. Suppose we know in advance a value C* such that some expert j has cost Cr; < C*.
(Of course, we do not know which j.) Describe an algorithm that can achieve regret at most 2v/C*Inn
and explain how it achieves this bound.
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Exercise 26.3. Intuitively, if the algorithm incurs a large expected cost then experts, on aggregate,
also incur a large cost. Therefore, there should be few experts that have incurred very little cost.

Recall that Ar denotes the total cost incurred by the algorithm up to time 7. Prove that, at time T,
the number of experts with total cost at most C' is at most

nexp ((e+ )C — eAr).
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Chapter 27

Applications of RWM

In this chapter we cover several interesting applications of the randomized weighted majority algorithm.

27.1 Linear programming

Consider the following linear program with variables v € R™, constraint matrix A of size m x n, and
right-hand side vector b € R™.

min fTv
s.t.  Av >b
veCl

The objective function is determined by the vector f € R™. The variables are constrained to lie in a
convex set C, which captures the “easy” constraints of the problem. What qualifies as an easy constraint
depends on the scenario, and ultimately it will relate to the “oracle” that we design below. As a typical
example to keep in mind, we can imagine that

C={veR":[;<v;j<u;Vjen]},
where the vector [ € R" gives lower bounds on the variables, and the vector u € R™ gives upper bounds
on the variables.

To keep things simple, we will ignore the objective function and consider only the following feasibility
problem. For convenience, let us A; denote the i*" row of A. Let

F ={veR": Ajw>bVie[m],vel}.
The goal of the feasibility problem is to find v € F, or determine that F = 0.

Remark 27.1.1. The problem of optimizing the original linear program can be reduced to the feasibil-
ity problem. For example, one approach is to add a new constraint fTv < a (equivalently, —fTv > —a),
then to use binary search to find a near-optimal value of a. Other reductions are known that avoid this
binary search.

We will solve the feasibility problem only approximately. For § > 0, define the d-relaxation of the
feasible region to be
Fs = {veR": Aw>b—oViem],veC}.

Our algorithm will either output a point © € Fs, or determine that F = ().
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The Oracle. We will assume that we have an “oracle” (or subroutine) that behaves as follows. Its
input is a vector w € R"™ and a scalar d € R. The output has two possibilities.

e “Yes”: the output is a point v € C satisfying w'v > d.
e “No”: the oracle asserts that no such point exists.

Furthermore, we assume that there is a parameter p > 0 such that, whenever the oracle answers “Yes”,
the point v satisfies

Ajv —b; € [—p, p] Vi € [m]. (27.1.1)

This parameter p is called the width.

To simplify matters for the oracle, its inputs w and d will not be arbitrary. The constraint “w’v > d”
that the oracle attempts to satisfy will always be a convex combination of the original constraints
“A;v > b;”. More explicitly, define the probability simplex in R™ to be

Ap = {2zeR":z;>0Vie[m]and > "z, =1}.

There will always be a distribution z € A,, such that

m
(constraint that oracle attempts to satisfy) = Zw, - (i*" constraint of F).
i=1

That is, we will always have w" = 2T A and d = z7b for some = € A,,.

Overview. Our LP solver algorithm combines the oracle with RWM in an interesting way. The key
idea is to think of each of the m constraints as an “expert”, then to use RWM to maintain a weighting
over the constraints. The current weighted average of the constraints is then provided as a single
constraint for the oracle to satisfy.

Of course, when the oracle returns “Yes”, that does not necessarily mean that the constraints of F are
satisfied. That is, in general

w'v>d 2 A;rv > b;.
(One exception is the case that z; = 1: when all the weighting is on the i*" constraint.) Nevertheless,
a larger weighting x; on the i*" constraint means that we want the oracle to place more emphasis on

satisfying the i*" constraint. Together with the regret bound of RWM, that will ultimately allow us to
approximately satisfy all of the constraints of F.

Algorithm. The pseudocode for the algorithm as follows.
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Algorithm 27.1 The LP feasibility solver.

1. procedure LPSOLVE())

2 Let T « 102 n

3 Initialize RWM with parameter € < /In(n)/T

4 fort«1,...,T

5: Get the current distribution x; € R™ from RWM

6 Let wy < 2] A and d; < x] b

7 > The current weighted average of the constraints is “w; v > d;”
8 Invoke the oracle with inputs wy, d;

9: if oracle returns “No” then

10: return “F is empty”

11: else
12: Receive v; from the oracle > We are guaranteed that th vy > dy
13: Let ¢; + Av; — b > The cost vector ¢ is in [—p, p|™
14: Provide ¢; as the cost vector to RWM

1T
15: return 5 ., v
Analysis.

Theorem 27.1.2. Algorithm 27.1 either outputs a point © € Fs or determines that F = ().
References: (Arora et al., 2012, Section 3.2), (Plotkin et al., 1995), (Grigoriadis and Khachiyan, 1995).
The theorem is a consequence of the following two lemmas.

Lemma 27.1.3. If the oracle ever returns “No” then F = .

Proof. For the purpose of contradiction, assume that there is a point v € F. Then we have A;u—b; > 0
for all i. Now consider any time t at which the oracle returns “No”. Multiplying the i*" inequality by
the non-negative weight x;; then adding up, we obtain

0 < iajm(Aw—bi) = (ixt7iAi)v_<§:xt,ibi> = thv—d.

i=1 i=1 i=1
~—— ~———
:wIA :wl—b

Furthermore, v € C since F C C. However the oracle’s output “No” asserts that no such point exists.

This is a contradiction, so no point v € F can exist. O

Lemma 27.1.4. Suppose that the oracle always returns “Yes”. Let 0 = % Zle v; be the algorithm’s
output. Then v € Fy.

Proof. In each iteration we know that w]v; — d; > 0. This implies that the RWM algorithm’s average
cost is non-negative:

1 1 1 1 1 &
— Tz;xt o = szt (Av, —b) = ; wiv, —dy) > 0, (27.1.2)
since w = 2/ A and d; = ] b. On the other hand, for any 4, the average cost of the i*® expert is
CT’L d N
= —ZCH = Z(A vy — b)) = A — by (27.1.3)
=
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By our assumption on the oracle, we have that ¢;; = A;vy — b; € [—p, p] for all ¢ and i. Thus, using
Corollary 26.4.7, which is our regret bound for RWM with costs in [—p, p], we obtain that

Ap < Cr,i

5.
T =T °

From (27.1.2) we have Ap/T > 0, so rearranging and using (27.1.3) we get

This argument holds for all ¢ € [m]. Furthermore, the oracle guarantees that v, € C for all t so, by
convexity of C, we also have v = % Z;f:l vt € C. Thus, we conclude that ¢ € Fy. O

Remark 27.1.5. This approach can also handle a feasibility problem of the form
F={veR": Av<bveClC},

if we have an oracle to find v satisfying w'v < d. This problem reduces to Theorem 27.1.2 simply by
substituting A < —A and b < —b. Of course, in this case we would have

Fs={veR": Ajw<b+0Vie[m],veC},

Bounded width. Above we have assumed that the oracle has bounded width, i.e., that there exists
a finite parameter p such that A;v — b; € [—p, p|™ for all i € [m]. In fact, this assumption is without
loss of generality. To see why, consider the following theorem.

Theorem 27.1.6. Define the matrix A’ = (A I) and the function
f(A,b) = max ————

where Ajg denotes the subset of A’ with column set B, opin denotes the minimum singular value, and
the maximum is over subsets B such that A’; is square and non-singular. If F # (), then there exists
v € F satisfying

loll, < f(A,0) Vi€ lm].

Corollary 27.1.7 (Finite bound on the width). Define
p = max | Adly - F(A,) + max|bi].
Then, for the particular vector v whose existence is asserted by Theorem 27.1.6, we have
[Aiv—b;] < p Vi € [m].
Thus, there exists an oracle with width parameter p.
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27.2 LP for Congestion Minimization

Recall the congestion minimization problem from Section 22.2. We have a graph G = (V, E) and k
source-sink pairs s;,t; € V. We want to find an s;-t; path for each ¢ such that each edge is used in at
most C paths. We use P? to denote the set of all s;-t; paths in G. We previously discussed the following
linear programming formulation of this problem.

min C
st Y v =1 Vi € [k]
PeP;
Z Z v}; <C Vee E
t pep?
ecP
C >1
vh, >0 Vi€ [k], P € P

Here we have renamed the LP variables from xﬁ; to ’U}; to avoid a naming conflict with the x; vectors
computed by RWM.

In this section, we will show how to solve this linear program, using the techniques of the previous
section. The first step is to formulate it using as a feasibility problem using the sets C and F discussed
earlier. First, the “easy” constraints are defined as follows.

¢t = { veR": Zv};:landvprOVPEPi
PcPi
_ i 2 Zpefpz'U}J:].VlE[k} '
¢ = Ag}c - ”E,Q]R Cwh >0 Vie k], YP e P

At this point, it is useful to keep in mind that C? is a probability simplex in ]Rpi, and that C is a
Cartesian product of the sets C*.

Next, for a fixed constant C € R, define the feasible region

FC = UGC:ZZU}QSCV@GE

ic[k] pepi
ecP

The linear program in Section 22.2 is equivalent to finding the minimum value C' such that F¢ is
non-empty.

Our approach is to design an algorithm for the feasibility problem F¢. Then we will use binary search
to find the smallest value of C' € [1, k] such that F¢ is non-empty. To decide feasibility of F¢ we will
use Algorithm 27.1, which requires us to design an oracle.
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The Oracle. The oracle is given a convex combination of the constraints, where the constraint for
edge e has weight x; .. This convex combination can be expressed as

mee( Z Z U}Q ) < ane \C/’_/ (27.2.1)

ecE i€[k] Pepi eeE right-hand side
€€ of e*® constraint
——————
left-hand side
of eth constraint

We now restate this in an equivalent form. First, the right-hand side of (27.2.1) is clearly C since x; is
a distribution. Next, on the left-hand side, we can change the order of summation to ). > » > .. And
finally, the existence of a vector v satisfying (27.2.1) can be stated as minimizing the left-hand side over
v, then verifying whether that minimum value is at most C. Thus, the condition that the oracle must

evaluate is
o
i i . < C. 27.2.2
min - 3 v (Ywe) < € (27.22)

i€[k] Pep? eeP
=length,, (P)

Here we introduce the notation length,, (P) := >_ . p ¢ to denote the total length of the path P when
using z; . as the length of edge e. Lastly, we observe that the commodities do not interact at all, neither
in the function >, Y p vl length,, (P) (since it is separable), nor in the set C (since it has a product
structure C = Hle C%). Thus, the separation principle (Claim B.1.4) implies that (27.2.2) is equivalent
to

‘7
i : < C. 2.
Z;nelgl Z‘vplengthxt(P) < C (27.2.3)
i€[k] PeP?

Recall that C' imposes the constraint that v* is a distribution over paths in P?. Thus, the inner
minimization is minimizing a convex combination of path lengths, which must be achieved achieved by
a single path P. In symbols,

i i, length, (P) = min length (P).
min P%;vp ength,, (P) = min length,, (P)

To conclude, the goal of the oracle is to determine whether

?
in length, (P) < C.
D min length,, (P) <
1€[k]

Thus, the oracle can be implemented by computing P!, a shortest s;-t; path, for each i € [k]. If their
total length is at most C' then the oracle returns “Yes” and the vector v = Zle epi. Otherwise it
returns “No”.

Lastly, recall that the efficiency of these methods heavily depends on the width. Before analyzing the
width, let us make a simple observation. In any solution to the congestion minimization problem each
edge can be traversed at most k times, so we may assume without loss of generality that C' < k.

Claim 27.2.1. This oracle has width parameter p < k.
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Proof. Recall that the requirement for the width parameter p was given in (27.1.1). In our current
scenario, we will let v denote the output of the oracle, so the condition becomes

ZZU};—C <p Ve € E.

iclk] pep?
ecP

As observed above, we may assume that C' < k. On the other hand, Pepi:ecP v}; < 1 since v’ lies in
the simplex C’. Thus, we also have Zie[k} Y pepi:ecP vl < k. O

27.3 Bandits

The bandits scenario is similar to the original experts scenario, except that the algorithm only receives
partial feedback. That is, in round ¢, the algorithm does not receive the entire vector ¢;. Instead, if it
randomly chose to follow expert j, it only receives the cost ¢ ;.

27.3.1 The bandit model

There is an agent who must make a sequence of online decisions. There are a sequence of discrete time
steps; in each time step, the agent must make a decision and incur the cost of that decision. The agent
has limited or no forehand knowledge of what that cost will be. Of course, the goal is to incur as little
cost as possible. At the end of each time step, the agent is told the cost of the choice he actually made,
but not the other choices he could have made.

A typical setup is that there are n actions. The costs at time t are specified by a vector ¢ =
(ct1s---,cen) € R™, where ¢ ; is the cost of performing action j at time ¢. The agent must (without
knowing ¢;) pick an action j to perform, then incur the cost ¢, ;. The cost vector ¢; is not revealed to
the agent; only the single cost ¢; ; is revealed.

There are many different models of bandits. Two of the most basic are stochastic bandits and
adversarial bandits (or non-stochastic bandits), which we discuss in this section.

“Adversarial” Bandits. This setting is most similar to the model of prediction with expert advice,
as discussed in Chapter 26. Let us now consider the power of the adversary. As mentioned last time,
if ¢; depends on the action chosen at time ¢, the results would be uninteresting: the lower bound of
Section 26.3.1 implies a regret of Q(T) after T" rounds.

So suppose we only allowed the adversary to determine ¢; based upon the algorithm’s decisions in rounds
1 through ¢t — 1. The adversary does not know any random bits used by the algorithm. This is called an
adaptive online adversary. Important results have been proven in this setting, even in the bandit
model, but there is also a sentiment! that regret bounds against adaptive online adversaries are “not
meaningful”.

Today, we will consider adversarial bandits with an oblivious adversary: the adversary knows the
algorithm (but not its random bits), and all cost functions ¢; are chosen before the algorithm begins
execution. Already this is quite interesting because it is a substantial generalization of stochastic
bandits.

1See Arora, Dekel, Tewari for further discussion.
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As before, let Ar be the cost incurred by the algorithm up to round 7. We now define

AT—E cj| = mlnE Ct,j-

Regret(T') = maxE
[n] j€[n]
Usually, the goal is to get Regret(T") = o(T).

Jj€ln

27.3.2 Exp3

In this section we present the Exp3 algorithm, which achieves regret bound O(y/Tnlogn) in the adver-
sarial bandits setting, which is nearly optimal. The algorithm’s name stands for “Exponential-weight
algorithm for Exploration and Exploitation”. It was original presented by Auer, Cesa-Bianchi, Freund
and Schapire in the FOCS 1995 conference (Auer et al., 1995, 2002).

Overview of ideas. At a very vague level, Exp3 can be explained as follows:

Gradient Descent is to Random Coordinate Descent
as
Randomized Weighted Majority is to Exp3

The key idea for Exp3 is to run the Randomized Weighted Majority algorithm as a subroutine. However,
recall that RWM requires a cost for all experts, whereas the bandit model only provides us the cost of
a single expert. The Exp3 algorithm will create a random vector of “simulated costs” that equals the
true costs in expectation, then provided that simulated vector to RWM.

Algorithm 27.2 The Exp3 algorithm. We assume each weight vector ¢; € [0,1]"

1. procedure Expr3(n)

2 Letylz(l,...,l)

3 fort« 1,2,...,T

4 Let z; = y¢/ ||y¢||; (normalize the weights).

5: Use fresh randomness to pick action X; € [n] according to distribution ;.
6 Perform the action X;

7 > Expected cost incurred is Y7 ¢ i@ = (¢, @t )

8 > Receive the single cost ¢ x, € [0, 1]

9 Construct the simulated cost vector ¢ € R™ with

. {ct,i/xt,i (for i = Xy)

0 (otherwise)

10: fori<1,...,n
11: Yer1,i = Yr,i €Xp(—nCei) > (decrease weight according to action i’s simulated cost)

Let ¢; € [0, 1]™ denote the true cost of the actions in round ¢. Let F; denote the full history up to the
end of time ¢, by which we mean all random variables that have been generated up to the end of time
t. See Section 29.2 for further explanation.

The following claim says that, no matter what the algorithm has learned so far, in round ¢ the simulated
costs equal the actual costs in expectation.

85 (©Nicholas Harvey 2021. All rights reserved.



Claim 27.3.1.
E[étﬂ‘ | Ft—l] = Ct; YVt € [T], 1€ [n]

Proof. Recalling the definition of ¢, we have the expression

A Cti
Elé,; | Fm1] = E % Ax,—i +0-1x,2 | Fr
ti

Here c¢;; is a constant, and z;; is completely determined by F;_;. Thus, we can use Claim 29.2.5 to
pull out ¢ ;/x;, which yields

Ct7'
= — E[lx=i | Fia]
Tt,i
s
= . xt; (by the conditional distribution of X)
Tt
= Cty- OJ

We will apply the Randomized Weighted Majority analysis of Theorem 26.4.4, with the simulated cost
¢¢ rather than the actual costs ¢;. That will introduce a quadratic term in the costs, which we first show
how to deal with.

Claim 27.3.2.

n
)
E E :xt,ict,i | Fia

i=1

<n Vtel[T].

Proof. As in the previous proof, we use the definition of ¢ to obtain

n n
N Cti\?
E thﬂ'ciz‘ | Fi1| = E [Z%ﬂ((miz) ‘1Xt:i+0'1Xt;£i> | Fiq
=1 i=1 )t

(definition of ¢;)

N2
Recall that xm(c’”> is completely determined by F;_;. Thus, using Claim 29.2.5 and linearity of

Tt
expectation, we get

52

n
Cri\2
= E xt,i<7tﬂ) ‘Ellx,— | Fi—1]
i—1 Tt

n

Cei\2

= Z Tt <ﬂ) -x¢; (by the conditional distribution of X;)

i—1 Tt

n

2

= 2

i=1
<n.

This last inequality holds because every cost c;; is at most 1. O

Theorem 27.3.3. Let j € [n] be arbitrary. Let n = \/21In(n)/Tn. The expected cost of the algorithm

satisfies
T

T
Z(ct, a:t>] —thjj < v2Tnlnn.
t=1

t=1

E
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References: See (Hazan, 2015, Lemma 6.2).

Proof. We will apply Theorem 26.4.4 to the simulated cost vectors ¢. Note that these cost vectors ¢
are random (because ¢ depends on Xj), but that does not matter — the analysis of Theorem 26.4.4
works for all cost vectors, even adversarially chosen ones. Thus, with probability 1,

T

T n
N R lnn
Z((ct, xp) — G ) < gzz_:xmcm (27.3.1)

t=1

Now consider the ¢ term on the left-hand side, and take its expectation conditioned on F;_;. We
obtain
n
E[(¢, x¢)—¢y | Fi-1] = E Zét,z'fl?t,i — ¢y | Fia
i=1

n
= ZE[ét,ixm | Fi1])—E[é; | Fi—1] (by linearity of expectation)
Since x; is completely determined by F;_;, we can use Claim 29.2.5 to pull out z;;, which yields
n
= Y 2 Blé | Fa)—Eléy | Fial

n
= mect,i —¢; (by Claim 27.3.1)

= <£L't, Ct > —Ct,g- (2732)

Summing (27.3.2) over t and taking the unconditional expectation, we obtain

T T
E[Z<l‘t, Ct>—Ct’j] = E[ZEH@, :Et>—ét,j | thl]

t=1 t=1

T
=E [ (( e, ae) — ét,j)] (by Claim 29.2.3)
t=1

T n

Z Z xmé?l] (by the expectation of (27.3.1)) (27.3.3)
t=1 i=1

Inn o
n

IN

The right-hand side may be bounded as follows.
T n T n
t=1 i=1 t=1 i=1
T
. [Z "
t=1

Thus, combining (27.3.3) and (27.3.4), we obtain

T
Inn
E [Z<Z’t, Ct>_ct,j] S 74‘ng

t=1 "

(by Claim 29.2.3)

IN

= Tn (by Claim 27.3.2) (27.3.4)

Since n = /21n(n)/Tn, this proves the theorem. O
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Exercises

Exercise 27.1.  Farkas’ lemma is a fundamental result in the theory of linear inequalities. (For
example, it can be used to prove the strong duality theorem for linear programming.) One statement
of the lemma is as follows.

Let A be an m x n matrix and b € R™. Then exactly one of the following must hold.

e (a) there exists v € R" with Av > b and v > 0.

e (b) there exists » € R™ with 274 <0, 27b > 0 and z > 0.

Part I. Prove that (a) and (b) cannot simultaneously hold.
Hint: If (a) and (b) both hold, prove that = (Av — b) > 0, then prove that =T (Av — b) < 0.

Part II. Imagine running the Algorithm 27.1 for an infinite number of parameters § that tend to zero.
If the oracle always outputs “Yes”, then prove that (a) holds.

Hint: Use Lemma 27.1.4, Corollary 27.1.7 and the Bolzano-Weierstrass theorem.
Part III. If the oracle ever outputs “No”, then prove that (b) holds.
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Chapter 28

Polynomial Methods

In Section 15.1 we discussed the problem of testing equality of two bitstrings in a distributed setting.
We solved that problem by comparing the hash values when using the polynomzial hash functions of
Section 14.3. That was our first taste of polynomial methods.

28.1 Polynomial Identity Testing

The polynomial identity testing problem (henceforth, PIT) can roughly be defined as follows. Given
a multivariate polynomial p(zy,...,x,) with coefficients in some field F, decide if p equals the zero
polynomial. This problem might sound dull and algebraic, but it is perhaps better to think of it as very
abstract and general. Many interesting non-algebraic problems, such as testing equality of strings, are
related to PIT.

Let us now explain PIT in more detail. Every polynomial p(x1,...,x,) can be expanded into a sum
of monomials with coefficients in F. For example, the polynomial p(x,y, z) = (z + 2y)(3y — z) can be
expanded into a sum of monomials as

p(r,y,2) = 3y +6y* —xz — 2yz.
If p is expanded into a sum of monomials, and all coefficients of those monomials are zero, then p is

called the zero polynomzial, or identically zero.

Example 28.1.1. Is

p(a,y,2) = (z+y)* = (z —y)* —dzy
identically zero?
Answer.

‘uotsuedxo [eIALI} A] ‘SOX

Example 28.1.2. Is

1 1 7
p(z,y,2) = (z1 —x2)(x1 — 23) (12 —23) — det | 1 a9 23
1 x5 :c%

identically zero?
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Answer.

“JURUTULISNOP SPUOULIOPURA € I0] ®[NULIO} 9} £q ‘Sox

Univariate polynomials are commonly classified by their degree. For a multivariate polynomial, this
requires some explanation. A monomial is any expression of the form ¢ - [] ;27" where ¢ € F and
ai, ...,y are non-negative integers. The total degree of this monomial is ) ;" ; ;. The total degree
of a polynomial is the maximum total degree of its monomials.

We can now state the PIT question mathematically as follows. If p is a polynomial of total degree d,

and we expand
n

p(:Cl, e ,ﬂﬁn) = Z Cay,...,an szqiv

aqy...,an >0 =1
aj+-+ap<d

then are all coefficients cq, ... q, equal to zero?

Computational considerations. As stated above, PIT is a mathematical question: is p equal to
the zero polynomial, or isn’t it? We are interested in the computational aspects of PIT. This requires
discussing how the data is represented and what operations are permitted. In particular, we must clarify
what it means to be “given p”.

We will assume that p is represented as a “black box” which, given explicit values z1,...,z,, returns
the value p(x1,...,2,) in one unit of time. This model is useful because p might have an implicit
representation, such as in Example 28.1.2. Nevertheless, given numeric values for x1,xo, 3 we can
evaluate p(z1, z2,z3) by computing the determinant numerically.

Complexity Status. The complexity status of PIT is quite interesting. We will show that there is
a randomized algorithm to decide PIT. However, there is no known efficient deterministic algorithm to
decide PIT. Furthermore, if such an algorithm existed then there would be significant consequences in
complexity theory. It is perhaps fair to say that PIT is the canonical problem in RP that is not known
to be in P.

28.1.1 The Schwartz-Zippel Lemma

The main tool that we will use in this chapter is the following.

Lemma 28.1.3 (Schwartz-Zippel Lemma). Let F be any field. Let p(x1,...,z,) be a polynomial of
total degree d with coefficients in the field F. Assume that p is not identically zero. Let S C F be any
finite set. Then, if we pick yi,...,y, independently and uniformly from S,

d

P e Yn) = < —
r[p(yl, ,y) 0] = |S|

Interestingly, the right-hand side % does not depend on n!
References: (Motwani and Raghavan, 1995, Theorem 7.2), Wikipedia.

To help understand the lemma, let p be a polynomial of total degree d over R. Fix any set S of size 2d,
and pick each y; uniformly and independently from S. According to the lemma, (y1,...,yy) is a root
of p with probability at most 1/2.

Question 28.1.4. Can we conclude that polynomials over R have finitely many roots?
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Proof of Lemma 28.1.3. We proceed by induction on n.

The base case is the case n = 1. Over any field F, a univariate polynomial of degree d has at most d
roots; see Fact A.2.14. So the probability that y; is a root is at most d/|S].

Now we assume the theorem is true for polynomials with n — 1 variables, and we prove it for those with
n variables. The main idea is to obtain polynomials with fewer variables by factoring out the variable
x1 from p. Let k be the largest power of z; appearing in any monomial of p. We may write

k
p(T1,..., ) = Zajll-qi(xg,...,xn).
i=0

By our choice of k, the polynomial g is not identically zero, and its total degree is at most d — k.

Now randomly choose the values of ys,...,y, € S and define the event

& = “a(y2, .. yn) =07,

By induction
d—k

Pr&] = Pr{q(yz,....yn) =0] < G (28.1.1)
We have already chosen the values y2,...,y, € S. What remains is the univariate polynomial
k .
fl) = > 2t -ailya, - yn) = p(x1, 02,1 Yn)-
i=0

Conditioning on the event &1, the coefficient of z¥ in f is non-zero, and so f is not identically zero. Now
choose y; uniformly at random from S, and define the event

82 — “f(yl) — 077 — “P(yh . ’yn) — 077.
By the univariate argument of the base case,

k

Pr[& | &) = Pr[f(y1)=0] & < Kk (28.1.2)
We can combine the two types of errors in a familiar way.
Prip(ys,...,yn) = 0] = Pr[&]
< Pr[&]+Pr[& | & (by Exercise A.4)
< d|_5|k + é (by (28.1.1) and (28.1.2))
d
=5 O
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28.1.2 Solving PIT

Algorithm 28.1 Randomized algorithm for PIT. It is assumed that p has coefficients in F and S C F.

1: function SOLVEPIT (polynomial p(x1,...,x,), set S)
2: Pick y1,...,yn uniformly and independently from S
3: if p(y1,...,yn) = 0 then return True

4: else return False

5: end function

Recall the definitions of an RP-algorithm and a coRP-algorithm from Section 1.2.

Theorem 28.1.5. Let d be the total degree of p. If |S| > 2d then SOLVEPIT is a coRP algorithm for
the PIT problem.

Proof. If the correct output is True then p is identically zero, so p(y1,...,y,) will always equal 0, and
the algorithm will always output True. So the algorithm has no false negatives.

If the correct output is False then the algorithm will incorrectly output True if p(yi1,...,y,) = 0. By
Lemma 28.1.3, this happens with probability at most d/|S| < 1/2. O

28.2 Bipartite Matching

Let G = (UUV, E) be a bipartite graph, meaning that U and V are disjoint sets of vertices, and every
edge in F has exactly one endpoint in U and exactly one endpoint in V. A matching in G is a set
of edges that share no endpoints. A perfect matching in G is a set of edges M C FE such that every
vertex is contained in exactly one edge of M.

Polynomial time algorithms are known to decide if G has a perfect matching, and even to construct such
a matching. We will give a randomized algorithm to decide if G has a perfect matching, by reducing
that problem to PIT.

Let A be the matrix whose rows are indexed by the vertices in U and columns are indexed by the
vertices in V. The entries of A are:

u,v if E
A, = JFwe (FwweB) (28.2.1)
’ 0 (if uv ¢ F)

where { z,, : uv € E } are distinct variables.

Another consequence of Claim 28.2.1 is that det A can be viewed as a polynomial over any field F. This
is because all the monomials have coefficient either +1 or —1, which are numbers in every field F.

Claim 28.2.1.
det A = > + [ Zum)- (28.2.2)

perfect matching m:U—V  uelU

Corollary 28.2.2. det A is identically zero if and only if G has no perfect matching.

Proof of Claim 28.2.1. By the Leibniz formula for determinants,

det A = > + [ Avrwys (28.2.3)

bijection m:U—V  uweU
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where the signs are irrelevant for our purposes.

The first observation is that the monomials in the right-hand side of (28.2.3) all involve distinct sets of
variables, and therefore there can be no cancellations amongst these monomials.

Next, observe that a bijection from U to V is simply a pairing { (u,7(u)) : uw € U } of elements in U
and elements in V' such that each vertex appears in exactly one pair. In contrast, a perfect matching is
such a bijection in which every pair (u,w(u)) is also an edge in E.

Lastly, observe that a monomial [ [,cir Ay, r(u) is non-zero if and only if every pair (u,7(u)) is an edge in
E. This is because A, ~(,) = 0 if there is no edge from u to 7(u). It follows that the non-zero summands
in (28.2.3) are precisely the summands in (28.2.2). O

28.2.1 A perfect matching algorithm

Algorithm 28.2 Randomized algorithm for deciding if G has a perfect matching. Here G = (U, V, E)
is a bipartite graph and n = |U| = |V|.

1: function DECIDEPM (graph G)

2 Let F be any field and S any set where S C F and |S| > 2n

3 Let A be the matrix described in (28.2.1)

4: Replace every non-zero entry of A with an independent random number uniform in S
5 if det A # 0 then return True else return False

6: end function

Question 28.2.3. What is the running time of this algorithm?

Answer.
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Theorem 28.2.4. DECIDEPM is an RP-algorithm for deciding if G has a perfect matching.

Proof. After line 3, det A is a polynomial of total degree at most n. As observed above, it can be viewed
as a polynomial over any field F.

If G has no perfect matching then by Corollary 28.2.2, det A is identically zero and so the algorithm
will always return False. Therefore there are no false positives.

If G does have a perfect matching then, by Corollary 28.2.2, det A is not identically zero. By the
Schwartz-Zippel lemma (Lemma 28.1.3), the false negative probability is at most

total degree o N 1
5] ‘

|
Do
S
)

Question 28.2.5. How can we decrease the failure probability to 67

Answer.
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28.3 Exercises

Exercise 28.1. Let a = (ai,...,as) be a string of characters in [¢], Let p be a prime with p > ¢. Let

h(a) = (ZS: a; X; + Y) mod p.
i=1

be a linear hash function as defined in (14.1.1). Use Lemma 28.1.3 to prove that collisions are unlikely:

This is similar to Corollary 14.1.8.
Exercise 28.2. Give a coRP algorithm for the PIT problem under the assumption that |F| > d.

Exercise 28.3.  Give an example of a field F and a polynomial p(x1,...,z,) such that p is not the
zero polynomial, but nevertheless p(x1,...,z,) =0 for all z;,..., 2, € F.

Conclude that, without the assumption |F| > d, it is impossible to solve PIT when p is represented as
a black box.

Exercise 28.4. Let p(z1,...,2,) be a polynomial over Fa, represented explicitly with a formula.
Prove that deciding whether there exist x1,...,x, € Fy such that p(z1,...,x,) # 0 is NP-hard.

Exercise 28.5. Suppose that p(x1,...,x,) is represented as an explicit formula (using addition,
subtraction, multiplication and parentheses). Let d be the total degree of p.

If d > |F|, then Lemma 28.1.3 does not give any useful information about the number of roots. Despite
that, give a coRP algorithm for PIT.

Exercise 28.6. Algorithm 28.2 is a randomized, polynomial time algorithm for deciding if a bipartite
graph has a perfect matching.

Part I. Give a randomized, polynomial time algorithm for deciding if a bipartite graph has a matching
of size at least k. You should use or modify Algorithm 28.2.

Note: k can depend on n.

Part II. BONUS: Give a randomized algorithm to find the size of a maximum matching in O(n?38)
time.

Exercise 28.7. Let A, B,C be n x n matrices with entries in any field F. We would like to decide if

A-B < C. Of course this can be solved exactly in O(n?) time by matrix multiplication. The following
interesting algorithm has runtime only O(n?).
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Algorithm 28.3 An algorithm for deciding if A- B L C. Assume that T is a finite field.
1: function MATMuLT(matrix A, B,C)

2: Pick vectors r and s in F™ uniformly at random
3: if (rTA) - (Bs) =r"Cs then return True
4: else return False

5. end function

Part I. Define a polynomial p with 2n variables such that A - B # C' if and only if p is not identically
Z€ero.

Part II. Assuming that F is finite with |F| > 2, prove that MATMULT can decide if A- B < C with
failure probability at most 3/4.

Part ITI. How can the algorithm be modified to handle the case F = R?
Part IV. BONUS: Even if [F| = 2, show that the failure probability is still at most 3/4.
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Chapter 29

Martingales

Probability begins with the definition of independence.
“Probability: Theory and FEramples”, R. Durrett

29.1 Introduction

When one is faced with multiple random variables, perhaps the first question one should ask is whether
they are independent. If so, this may simplify their analysis because they can be analyzed separately.
Moreover, it is simpler to generate independent random variables; for example, they can be generated
simultaneously, possibly even on different computers.

Computer programs running on a single machine have a temporal aspect that is not well captured by
the notion of independence. For example, a program might generate at each time step a “new” random
number, but one whose distribution somehow depends on the previous random numbers.

One common model for sequences of dependent random variables is a Markov chain. These are
typically used to model random sequences of “states” (categorical RVs), in which the distribution of
the next state is determined once the current state is known.

References: (Anderson et al., 2017, Definition 10.42), (Motwani and Raghavan, 1995, Section 6.2), (Mitzenmacher and Upfal,
2005, Section 7.1), (Grimmett and Stirzaker, 2001, Section 6.1), Wikipedia.

In contrast, martingales are sequences of real-valued RVs in which the next RV can depend arbitrarily
on all previous RVs; however, they must satisfy

the expectation of the next RV, conditioned on all previous RVs, must equal the current RV.
This is of course a vague description, but it conveys the key ideas and allows us to discuss some examples.
Question 29.1.1. Let Sy, Si,...,S7 € {SUNNY, CLOUDY} be random variables satisfying

Pr[Sp = Sunny] = 1/2

Pr[So_CLOUDY] = 1/2
Pr(S;=51] = 2/3 VtelT]

1] = 1/3  Vte[T).

Are these a Markov chain or a martingale?
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Example 29.1.2. Let Sy, S1,...,S57 € Z satisfy
Pr(Sy=1] = 1/2
Pr[Sy=2] = 1/2
PI‘[St — Sy = S()] = 1/2 Vit € [T]
PI"{St —Si_1 = —So] = 1/2 YVt € [T]
Are these a Markov chain or a martingale?

These are a martingale because

1
E[S: | So,...,S-1] = '(Stf1+50)+§'(5t71—50) = Si_1.

N |

However, they are not a Markov chain. For example, suppose that S7 = 0. Then So might take values
+1 with probability 1/2 (if Sy = 1), or might take values £2 with probability 1/2 (if Sy = 2). Since the
distribution cannot be determined from S; alone, they do not form a Markov chain.

Question 29.1.3. Let Sy, S1,...,57 € Z be a standard random walk, meaning that Sy = 0 and
Pr(S;—Si—1=41] = 1/2 Vte|[T]

Are these a Markov chain or a martingale?

Answer.

g = (I—I_lS)'%+(I+I_lS)' = [1gt g [ g ]d
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29.2 Definitions

Consider a randomized algorithm that runs at discrete time steps ¢ € [T]. We will keep track of the
full history' of its random variables as follows.

Full history: F; = (all random variables that have been generated by the end of time t) V¢ € [T].
As more RVs are generated over time, we have the obvious? containment

Fy C Fy € F5, C - C Frp.
Typically we set Fiy = () for notational convenience.

With respect to this full history, a martingale is a sequence of random variables
So, S1, S2, ..., ST

satisfying three conditions.

'A reader comfortable with measure theoretic probability will notice that this concept (and its notation) is building
toward the idea of a filtration (Grimmett and Stirzaker, 2001, page 473) (Klenke, 2008, Definition 9.9).

2We will use the notation of sets for operations on F, although strictly speaking they should be viewed as vector-valued
random variables.
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e To rule out pathological situations, we will require that E[|S|] is finite for all ¢.

e The value of S; is completely determined by time ¢. In other words, the value of S; is completely
determined by the vector F;.

e Given everything that is known at time ¢t — 1, we expect that S; will equal S;_;. In symbols,

E[S, | F1] = Si_1. (29.2.1)

References: (Motwani and Raghavan, 1995, Definition 4.11), (Grimmett and Stirzaker, 2001, Definition 12.1.8), (Roch, 2020,
Definition 3.30), (Durrett, 2019, Section 4.2), (Klenke, 2008, Definition 9.24), Wikipedia.

The theory of martingales becomes much richer if we consider infinite sequences of random variables.
However in computer science applications that is not always necessary, and we can illustrate many of
the key ideas by focusing on the case of finite® sequences.

29.2.1 Background on expectations

In order to understand martingales, it is important to have a solid understanding of conditional expec-
tations. Defining conditional expectations for continuous RVs requires considerable care?, so we will
assume for simplicity that all RVs are discrete. Let us first review the definitions.

Definition 29.2.1 (Expectation conditioned on an event). Without loss of generality we consider
events of the form “B = ", where B is a RV and b is a fixed constant. The conditional expectation
E[A | B=0]is a non-random scalar. It is defined to equal

E[A|B=b] =) a-Pr[A=a| B=b]. (29.2.2)

References: (Lehman et al., 2018, Definition 19.4.5), (Anderson et al., 2017, Definitions 10.2 and 10.7).

Definition 29.2.2 (Expectation conditioned on a RV). E[A | B] is a random variable that takes
the value E[A | B =b] whenever B = b.

References: (Anderson et al., 2017, Definition 10.23), (Mitzenmacher and Upfal, 2005, Definition 2.7), (Motwani and Raghavan,
1995, Definition 4.4), (Grimmett and Stirzaker, 2001, Definition 3.7.3).

Expectation of conditional expectation. Since E[A | B] is a random variable, we can take its
expectation. This amounts to eliminating the conditioning on B.

Claim 29.2.3 (Law of total expectation). E[E[A | B]]=E[A].

3In particular, this restricts our attention to uniformly integrable martingales/Doob martingales. See, e.g., (Grimmett
and Stirzaker, 2001, Example 12.3.9), (Durrett, 2019, Section 4.6), (Klenke, 2008, Theorem 11.7).

“See, e.g., (Grimmett and Stirzaker, 2001, Section 10.2 and 10.4), (Grimmett and Stirzaker, 2001, Section 4.6), (Durrett,
2019, Section 4.1), (Klenke, 2008, Chapter 8).

98 (©Nicholas Harvey 2021. All rights reserved.


https://en.wikipedia.org/wiki/Martingale_(probability_theory)#Definitions

Proof.

E[E[A|B]] = Y E[A|B=b]-Pr[B=b] (by Definition A.3.9)
_ zb:(za-Pr[A:a | B=b]) -Pr[B=b] (by (2022))
_ zb:a-?ZPr[A:a A B :b]) (by Definition A.3.4)
_ i:a-PrE)A—a] (by Fact A.3.6)
- Ea[A]. O

References: (Anderson et al., 2017, Equation (10.28) and (10.29)), (Mitzenmacher and Upfal, 2005, Theorem 2.7), (Grimmett and
Stirzaker, 2001, Theorem 3.7.4), (Motwani and Raghavan, 1995, Lemma 4.9), (McDiarmid, 1998, equation (31)), Wikipedia.

In fact, the same argument works even if all expectations are conditioned on C.
Claim 29.2.4 (Tower property). E[E[A | B,C] | C]=E[A | C].

References: (Motwani and Raghavan, 1995, Lemma 4.14), (Durrett, 2019, Theorem 4.1.13(ii)), (Klenke, 2008, Theorem 8.14(iv)),
(Grimmett and Stirzaker, 2001, Exercise 3.7.1(f)), (McDiarmid, 1998, equation (30)), Wikipedia.

With ordinary expectations, any constants can be pulled outside due to linearity of expectation. For
example, E[aX | =aE[X] if a is a constant. Interestingly, when using conditional expectations, it is
possible to pull certain random wvariables outside of the expectation, since conditional expectations are
themselves random variables.

Claim 29.2.5 (Pulling out known factors). Let A, B and C be random variables such that A is
completely determined by C. (That is, A = f(C) for some function f.) Then

E[A-B|C] = A-E[B | C].
References: (Anderson et al., 2017, Equation (10.36)), (Grimmett and Stirzaker, 2001, Exercise 3.7.1(e)), (Klenke, 2008, Theorem

8.14(iii)).

29.2.2 An equivalence for martingales

Martingales can be characterized as sequences of RVs that give the best guess about a future RV.
“for finite [sequences] all corresponding martingales may be obtained in this way.”
Colin McDiarmid, “Concentration”.
Theorem 29.2.6 (Informal).
For allt, S; is the best guess for St, given everything known at time t

— S0, ..., ST is a martingale

To prove this we will separately consider the two directions. First we show that a martingale is com-
pletely determined by the final RV St, together with the sequence Fy,..., Fr.

Claim 29.2.7. For any martingale Sy, S1, ..., 5T,
Sy = E[ST’Ft] vt <T.
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References: (Durrett, 2019, Theorem 4.2.5), (Grimmett and Stirzaker, 2001, Exercise 12.1.2), (Klenke, 2008, Remark 9.27).

Proof. Observe that F}, the RVs generated up to time k, can be regarded as a pair of RVs

F, = Fy_1, Fp\Fy_1, (29.2.3)
of which the latter describes the new RVs generated at time k.
The martingale property (29.2.1) says that

E[Sr | Fr-1] = Sr-1. (29.2.4)

This proves the claim for t =T — 1.

Now take the expectation conditioned on Fp_o, to obtain

E [ST | FT,Q] = E[ E [ST ‘ FT,Q, FTf]_\FT72:| ’ FT,Q] (by Claim 29.2.4)
= E[E[Sr | Fra] | Pr—s] (by (29.2.3))
= E[Sr—1 | Pr-s] (by (29.2.4))
= Sr_o (by (29.2.1)).
This proves the claim for ¢t =T — 2. Iterating this argument proves the claim for all ¢. O

It is worth calling attention to the following special case.

Corollary 29.2.8. If Sy, S51,..., 57 is a martingale then
E[Sr] = E[So].

Moreover, if Sp is not random (which would hold if Fy = (), for example), then E[Sr] = So.
References: (Mitzenmacher and Upfal, 2005, Lemma 12.1).
Proof. Simply apply Claim 29.2.7 with ¢ = 0 then take the unconditional expectation. O
The following claim gives the other direction of Theorem 29.2.6.
Claim 29.2.9. Let S be any random variable with E [|S]|] finite. Define

Sy = E[S | F] vt € {0,...,T}.

Then Sy, S1,..., St is a martingale.
The proof is left as Exercise 29.1.

References: (Motwani and Raghavan, 1995, Theorem 4.13), (Roch, 2020, Example 3.34), (Klenke, 2008, Exercise 9.2.1).

29.2.3 Relaxing to inequalities

Sometimes we encounter random variables that satisfy (29.2.1) with inequality instead of equality.
These can still be useful, so they deserve their own names.

St—l YVt € [T]
Si_1 Vit € [T]

A supermartingale satisfies: E[S: | Fi-1] <
A submartingale satisfies: E[S; | Fi-1] >
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These names might be the opposite of what you might expect: a supermartingale goes down in expec-
tation, whereas a submartingale goes up in expectation. Oh well — the names are firmly established,
and we’re stuck with them.

References: (Grimmett and Stirzaker, 2001, Definition 12.1.9), (Motwani and Raghavan, 1995, Definition 4.7), (Durrett, 2019,
Section 4.2), (Roch, 2020, Definition 3.30), (Klenke, 2008, Definition 9.24), Wikipedia.

The following claim gives a trivial generalization of Corollary 29.2.8 to these settings as well.

Claim 29.2.10. Suppose that Sp, S1,..., 57 is:

a supermartingale. Then E[S7]

IV IA

a submartingale. Then FE[Sr]

29.3 Azuma’s Inequality

For our purposes, the main appeal of martingales is that they have powerful concentration properties,
despite lacking independence. This is one reason that martingales find many uses in computer science.

The main martingale concentration result we will use is Azuma’s inequality, which is shown in the
following theorem. It is a generalization® of Hoeffding’s inequality, which we discussed in Section 9.3
and Section 21.3.

Theorem 29.3.1. Let Sy, S1,...,S, be a martingale, as in Section 29.2. Suppose that [S; — S;—1| < 1
for all ¢t € [n]. For any a > 0,

Pr(S, > So+ «] exp(—a?/2n)
and Pr(S, <Sy—a] < exp(—a?/2n).

Combining these Pr[|S, — So| > a] < 2exp(—a?/2n).

IN

References: (McDiarmid, 1998, Theorem 3.10), (Cesa-Bianchi and Lugosi, 2006, Lemma A.7), (Motwani and Raghavan, 1995,
Theorem 4.16), (Mitzenmacher and Upfal, 2005, Theorem 12.6), (Alon and Spencer, 2000, Theorem 7.2.1), (Roch, 2020, Theorem
3.52), (Grimmett and Stirzaker, 2001, Theorem 12.2.3), (Wainwright, 2019, Corollary 2.20), (Klenke, 2008, Exercise 9.2.4), Wikipedia.

29.4 Applications of Azuma’s Inequality

29.4.1 Balls and bins, Bloom filters

Our first application is intended to illustrate two ideas.

e An approach to show strong concentration bounds for a RV that is not a sum of independent RVs.

e An argument that our best guess for a RV does not change much over time.

Consider the following algorithm that throws b balls independently into m bins. The number X of
non-empty bins is returned at the end.

5In fact, this generalization was known to Hoeffding. In his paper, he wrote “the inequalities... remain true [with] the
weaker assumption that the sequence... is a martingale.”
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1: function THROWBALLS(int b, int m)
2 Create array B[l..m] of Booleans, initially all False
3 fort=1,...,b

4 Generate Y; independently and uniformly in [m] > The bin for ball ¢
5: Set B[Y:] « True
6 Compute X, the number of True entries of B
7 return X
8: end function

We remark that X can be expressed as
X = NonEmpty(Y) = [{Y; : t€[b] }].

So the code needn’t maintain the array B; that is just a conceptual convenience.

Our Bloom filter discussion in Section 12.4 relies on a balls and bins analysis. Specifically, when
b = 1.45m we showed in Claim 12.4.14 that E[ X | < 0.499m. The runtime analysis of the Bloom filter
initialization relies on showing that Pr[X > m/2] is small. Since X is not a sum of independent RVs,
we cannot use the Chernoff or Hoeffding inequalities. Nevertheless, we can give a tail bound for X using
Azuma’s inequality.

Theorem 29.4.1.
Pr|X —E[X]>ceVb| < exp(—c?/2).

Following Section 29.2, we let F; be all RVs created up to the end of iteration ¢ of the outer loop. Then
the full history is as follows.

Fp =10

= 1)

B, = (1,Y2)
F3 = (Y1,Ys,Y3)

F, = (Y; :i<t) vt € [b)].
Our best guess for X changes over time as the full history unfolds. Define
S = E[X | Fi] vt € {0,...,b}.

Then Sy, S1,...,S is a martingale, by Claim 29.2.9.

Note that Fp contains all generated random variables. So the expectation conditioned on F}, does nothing
at all — all RVs are known once Fj is known. Thus

S, = E[X | ] = X.

On the other hand Fj contains no random variables. So the expectation conditioned on Fy is just the
unconditional expectation. Thus Sy is not random, and simply equals

So = E[X | ] = E[X].
A key observation is that the best guess for X changes by at most 1 in each time step.
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Claim 29.4.2. Fix any ¢ € [b]. Then |S; — S;_1] < 1.

Proof sketch. Recall that

St—l = E[X ’ Yl)"'a}/t—l}
S, = E[X | Yi,....Yi1, V3]

Choosing a location for ball ¢ can affect the number of non-empty bins by at most 1, so [S;—S;—1| < 1. O

Proof. Let Y1,...,Y}, be the random choices generated by THROWBALLS(b, m). Now let Z1,..., 7, be
a copy of Y where we generate a new random value for Z;. Clearly

|INonEmpty(Y') — NonEmpty(Z)| < 1 (29.4.1)

since only one ball has changed its location.

Now we will take the expectation conditioned on F; = {Y1,...,Y:}, but not conditioning on the new
value Z;. The key observation is that

E[NonEmpty(Z) | F;] = E[NonEmpty(Y) | Fr—1]. (29.4.2)

This is because Z has the same distribution as Y, and we have not conditioned on Z;. We get

1 > E[ |[NonEmpty(Y) — NonEmpty(Z)| | F} ] (by (29.4.1))
> | E[NonEmpty(Y) | F;]| — E[NonEmpty(Z) | F;] | (by Jensen’s inequality, Fact B.4.2)
= |E[NonEmpty(Y) | Fi] — E[NonEmpty(Y) | Fi_1]| (by (29.4.2))
= S — S| O

Claim 29.4.2 shows that the hypotheses of Azuma’s inequality (Theorem 29.3.1) are satisfied. We obtain
Pr [X -E[X]> C\/ﬂ = Pr [Sb -S> C\/l;] < exp(—c?/2).

This proves Theorem 29.4.1.

29.4.2 Vertex coloring

Our next application is intended to illustrate two ideas.

e It can be useful for RVs to enter the full history in a way that is not the most obvious.

e It is possible to show that a RV is concentrated around some value, without knowing what that
value is!

A vertex coloring of a graph G = (V,E) is a function f : V — [c] such that f(u) # f(v) for all
uv € E. The chromatic number of G is the minimum integer ¢ for which a coloring exists. This is
often denoted x(G).

Consider the following algorithm for computing the chromatic number of a random graph. The algorithm
is not interesting, it just helps to understand the temporal aspect of the random variables.
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Algorithm 29.1 An algorithm that generates a random graph in which each edge is added indepen-
dently with probability p, then computes its chromatic number.

1: function RANDGRAPH(int n, float p)

2: Create graph G = (V, E) with V < [n] and E < ()
3 fort=1,...,n

4 fors=1,...,t—1

5 Add edge st to E with probability p

6: Compute x(G) by exhaustive search
7 return x(G)
8: end function

Our main result shows that x(G) is tightly concentrated around its expectation. Mysteriously, the
theorem does not reveal what that expectation is.

Theorem 29.4.3.
2
Pr[|x(G) —E[x(G)]| = evn] < 2exp(—c*/2).
References: (Alon and Spencer, 2000, Theorem 7.2.4), (Mitzenmacher and Upfal, 2005, Section 12.5.4), (Motwani and Raghavan,
1995, Exercise 4.11).

Following Section 29.2, we let I} be all RVs created up to the end of iteration t of the outer loop. Let
Xuw € {0,1} be the RV that indicates if edge uv € E. Then the full history is as follows.

Fob =10

=10 (no edges are added when ¢ = 1)
Py = (Xi2)

Fy = (Xi2, X13, Xo3)

F, = (Xuw :1<u<v<t) Vt € [n].

Our best guess for x(G) changes over time as the full history unfolds. Define
Sy = E[x(G) | Ft] vVt € {0,...,n}.

Then Sy, S1,...,S, is a martingale, by Claim 29.2.9. Note that S,, (which equals x(G)) is a RV giving
the chromatic number of a random graph with parameters n and p. On the other hand Sy (which equals
S1) is not random and simply equals E [ x(G) ].

The key is to understand how much the best guess for x(G) changes at each time step.
Claim 29.4.4. Fix any t € [n]. Then |S; — S;—1] < 1.
Proof sketch. Recall that

Si-1 = E[x(G) | Fi—1]
Sy = E[x(G) | F].

Choosing the edges for vertex t affects the chromatic number by at most one, because we can always
give t a new color. O
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Proof. Let G be the random graph generated by RANDGRAPH(n, p). Now let H be a copy of G where
we generate fresh independent samples for all edges in Fy = { st : s <t }. Observe that

IX(G) —x(H)| < L. (29.4.3)

This is because any coloring of G can be modified to a coloring of H by giving vertex ¢t a new color,
or vice versa. Now we take the expectation of (29.4.3) conditioned on the edges of G in F}, but not
conditioning on the resampled edges of H. We get

1 > B[ |x(G) —x(H)| | F]

|EIX(G) | Bl -E[x(H) | F]],

AVARIY

by Jensen’s inequality (Fact B.4.2). Now the key observation is that E[x(H) | Ft] =E[x(G) | Fi—1].
This is because H has the same distribution as G, and we have not conditioned on H’s edges in E;. So

L > [E[x(G) | B]-E[X(G) | Fr]l

= |St—St,1‘. O

Claim 29.4.4 shows that the hypotheses of Azuma’s inequality (Theorem 29.3.1) are satisfied. We obtain
that

Pr[IX(G) ~ B[X(G)]| = evit] = Pr[|Sn— S0l = o] < 2exp(~c*/2).
This proves Theorem 29.4.3.

29.5 Proof of Azuma’s inequality

Let A > 0 be an arbitrary parameter. A useful viewpoint is to define the following random variables.
X, = exp (A(S, — So) — N*t/2)  vte{0,...,n}

This might seem a strange definition, but there are some fundamental reasons why it is very natural.
In more advanced contexts, it is called the stochastic exponential.
The key is the following claim, after which the remainder of the proof is straightforward.

Claim 29.5.1. The RVs Xy, Xq,...,X,, are a supermartingale.
Now we follow Chernoff’s approach of Section 21.2.1.

Pr[S, — Sy >a] = Pr[exp (A(S, — So) — >\2n/2) > exp(Aa — >\2n/2)} (by monotonicity)

< oxp O — An/2) (by Markov’s inequality)
E[Xo] )

< by CI 29.5.1 and 29.2.10

— exp(Aa — A\2n/2) (by Claims an )

= exp(—Aa + \?n/2) (since Xg =1)

= exp(—a?/n+a?/2n) = exp(—a?/2n) (by plugging in A = a/n).

This completes the proof of Theorem 29.3.1. It remains to prove the claim.
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Proof of Claim 29.5.1. Consider any time t. Then, by definition of X4,
E[X; | Fio1] = E[exp (M(St — So) — \?t/2) | Fi_1 |

Observe that the random variables S;_; and Sy are completely determined by F;_1, and so eA(St—1=50)=A%t/2

is also. By Claim 29.2.5 we can pull that outside the expectation.
= AE-1=50)-Xt/2 [exp (A(S; — Si—1)) | Fi—1]

Since |S;—S;—1| < land E[S; — S;—1 | Fi—1] = 0, the hypotheses of Hoeffding’s lemma (Lemma 21.3.2)
are satisfied, so we obtain the upper bound

< eA<St71_SO)_)\2t/2‘€>\2/2 — thl-

This shows that Xj,..., X, form a supermartingale. O

29.6 Exercises

Exercise 29.1. Prove Claim 29.2.9.

Exercise 29.2. Let So,S1,...,S5, be a martingale, as in Section 29.2. Suppose that there are
non-random values ¢y, ..., ¢, such that |S; — S;_1| < ¢ for all ¢t € [n]. Define

2
X = exp()\(St—So)—?Zc?) vt € {0,...,n}.

=1

Prove that X, ..., X, form a supermartingale.
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Chapter 30

Gradient Descent

Let f: R™ — R be a convex function and let X C R™ be a convex set. We will assume that mingecy f(2)
is achieved by some point z*. Our objective is to find a point € X’ for which f(z) — f(z*) is small.

TODO: Define subgradients.

Since f is convex, we have df(z) # ) for all z € R™. Throughout this chapter we will use the Euclidean
norm, and we will assume that f is 1-Lipschitz. This condition can be equivalently stated in terms of
subgradients (via Fact B.3.10), which implies

lgll, <1 VreXx, gedf(a). (30.0.1)

30.1 Unconstrained gradient descent

The algorithm is shown in Algorithm 30.1.

Algorithm 30.1 Gradient descent for minimizing a convex, 1-Lipschitz function over R™.

1: procedure GRADIENTDESCENT(vector 1 € R™, int T')

2 Let n = 1/\/T

3 fori«+ 1,...,7 do

4: Tiy1 < T — g, where g; = V f(x;) if f is differentiable, or

5 g; is any subgradient in df(z;) if f is non-differentiable
6 return L x;/T

Remark 30.1.1. Observe that the only way that Algorithm 30.1 accesses the function f is in line
4. We assume that f is presented to the algorithm as a subgradient oracle, which receives a point
x € R™, and returns any subgradient g € df(z).

Theorem 30.1.2. Suppose that f : R” — R is convex and 1-Lipschitz. Fix an optimal solution

x* € argmin, f(x) and a starting point z; € R™. Define n = ﬁ Suppose that ||z; — 2*||, < 1. Then

T
2w - e < -
= x| — f(z¥) £ —.
r =1 T
References: (Bubeck, 2015, Theorem 3.2), (Shalev-Shwartz and Ben-David, 2014, Corollary 14.2, §14.2.3).
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Proof. We bound the error on the it iteration as follows:
flz) — f@*) < (giy @i — ™) (by the subgradient inequality (B.3.1))
1
= —(x; — Tip1, T — x*) (by the gradient step in line 4)
n

1 .
= %< i — ziva |5 + o — 2|5 = || @i — x*Hg) (by the cosine law (B.2.1)).
To analyze the average error, sum the previous displayed equation over i. The last two terms telescope,
yielding

T T
* 1 * *
(f(zi) = f(2") < o7 ((Z [l — mmH%) + |z = 2*[f3 = eri — @ !’3)
i=1 i=1
1, T
< ?(Z HUQ@H% + [|z1 — x*||g) (by the gradient step in line 4)
YA
1 .
< 5 + o (by (30.0.1) and the assumption on )
n

Dividing by T" and using Jensen’s inequality (Fact B.4.2) and the definition of n gives

f(Z";f)—f(w*) <

T
=1 =

1;(f(xi)—f(fv*)) < 3Ham = o

(2

as required. ]

Remark 30.1.3. The error guarantee of Theorem 30.1.2 is optimal for any algorithm that only accesses
f using a subgradient oracle (Bubeck, 2015, Theorem 3.13).

General reduction from arbitrary scaling. The analysis present above assumes that the given
function f is 1-Lipschitz. How shall we handle a function that is L-Lipschitz? It also has a certain
“scale assumption” |z —z*||, < 1. How could we handle a general scale, say ||z1 —z*||, < R? In
Section 30.4 we will discuss a general reduction that can handle such scenarios.

Theorem 30.1.4. Suppose that we have a theorem giving a convergence rate guarantee ¢(T') for
gradient descent assuming f is 1-Lipschitz and assuming the “scale” ||z; — 2*[|, < 1. Suppose h is an
L-Lipschitz function whose “scale” is bounded by R. Then there is a black-box reduction from h to f,
showing that gradient descent on h achieves convergence rate RL - ¢(T).

30.2 Projected gradient descent

In this section we consider the problem min,cy f(x) where X is a closed, convex set. Again, f is
assumed to be convex and 1-Lipschitz.

The ordinary gradient descent algorithm does not ensure that the iterates remain in X. In this section
we modify the algorithm to project back onto X. The algorithm now takes a gradient step from the
iterate x; to compute a new point y;11, then projects onto X to obtain the new iterate x;1.

The algorithm, shown in Algorithm 30.2, is a slight modification of Algorithm 30.1. The theorem is a
slight modification of Theorem 30.1.2. The only changes are highlighted below.
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Algorithm 30.2 Projected gradient descent for minimizing convex, 1-Lipschitz functions over a convex
set.

1: procedure PROJECTEDGRADIENTDESCENT(set X C R", vector x; € X, int T')

2 Let n=1/V/T

3 fori«+ 1,...,7 do

4: Yi+1 < z; — 1gi, where g; € 0f ().

5

6

Tit1 <+ Hx(Yiv1)
return S0 x;/T

Theorem 30.2.1. Let X C R" be a convex set. Suppose that f : R™ — R is convex and 1-Lipschitz
(with respect to ||-||;). Fix an optimal solution z* € argmin,cy f(x) and a starting point z; € X,
Define n = % Suppose that ||z; — 2*||, < 1. Then

T
1 Z 1
*
fl=) x| —f@*) < —=.
(T =1 T
References: (Bubeck, 2015, Theorem 3.2), (Shalev-Shwartz and Ben-David, 2014, §14.4.1).

Proof. We bound the error on the i*! iteration as follows:

flzi) — f(z%) < (gi, xi —a") (by the subgradient inequality (B.3.1))
1

= — (i — Yiy1, T — x*) (by the gradient step in line 4) (30.2.1)
n
1 2 12 |2 .

= %( s — yigr ||5 + llwi — 2[5 — ||yis1 — = H2> (by the cosine law (B.2.1))
1

IN

Ul = i [+ o = 2713 = Nl =271 ).

The last line uses Fact B.3.12: since x;11 is the projected point Iy (y;+1) and z* € X, we have

|zit1 — 2*[|3 < |lyie1 — 2*|5.

To analyze the average error, sum the previous displayed equation over i. The last two terms telescope,
yielding

IN

T
(f (@) = f("))

1

T
1 2 *1(|2 %12
(i = wiall3) + o = 2713 = o — 2713
% N =1
T
1
?<Z 1ngill5 + [la1 — x*Hg) (by the gradient step in line 4)
i3

T 1
< % + o (by (30.0.1) and the assumption on x1)
n

IN

Dividing by T" and using Jensen’s inequality (Fact B.4.2) and the definition of 7 gives

Tz "1 n 1 1
f(Zf) —f@) < ) (@) - @) < 5gm = o

i=1 =1

as required. O
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30.3 Stochastic gradient descent

Stochastic gradient descent is a generalization of gradient descent in which we relax the notion of a
subgradient oracle. Instead of requiring that the oracle return an actual subgradient, we will allow it to
return a random vector that in expectation is a subgradient. (This is formalized below.) The stochastic
gradient descent algorithm, shown in Algorithm 30.3, is a trivial modification of Algorithm 30.2 to use
this stochastic oracle.

Algorithm 30.3 Stochastic gradient descent for minimizing a convex, Lipschitz function over a convex
set X.
1: procedure STOCHASTICGRADIENTDESCENT(set X C R", vector z; € X, int T')
Let n=1/ VT
fori«+1,...,7 do
Let g; be a random vector obtained from the subgradient oracle at x;

3
4
5: Yigrl < T — N Ji,
6
7

»

zit1 < Hx(yiv1)
return Zszl x; /T

The analysis of stochastic gradient descent is actually quite straightforward. Below we will prove
Theorem 30.3.2, which is very similar to Theorem 30.2.1, it just requires some care with conditional
expectations.

With that in mind, let us use the notation of Section 29.2, in which F; consists of all RVs created up to
the end of iteration t of the algorithm. Then the full history is as follows.

Fp =10

Fi = (1)

Fy = (g1,02)

F3 = (91,92, 33)

Fo= (g:i<t) YtelT). (30.3.1)

Claim 30.3.1. For each i € [T,
e §; is completely determined by F;, and
e 1,1 is completely determined by F;.

Proof sketch. The first statement is trivial from (30.3.1). By induction, x; is determined by F;_;. Thus,
x; and g; are both determined by Fj;, from which it follows that y;11 and x;11 are too. ]

Randomized subgradient oracle: assumptions. To analyze the algorithm, we require two as-
sumptions about the subgradient oracle. For notational convenience, we define

g9 = E[g | Fic1].

Our first assumption is that
E [gz | Fi—l] € af(l'z) (30.3.2)
—_————

=g
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That is, the expected output of the oracle is a subgradient.

Note that both sides of (30.3.2) are completely determined by F;_i. For the left, this follows from
definition of conditional expectation (see Definition 29.2.2). For the right, this follows from Claim 30.3.1.

Our second assumption is that the vectors returned by the subgradient oracle are not too large. We
formalize this assumption as:

E[Hging} <1 Vi (30.3.3)

Theorem 30.3.2. Let X C R" be a convex set. Suppose that f : R® — R is convex. Fix an

optimal solution z* € argmin,cy f(z) and a starting point z; € X. Define n = % Suppose that

|lz1 — 2*|l, < 1. Under our assumptions on the subgradient oracle,

(ESn)] s < L
T 2 Z; z¥) < N

References: (Shalev-Shwartz and Ben-David, 2014, Theorem 14.8), (Bubeck, 2015, Section 6.1).

Before proving the theorem, it is useful to define the noise.

Noise in subgradient oracle: Zi = g — Gi-

Lemma 30.3.3.

1 & 11

_ . _ * < —_E
f(TZx>] 1) s Fh7
Proof. We bound the error on the i*! iteration as follows:

f(z;) — f(z%) ) (by the subgradient inequality (B.3.1))

x
(Giy xi —x™ Y+ (%, xi — ™) (by definition of 2;)

_ + (i, xi—x") (by the gradient step)

The fifstierni is identical to the quantity considered in the previous section, equation (30.2.1). Thus,
summing over all 7" and telescoping, we obtain

d D s =y li flen - 2]
S (fla) — @) < Y PR +3 (5, -2
=1 3

i=1 277

<
<

Now using that z; — y;+1 = 1g; and ||z; — z*|| < 1, we obtain
. T T
<5 Z 1915 + 5+ > (20 @i —a”). (30.3.4)

i=1

Now dividing by T" and taking the expectation, we have

1T T i lTA
72 (fe) — fa gj[mmy+ Tgy%w—x>l
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Using our assumption (30.3.3) on the oracle, and Jensen’s inequality (Fact B.4.2), we obtain

T
T n 1 1 .
RIS IR LI D ST |
O3S I S e O Ee)
Plugging in n = 1/v/T completes the proof. O

Claim 30.3.4. Define Sy = 0 and

S; = Z(%,@—:ﬁ) ViE[T}.
J<i
Then Sy, S, ...,S7 is a martingale (with respect to the full history Fy, Fi,. .., Fr).
The proof is left as Exercise 30.1.

Proof of Theorem 30.3.2. Since Sy, S1,..., 597 is a martingale, it follows from Corollary 29.2.8 that
E[Sr]=E[So] =0. So by Lemma 30.3.3, we have

30.3.1 Application: training ML models

To train a machine learning model, we often need to minimize a function f : R™ — R of the form

where each f; is convex.

This setting commonly arises if x € R™ gives some parameters of the model, there are m training
examples, and f; is a “loss function” that measures how well these parameters do at classifying the "
example.

A prototypical example would be training a “soft” support vector machine, with the training set

Examples: 21y, 2m €R"
Labels: Yy Ym € {+1,—1}
and loss function f;(z) = max{0,1 — y;(x, 2 )}. If (x, z; ) has the opposite sign of y; then f;(z) gives

a positive loss; otherwise, if they have the same sign and |( z, z; )| > 1, then f;(x) gives no loss. Thus
minimizing f yields parameters x for which the sign of ( z, z; ) tends to match the label y;.

References: (Shalev-Shwartz and Ben-David, 2014, Equation (15.6)).
Suppose we have a (deterministic) subgradient oracle for each f;. We can build upon these to give a

randomized subgradient oracle for f, with which we can execute SGD.
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The randomized subgradient oracle. The randomized subgradient oracle for f is very simple.
Given a fixed point x, pick an index I € [m] uniformly at random, then return any subgradient of f at
the point z.

Question 30.3.5. Suppose that each function f; is 1-Lipschitz. Is assumption (30.3.3) necessarily
satisfied?

Answer.
(€7¢°0¢) sorduut orgm ‘1 > &1 4]]
og T Ayqeqord yym T = ©|6]| yeys sorduat yorym ‘01 ¢ g 10d £q T > Of|*6]| sey 6 10300n yoey sOx

Claim 30.3.6. E[g] € 0f(x).

Proof. Let s; € 0f;(z) be the vector that would be returned by the i*" subgradient oracle, so that
E[g] =13 5. Then

T~ m

E[g — i definiti f Minkowski
(9] € m;af(a?) (definition of Minkowski sum)
1 m
= 3(E z;fz(x)) (by Fact B.3.11)
= G(f(ac)) ]
30.3.2 Application: geometric median
Let p1,...,pm be points in R™. A geometric median of these points is a point z* that minimizes

f@) = =3 el
=1

We present an application of SGD to approximate the geometric median. Following the notation of the
previous section, let f;(z) = ||z — pi|.

Claim 30.3.7. f; is 1-Lipschitz.

Proof sketch. This follows from the triangle inequality. O

Claim 30.3.8. Define
BB (e #p)
g = T—Pi
0 (if © = pi).
Then g € J0fi(x).

Proof sketch. If x # p; then f; is differentiable at z, and one may verify that g = V f;(x). Otherwise
x = p;, so x is the global minimizer of f;, in which case 0 € df;(x). O

Imagine that we have a warm start for finding the geometric median. Specifically, we have a point
x1 € R” satisfying
lz1 — 2| <A where A =40f(z").

Interestingly, there is a randomized algorithm to find this warm start in O(n) time. See Appendix C.1
of this paper. Given the warm start, SGD provides the desired approximation.
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Theorem 30.3.9. Given the warm start x1, run stochastic gradient descent with no constraints (i.e.,
X =R") for T = 1600/€? iterations. Then

E[f(zr)] < (14€)- f(z7).

Proof. Theorem 30.3.2 yields

oo A _ 05 a0fE)
Bl =S < Tz = TUE = T = de) =

Question 30.3.10. What is the runtime of this algorithm?

Answer.

'(Zg/u)O = (Lu)O St oWIunI [R)0} B3 0s ‘o) (u)() soImbal ()G JO UOIPRINI YoRY

30.4 Scaling reductions
Our analyses above make two assumptions

e Scale of codomain: the given function f is 1-Lipschitz, and

e Scale of domain: |z1 —z*||, < 1.

How can we handle a general scale, say an L-Lipschitz function with ||z — 2*||, < R? There is a general
reduction that can handle such scenarios.

Meta-theorem. Suppose that we have a theorem giving a convergence rate guarantee ¢(7) for gradient
descent assuming that f : X — R is 1-Lipschitz and assuming |1 — 2*||, < 1. Suppose that h: X — R
is a convex function that is L-Lipschitz, and such that ||x; —2*| < R. Then there is a black-box
reduction from h to f, showing that gradient descent on h achieves convergence rate RL - ¢(T).

Proof of meta-theorem. Let OPT = mingcy h(z). Define X = X/R and f : X — R by

f@) = %(h(Rm)—OPT).

Thus,

h(z) = RL- f(z/R)+ OPT (30.4.1)

min f(z) = 0.
TEX

Claim 30.4.1. v € Oh(x) iff v/L € 0f(z/R).

Consider running gradient descent on h with step sizes 1, = Lii/i from the starting point x1, producing
iterates x2,x3,.... Let g; be the subgradient used in the i*? iteration. Define gi = gi/L.
Simulataneously, imagine running gradient descent on f with step sizes 7, = % = %nt and vectors

gi = gi/ L, from the starting point #; = x1/R. Let 22,43, ... be the vectors produced.
Claim 30.4.2. z; =x;/R for all i > 1.
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Proof. By induction, the case i = 1 true by definition. So suppose true up to i. By definition g; € Oh(z;),
so Claim 30.4.1 implies that ¢; € df(zi/R) = 0f(&;). Then

R . PR 1 L 1 1 1
Tiv1 = D=0 gi = pri— gt 79 = @i —nigi) = v O

To illustrate the meta-theorem, we apply it to Theorem 30.1.2, obtaining:

Theorem 30.4.3. Suppose that f : R — R is convex and L-Lipschitz (with respect to ||-||5). Fix
an optimal solution x* € argmin, f(z) and a starting point x; € R™. Define n = Riﬁ‘ Suppose that
|z1 — 2*||y < R. Then

T T
h(Z?) ~h(z*) = RL-f< gT> (by (30.4.1))
i=1 =1

T
~ RL- f(Z ?) (by Claim 30.4.2)
i=1

IN

5B

(by Theorem 30.1.2).

30.5 Exercises

Exercise 30.1 The martingale in SGD.
Part I. Prove that E[2; | F;_1] =0.
Part II. Prove Claim 30.3.4.

Exercise 30.2 High-probability bound for SGD. Let f:R" — R be a convex, 1/2-Lipschitz
function. Let X C R™ be a convex set with diam(X) = 1, and assume z; € X.

Suppose that the subgradient oracle satisfies (30.3.2). However, instead assuming (30.3.3), we assume
that the noise satisfies ||Z;]| < 1/2.

Part I. Prove that ||g]3 < 1.
Part II. Prove that

1 & o 14/2I(1/0)
f*EUCz‘ —flz*) > —X———= | <.
<Tz‘:1 ) VT
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Chapter 31

The Lovasz Local Lemma

The Lovasz Local Lemma (LLL) is an intriguing method for analyzing events that are not independent,
but have some restricted sort of dependencies. It is not as widely applicable as many of the other the
techniques we have seen so far, but from time to time one encounters scenarios in which the LLL is the
only technique that works.

31.1 Statement of the Symmetric LLL

Very often when designing randomized algorithms, we create a discrete probability space in which there
are “bad events” &, ...,&, that we do not want to occur. For example, in the congestion minimization
problem (Section 22.2), &; could be the event that edge i has too much congestion. Often our analysis
aims to show that we can avoid these bad events with high probability, i.e., Pr [ Ay E} ~ 1.

In this chapter we consider the weaker goal of showing that Pr [ Ny Z} > 0. There are two cases in
which this goal is particularly simple.

e Mutually independent events. Suppose that the events are mutually independent, and that
Pr[&] <1 for every i. Then

n

Pr{AL, &) = [[Pr[&] > o (31.1.1)
i=1
For example, suppose we pick n digits at random and let & = “/*® digit is non-zero”. Then Ny &
is the event that all digits are zeros. This event does indeed happen with positive probability, due
to (31.1.1).

e Union bound works. Suppose that Y " ; Pr[&;] < 1. Then, by a union bound (see (A.3.1)),
- n
PriAL, &) = 1-Pr[ViL, &) > 1-) Pr[&] > 0.
i=1

If neither of these scenarios applies, then there are not many general-purpose techniques to try. The
Lovéasz Local Lemma (LLL) is one of the few, and it has intriguing applications for a range of problems.

Roughly speaking, the LLL is applicable in scenarios where the &;’s are not mutually independent, but
they can have some sort of limited dependencies. Formally, a dependency graph for events &1,...,&,
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is defined as follows. The vertex set is [n]. The neighbors of vertex i (excluding ¢ itself) are denoted
I'(7), and we also define I'" (i) = T'(i) U {i}. The key requirement is that event &; is independent from
{& : j€TT(i) }, the events that are not neighbors of 7. This last condition is stated more precisely
as

Pri&] = Prlé& | mjngj] for all J C [n] \ T (d).

So, regardless of whether some of the events outside I'" (i) occur, the probability of & occurring is
unaffected.

Theorem 31.1.1 (The Symmetric LLL). Suppose that there is a dependency graph of maximum degree
d. If Pr[&;] <p for every i and
p-e-(d+1) <1 (SLL)

then Pr [N, & ] > (d%)n > 0.

References: (Motwani and Raghavan, 1995, Corollary 5.12), (Alon and Spencer, 2000, Corollary 5.1.2), (Mitzenmacher and Upfal,
2005, Theorem 6.11), Wikipedia.

Remark 31.1.2.

e Since (#dl)n ~ exp(—n/d), due to Fact A.2.5, the LLL only gives an exponentially small proba-
bility of avoiding &1, ...,&,.

e The condition (SLL) can be improved to ped < 1. See, e.g., Harvey & Vondrak, Lemma 9.

31.2 Application: k-SAT

Instead, we will illustrate the LLL by considering a concrete application of it in showing satisfiability
of k-CNF Boolean formulas. Recall that a k-CNF formula is a Boolean formula, involving any finite
number of variables, where the formula is a conjunction (“and”) of any number of clauses, each of which
is a disjunction (“or”) of exactly k literals (a variable or its negation). Let us assume that, for each
clause, the variables appearing in it are all distinct.

For example, here is a 3-CNF formula with three variables and eight clauses.

#(a,b,e) = (aUbUc)N(aUbUT)N(aUbUc)N(aUbUT)N

(@ubuc)N(@ubue)N(@ubUc)N(@UbuUc)

This formula is obviously unsatisfiable. One can easily generalize this construction to get an unsatisfiable
k-CNF formula with k variables and 2* clauses. Our next theorem says: the reason this formula is
unsatisfiable is that we allowed each variable to appear in too many clauses.

Theorem 31.2.1. Let ¢ be a k-CNF formula where each variable appears in at most 2¥ /ek clauses.
Then ¢ is satisfiable.

Proof. Consider the probability space in which each variable is independently set to true or false with
equal probability. A clause is not satisfied if every literal appearing in that clause is false. (For example,
@UbUT is unsatisfied if a is true, b is false, and c is true.) This happens with probability 2%, since the
clause involves k distinct variables.

Let & be the event that the i*! clause is unsatisfied. We have just argued that
Pr(&] = 27F = p.
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Consider the graph defined on [n] in which there is an edge {i,j} if some variable appears in both
clause ¢ and clause j. It is easy to see that this is a dependency graph: whether clause i is satisfied is
independent from the clauses sharing no variables with clause 4.

Each variable in clause i appears in at most 2¥ /ek — 1 other clauses. The number of neighbors of clause
1 is at most k times larger, since it contains k variables. That is,

TG < 2¥/e—1 =: d.

Since pe(d + 1) < 1, condition (SLL) is satisfied and Pr [, & ] > 0. So, if we pick values for the
variables at random, there is positive probability of satisfying ¢. This shows that ¢ is satisfiable. [

31.3 Symmetric LLL: a proof sketch

In this section we give a sketchy proof of the symmetric LLL that tries to explain the sequence of
ideas that leads to the proof. If this sketch is not to your taste, a correct and concise proof is given in
Section 31.4.1. Instead of assuming (SLL), it will be convenient to assume the strengthened hypothesis

dpd < 1. (31.3.1)

To make the notation more meaningful, let B; denote the “bad” event &; and let GG; be the “good” event
B;. Note that independence from B; is equivalent to independence from G;. For any set S C [n], let
Gs = NiesGi.
The objective of the proof is to show that Pr [G[n]] > 0, i.e., with positive probability, all good events
occur simultaneously. Note that the union bound gives the easy lower bound

Pr[Gs] = 1—Pr|UicsB;] > 1= Pr[Bi] > 1—|S|p, (31.3.2)

€S

but in our scenario, this is too weak — we could have |S|p > 1. Instead, a natural idea is to use the
chain rule (Fact A.3.5) to break apart this large conjunction:

Pr (G = [[Pr(Gr | Guy]- (31.3.3)
k=1

We just need to show that each factor in this product is strictly positive.

Idea 1: Rather than showing that each factor is positive, it turns out to be convenient to negate the
event and prove an upper bound. Specifically, we want to show that

Pr[Br | Gs] < ap VS C|[n] (Hope)

for some a to be chosen later. In order for this conditional probability to be well defined, we need
that Pr[Gg] > 0. Let’s ignore that for now as our whole purpose is to prove the stronger fact that
Pr [G ] ] > 0. Trivially,

Pr[By | Gs] = Pr[By | Gsarg NGs\rw | -
Idea 2: We would like to somehow use the fact that By, is independent of G'g\p() (due to the dependency

graph). But it is difficult to use that fact due to the additional conditioning on G gp). So as a first
step we use the definition of conditional probability to write

Pr [Bk N Gsar) | GS\F(k)]

Pr[By | Gs]| =
Pr[Gsargy | Govr |
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Idea 3: The next idea is to drop the “N Ggnp(x)” event yielding the following upper bound. We would
hope that still this gives a good bound since I'(k) is small and G'gnp() is a very likely event.

Pr| B G
Pr(By | Gs] < it | Gsuw] Prl B < P
Pr[Gsarg | Gs\rw | Pr [Gsar | Gs\rw | Pr[Gsar | Gsvrw |

The equality here uses our second idea, that By is independent of the events outside of T'(k).

Now, to prove (Hope), it suffices to prove that Pr [Gsmp(k) | GS\F(k)} > 1/a. The good news is that
the conjunction Ggnp(x) involves few events, so we are in good shape to use the union bound as in
(31.3.2):
Pr [GSHF(k) | GS\F(k)] > 1- Z Pr [Bz ‘ GS\F(k)] . (3134)
€SN (k)
If SNT(k) = 0 then this quantity is 1 as the sum is empty. Otherwise, |[S\ I'(k)| < |S|, so we can use
induction on |S|. We have

i€l (k)
> 1—dap (inductively using (Hope), and |T'(k)| < d)
> 1—a/4 (by the strengthened hypothesis (31.3.1))
= 1/«

if we now choose a = 2. This shows that (Hope) is satisfied.

31.4 The General LLL

The Symmetric Local Lemma is useful, but often somewhat restrictive. It works best when all events are
equally probable, and when all neighborhood sizes are the same. We might want to consider scenarios
in which some events are quite likely and some are quite rare. The likely events would need to depend
on few other events, and the rare events could perhaps depend on many other events. There is a general
form of the local lemma that can handle such scenarios.
Theorem 31.4.1 (General LLL). Suppose that there is a dependency graph and an x € (0,1)" satis-
fying

Pri&] < mi- [[ -2 Vi (GLL)

J€r(@)

Then Pr [, & ] > [T (1 — ;) > 0.
References: (Motwani and Raghavan, 1995, Theorem 5.11), (Alon and Spencer, 2000, Lemma 5.1.1), Wikipedia.
This form of the local lemma is confusing at first because it’s not obvious what these x; values should

be. In order to satisfy (GLL), on the right-hand side we want z; to be big and each x; to be small. Due
to that tension, care is needed in finding the right z;.

31.4.1 A Concise Proof of Theorem 31.4.1

We simultaneously prove by induction on |S| that, for all S C [n],

Pr[Gs] >0 (31.4.1a)
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In the case S =0, (31.4.1a) is trivial and (31.4.1b) follows directly from (GLL).
By relabeling, we may assume that S = {1,...,s}, so

S

PrGs] = [[Pr[G) | Guoyny] = [T =Pr[B; | Guoyny]) = [T =2y,
j=1 j=1

j=1
where we inductively use (31.4.1a) to ensure that the conditional probabilities are well-defined, and we
inductively use (31.4.1b) to provide the inequality. This proves (31.4.1a).

Next consider (31.4.1b). If SNT(k) = 0 then Pr[By | Gs| = Pr[By], so (31.4.1b) follows directly
from (GLL). Otherwise, relabeling so that SNT'(k) = {1,...,t}, we have

Pr| BN Gsariy | Gs\rk
PriBy | Gs] = Pr{By | Gsnrw 1 Goww | = P[’Y[Gsm(:)(\)(?s\r(;)ﬁ !

Pr|By | Gowrgy] Pr[By]
= Prl[Gonrg | Gowrwy]  TToi PrG | Gsvryuft.y1})
_ Tk [Lierge (1 — ) T [Licrgy( — =)
T I U =Pr[Bj | Gsvrapuii,g-13]) — Tley (=)

The second inequality uses (GLL) and the third uses induction. The last expression is clearly at most
xy, proving (31.4.1b).

31.4.2 General implies Symmetric

Finally, let us conclude by noting that Theorem 31.4.1 implies Theorem 31.1.1. To see this, consider an
instance satisfying (SLL). Set x; = 1/(d + 1). The RHS of (GLL) is

1 1 d
. — ) > . _
i AH.(l zi) 2 d+1 <1 d+1>
JEL(7)
> 1
~ e(d+1)
> p (by (SLL)).

(by calculus)

This shows that (GLL) is satisfied, so Theorem 31.4.1 implies
n n d n
pr|O&E] > T -2) = (—) :

which is the conclusion of Theorem 31.1.1.

31.5 An Algorithmic Local Lemma

As stated above, the LLL asserts the existence of a point in a probability space that simultaneously
avoids certain bad events, assuming that their probabilities and dependencies are small enough. How-
ever, it does nmot suggest an efficient method to find such a point. This naturally leads to a research
question:
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is there an algorithmic form of the LLL?

This questioned had been studied for decades, culminating in a significant breakthrough by Robin Moser
in 2009.

Suppose we wanted to actually find an point in the probability space avoiding the bad events. If we
repeatedly picked independent samples from the underlying probability distribution, the expected time
to find a point avoiding the bad events could be exponential in n. Usually we would like to find this
point in time poly(n). This can be done for essentially all known applications of the local lemma.

Today we will discuss an algorithmic LLL which is not quite that general. Instead, we will focus on the
application of the LLL to showing that SAT formulae are satisfiable, as discussed last time.

Theorem 31.5.1. There is a universal constant o > 1 such that the following is true. Let ¢ be a
k-CNF formula where each variable appears in at most T := 2¥~%/k clauses. Then ¢ is satisfiable.
Moreover, there is a randomized, polynomial time algorithm to find a satisfying assignment.

The theorem is stronger when « is small. The proof that we will present can be optimized to get o = 3.
The existential result from last time achieves o = 1gy(e) ~ 1.44, which is essentially optimal. So today’s
result is weaker only by a small constant factor.

The algorithm proving the theorem is extremely simple, and algorithms of this sort were certainly con-
sidered decades ago. But, they were not analyzed until 2009, when the audacious and brilliant graduate
student Robin Moser at ETH made a tremendous breakthrough. Related ideas were independently
discovered by Pascal Schweitzer, also a graduate student.

References: Moser’s PhD Thesis Section 2.5, Schweitzer’s paper.

31.5.1 The Algorithm

Moser’s algorithm is given in Algorithm 31.1.

Algorithm 31.1 Algorithm to find a satisfying assignment for a k-SAT formula ¢, under the conditions
of Theorem 31.5.1.
1: function SOLVE(¢)

2: Randomly pick {0, 1} values for each variable in ¢ > This uses n random bits
3: while there is an unsatisfied clause C

4: Fix(C)

5: return the variable assignment

6: end function

7. function Fi1x(C)

8: Set each variable in C to 0 or 1 randomly and independently > This uses k random bits
9: while there is an unsatisfied clause D sharing some variable with C

10: Fix(D) > Possibly D = C

11: end function

Notation. Let n be the number of variables and m be the number of clauses in ¢. Let T := 2~ /k be
the maximum number of occurrences of each variable. Each clause contains k& variables, each of which
can appear in only T — 1 other clauses. So each clause shares a variable with less than R := kT = 2F—
other clauses.
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Claim 31.5.2. Consider any call to FixX that terminates. Let V be the set of variables that are
assigned a different value after the call than before the call. Then every clause containing a variable in
V is satisfied after the call.

Proof. Consider some clause D that contains a variable in V' but is not satisfied after the call terminates.
Consider the last time that any variable x in D was resampled. This must have happened during some
call to FIX(FE), for some clause E that also contains z. But F1x(E) would not terminate until D was
satisfied, which is a contradiction. ]

Corollary 31.5.3. Consider any call to FixX that terminates. Every clause that was satisfied before
the call is still satisfied after the call completes.

Proof. If none of its variables changed, it is still satisfied. If at least one of its variables changed,
Claim 31.5.2 applies. O

Corollary 31.5.4. Assume that C is violated, and consider any call to FI1X(C) that terminates. The
number of satisfied clauses before the call is strictly more than the number of satisfied clauses after the
call.

Proof. By Corollary 31.5.3, the number of satisfied clauses cannot decrease. Furthermore, clause C
must certainly be satisfied afterwards in order for F1x(C) to terminate. O

Corollary 31.5.5. SOLVE calls FIX at most m times. If the algorithm terminates, the output is a
satisfying assignment.

Proof. By Corollary 31.5.4, every call from SOLVE to F1x(C') that terminates increases the number of
satisfied clauses by at least one. The first claim follows since there are m clauses. The second claim is
obvious: the only way that SOLVE can terminate is that all clauses are simultaneously satisfied. O

So it remains to show that, with high probability, every call to FIX terminates. The analysis of the
algorithm is quite unusual, and counterintuitive the first time one sees it.

31.5.2 Incompressibility

From experience with software tools like gzip, one is likely familiar with the statement that “random
information cannot be compressed”. Let us now formalize that fact by stating that some strings can
be compressed, but only a small fraction of them.

Claim 31.5.6. Let z € {0, l}g be a uniformly random bit string of length ¢. The probability that x
can be compressed by log(1/0) bits is at most 4.

Proof. Consider any deterministic algorithm for encoding all bit strings of length ¢ into bit strings of
arbitrary length. The number of bit strings that are encoded into ¢ — b bits is at most 2= So, a
random bit string has probability 27 of being encoded into ¢ — b bits. O

One can view this as a simple special case of the Kraft inequality.
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31.5.3 Analysis of Algorithm 31.1

Theorem 31.5.7. Let s = m - (logm + ¢) + log(1/9) where c is a sufficiently large constant. Then
the probability that the algorithm makes more than s calls to F1xX (including both the top-level and
recursive calls) is at most 0.

The proof proceeds by considering the interactions between two agents: the “CPU” and the “Debugger”.
The CPU runs the algorithm, periodically sending messages to the Debugger (we describe these messages
in more detail below). However, if FI1x gets called more than s times the CPU interrupts the execution
and halts the algorithm.

The CPU needs n bits of randomness to generate the initial assignment in SOLVE, and needs k bits
to regenerate variables in each call to FixX. Since the CPU will not execute FIX more than s times, it
might as well generate all its random bits at the very start of the algorithm. So the first step performed
by the CPU is to generate a random bitstring « of length n + sk to provide all the randomness used in
executing the algorithm.

The messages sent from the CPU to the Debugger are as follows.

e Every time the CPU runs F1x(C), it sends a message containing the identity of the clause C, and
an extra bit indicating whether this is a top-level FiX (i.e., a call from SOLVE) or a recursive FIX.

e Every time F1x(C) finishes the CPU sends a message stating “recursive call finished”.

o If FIxX gets called s times, the CPU sends a message to the Debugger containing the current {0, 1}
assignment of all n variables.

Because the Debugger is notified when every call to FIX starts or finishes, it always knows which clause
is currently being processed by FiX. A crucial detail is to figure out how many bits of communication
are required to send these messages.

e For a top-level Fix, logm + O(1) bits suffice because there are only m clauses in ¢.

e For a recursive Fix, log R + O(1) bits suffice because the Debugger already knows what clause
is currently being fixed, and that clause shares variables with only R other clauses, so only R
possible clauses could be passed to the next call to FIx.

e When each call to F1x(C) finishes, the corresponding message takes O(1) bits.

e When Fi1x gets called s times, the corresponding message takes n + O(1) bits.

The main point of the proof is to show that, if Fix gets called s times, then these messages reveal the
random string x to the Debugger.

Since each clause is a disjunction (an “or” of k literals), there is exactly one assignment to those variables
that does not satisfy the clause. So, whenever the CPU tells the Debugger that it is calling F1x(C), the
Debugger knows exactly what the current assignment to C' is. So, starting from the assignment that
the Debugger received in the final message, it can work backwards and figure out what the previous
assignment was before calling F1X. Repeating this process, it can figure out how the variables were set
in each call to Fix, and also what the initial assignment was. Thus the Debugger can reconstruct the
random string x.

The total number of bits sent by the CPU are
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e m(logm + O(1)) bits for all the messages sent when SOLVE calls FIX.
e s-(log R+ O(1)) for all the messages sent in the < s recursive calls.

e n+ O(1) bits to send the final assignment.

Let’s ignore the O(1) terms, which can be eliminated by choosing the constant ¢ and « appropriately.
Then x has been compressed from n + sk bits to

mlogm + slogR 4+ n bits.
This is an overall shrinking of

(n+5k:) — (mlogm—i—slogR—}—n)
= s(k—logR) — mlogm

= sa — mlogm (since R = 2K~
= (m(logm + c) +1og(1/6))a — mlogm (definition of s)
> log(1/0)

bits, assuming that ¢ and « are sufficiently big constants.

We have argued that, if Fix gets called s times, then x can be compressed by log(1/d) bits. By
Claim 31.5.6, this is possible with probability at most 4.

31.6 Exercises

Exercise 31.1 Local lemma for 0-1 matrices. Let M be a matrix with m rows, n columns
such that

e every entry M, ; € {0,1},
e every row sums to r (Le., Y374 M;; =r for all i),

e every column sums to ¢ (i.e., Y "y M;;j = c for all j.)

Show that there exists a vector Y € {0,1}" such that, letting Z = M - Y, we have

IN

(r/2) + O( rlog(rc))

miinZi > (r/2) — O(y/rlog(rc)).

max Z;
7
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Appendix B

Mathematical Background

B.1 Miscellaneous Facts

Fact B.1.1 (Stirling’s Approximation).

n\" n\"
e(—) < nl < en(—)
e e

References: (Lehman et al., 2018, Theorem 14.5.1), Wikipedia.

Fact B.1.2 (Bounds on binomial coefficients). For any integers n, k with 1 < k <n,
O < () =x() =)
k) — \k) — —\i) ~ k/) -

References: (Cormen et al., 2001, page 1186), (Vershynin, 2018, Exercise 0.0.5), (Motwani and Raghavan, 1995, Proposition B.2),
(Shalev-Shwartz and Ben-David, 2014, Lemma A.5), Wikipedia.

Fact B.1.3. For 0 <e <1, we have (1+¢)2 <1+ 3e.
Proof. Expand (1 + €)% as 1 + 2¢ + €2, and use €2 < € when € < 1. O

Claim B.1.4 (Separation principle). For any non-empty sets Y7, ...,Y) and any functions f; : ¥; — R,

we have
inf Z filvi) = > 1161%_ fi(yi)-

IARES) EY X Y . .
(y1,--YK)EYL k ic[k] Yi

Proof. This follows from the property

inf(A; +---+ Ag) = (inf Ay) + - + (inf Ay), (B.1.1)
applied to the sets A; = { fi(yi) : yi € Y; }. (On the left-hand side of (B.1.1), the “4” operation
is Minkowski sum.) In turn, (B.1.1) follows from the elementary fact inf(A + B) = inf(A) + inf(B)
by induction. See, e.g., equation (1.2) in Appendix A of (Hiriart-Urruty and Lemaréchal, 1996) or
Wikipedia O
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B.2 Geometry and norms

Norms. For a vector z € RY, its ¢, norm is defined to be

d 1/p
p (Zm!p) Vp € [1,00)

2, =
i=1
l2llog = max |
Every norm ||-|| satisfies the
Triangle inequality: lla + bl < |la|| + 5] -

The ¢ norm is also called the Fuclidean norm. One useful identity it satisfies is
la—bl5 = |al3 =240+ 0]  Va,beR™ (B.2.1)
This identity might not have a canonical name, but some suggestions I have heard include the generalized

Pythagoras identity, the law of cosines, or simply completing the square.

References: This is immediate from the bilinearity of an inner product. See, e.g., Apostol “Calculus, Volume II”, page 17, or

Wikipedia.
Let
Bp,r) = {z:|p—2<r} (B.2.2)
denote the Euclidean ball in R% around p of radius r. If d is even, the volume of B (p,r) is
/2,d

vol B(p,r) = @2

References: (Blum et al., 2018, Section 2.4.1), Wikipedia.

By Stirling’s formula, we have the bound

7/2pd (2em) 4/ 2
vol B(p,r) < d/20) = T (B.2.3)

The following fact allows us to compare norms.

Fact B.2.1. For all z € R¢,
lzll, < lzll, < d/"YP-Jz], VI<r<p<oo.

In particular, the most useful cases are

Y
\Y
)

lzlly = lllly =

1
ﬁllw\ll lzll, < V- lz|

IN

References: Wikipedia.
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Exercises

Exercise B.1. Although every norm satisfies the triangle inequality, the squared Euclidean norm
does not. However, it does satisfy an approzimate triangle inequality. Prove that, for any vectors u, v,
we have
2 2 2
lu=ollz < 2-(ullz + [[v]3)-

B.3 Facts from Convex Analysis

B.3.1 One-dimensional functions

Let f: S — R be a function defined on an interval S C R.
Definition B.3.1. We say that f is convex on § if

fOz+(1=XNy) < Af(z)+ (1 =N F(y)

for all x,y € S and all \ € [0, 1].
Geometrically, this says that the secant line between the points (z, f(x)) and (y, f(y)) lies above the

function f. The following example illustrates that f(x) = 22 is convex.
Plot
14Ff !
[ /!
1.2f
5 -
\ 1of A
! i ey
[ —a /
1‘ 0.8 ! f._____.-- S
5 06 f_f_,.f” {f;
™, I /
* N
\‘(. f,-f-’n.Jf _ /,/" 1
N 0.2r o -
L "'---.-- 1 HH e il - 1 1
-1 —0.5 0.5 10 -
plot (1+x);2 and x~2 from -1 to 1.2 4% Wolfram

An equivalent statement of this definition is as follows.
Fact B.3.2. Suppose f: S5 — R is convex. Then, for any points z,y € S with x < y, we have

fly) — f(=)

1) < F

(2 —a) + f(2)

for all z € [z, y].

For sufficiently nice functions, one can easily determine convexity by looking at its second derivative.
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Fact B.3.3. Suppose f : S — R is twice differentiable. Then f is convex if and only if the second
derivative f” is non-negative on the interior of S.

In our example above we used f(x) = x2. Its second derivative is f”(z) = 2, which is non-negative, so
f is convex.

The next fact says that, for convex functions, the linear approximation at any point lies beneath the
function.

Fact B.3.4 (Subgradient Inequality). Suppose f : S — R is convex, and f is differentiable at a point
x € 5. Then

fy) = f@)+ f(=@)(y - ),

for any point y € S.
The following example illustrates this for f(x) = 22 at the point = = 0.5.

’,_/-/" -1.0 — x?

plot x-0.25 and x™2 from -0.8to 1.5 £ Wolfram

B.3.2 Various Inequalities from Convexity

In the analysis of randomized algorithms, we frequently use various inequalities to simplify expressions
or make them easier to work with. These inequalities usually follow by convexity arguments and basic
calculus. For example, let us revisit the following familiar fact.

Fact A.2.5 (Approximating e® near zero). For all real numbers z,

14z <e".

Moreover, for x close to zero, we have 1 + = ~ e”.

Proof. Convexity of e* follows from Fact B.3.3 since its second derivative is e®, which is non-negative
on R. Applying Fact B.3.4 at the point x = 0, we obtain

fly) = fl@)-(y—x)+ fz) = y+ 1. O
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Plot

i r;’
! /
L A
af
[ _—
2 B _,.:-"""FFFF
[ T
_— — x4l
N S
—1_;;.'-"""--—1.[] —0.5 [ 0.5 1.0 1.5 =— ¢
plot 1+x and e™x from -1.5to 1.5 - Wolf ram A lpha

Fact B.3.5.

1
<1-z ¥ 1/2].
[42. =177 Vel

Proof. Convexity of f(z) = 1/(1 + 2z) on the set S = (0,00) follows from Fact B.3.3 since its second
derivative is 8/(1 4 22)3, which is non-negative on S. Applying Fact B.3.2 at = 0 and y = 1/2, we
obtain

fly) — f(=
f(z) < fy) = f=) (z—2) + f(2)
Yy—T
1/2 -1
_ Y (z—=0)+1 =1-2 Vze[0,1/2]. O
1/2
Plot
1.0 g
0.8
0.8 _
_ -
0
! \\\\‘x .
0. HHQ
~>
0.5 T 1
2 x+]
t 0.3 0.4 o5 —1-x
plot 1/i1+2«x) and 1-x from O to 0.5 £+ WolframAlpha
Fact B.3.6. )
log < z+a? Vrelo,1/2]

Proof. Observe that both sides equal 0 when x = 0. The derivative of the left-hand side is 1/(1 — z),
whereas the derivative of the right-hand side is 1 + 2x. We have 1/(1 —z) < 1+ 2z for z € [0,1/2] by
Fact B.3.5. Thus, by integrating, we obtain the desired inequality. O
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Fact B.3.7. e <1—2+ %2 for x > 0.

Proof. Observe that both sides equal 0 when & = 0. The derivative of the left-hand side is —e™%,
whereas the derivative of the right-hand side is —1 + . We have —e™ < —(1 — z) by Fact A.2.5.
Integrating proves the result. O

Fact B.3.8. Fix any a > 0. Then o <1+ (o — 1)z for all z € [0,1].

Proof. The second derivative of o is o - In?(«), which is non-negative, so o is convex. Applying
Fact B.3.2 at the points z = 0 and y = 1, we obtain

a¥ —a”
o < — (z—2)+a" = (a—1)- 2+ 1 O
y—x
Plot
S
-~
L
~
e
—_— Lix+1
_o2 00 02 04 08 08 10 12 —
plot 1+(e—ljsx and e™x from -0.2to 1.2 £ Wolfram
Exercises
Exercise B.2. Prove that
In(l1+2) < z for z > —1
In(1+42) > In(2)z > 2/2 for z €0,1]
B.3.3 Multi-dimensional functions

Definition B.3.9 (Subgradient). Let f: X — R”™ be a function. Recall that a subgradient of f at x
is any vector g satisfying:

fly) = fl@)+{(g,y—z) VyeX. (B.3.1)
References: (Shalev-Shwartz and Ben-David, 2014, Definition 14.4).
Fact B.3.10 (Lipschitz equivalence). Let X be convex and open. Let f : X — R be convex. The

following conditions are equivalent.
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e f: X — Ris L-Lipschitz:

[f(@) = fW)| < Llz—yll, Va,yed. (B.3.2)

e f has bounded subgradients:

lgl, <L YweX, gedf(w). (B.3.3)

References: (Shalev-Shwartz and Ben-David, 2014, Definition 12.6 and Lemma 14.7).

Fact B.3.11. Let fi,..., fn be convex functions, and let a1, ...,a, > 0. Then

8(041]01(33) + e+ Oénfn(x)) = a18f1($) + anafn(x)

The sum on the right-hand side is a Minkowski sum.
References: (Hiriart-Urruty and Lemaréchal, 2001, Theorem D.4.1.1).

Fact B.3.12 (Projection decreases Euclidean distance). |IIx(y) — x|, < |ly — ||, for all z € X.

References: (Shalev-Shwartz and Ben-David, 2014, Lemma 14.9).

B.4  Probability

B.4.1 Expectation
For non-negative integer-valued random variables, the expectation has the formula Fact A.3.10. The
following fact gives the analogous formula for arbitrary random variables.

Fact B.4.1. Let X be a non-negative random variable. Then

E[X] = /OooPr[sz]dx = /Ooo(l—F(:U))dx,

where I is the CDF of X.

References: For the special case of continuous random variables, see (Grimmett and Stirzaker, 2001, Lemma 4.3.4) or (Mitzenmacher
and Upfal, 2005, Lemma 8.1). For arbitrary random variables, see (Vershynin, 2018, Lemma 1.2.1), (Durrett, 2019, Exercise 1.7.2)
and (Klenke, 2008, Theorem 4.26).

Fact B.4.2 (Jensen’s inequality). Let f:R™ — R be a function and X a random vector.

[F(X)]
[F(X)]

If fis convex: f(E[X])

< E
If fis concave: f(E[X]) > E

The following special case is useful. Let z1,...,z, € R™. Let A1,..., A\, € [0,1] satisfy > | \; = 1.
Then

If f is convex: f(zn:)\ixi> < Zn:)\zf(xl)
i=1 i=1

References: (Cormen et al., 2001, Equation (C.26)), (Vershynin, 2018, page 7), (Mitzenmacher and Upfal, 2005, Lemma 2.4),
(Klenke, 2008, Theorem 7.9), (Durrett, 2019, Theorem 1.5.1), (Grimmett and Stirzaker, 2001, Exercise 5.6.1), Wikipedia.
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B.4.2 Variance
Definition B.4.3. The variance of a random variable X is defined to be

Var[X] = E[(X —E[X])?].

References: (Lehman et al., 2018, Definition 20.2.2), (Cormen et al., 2001, Equation (C.27)), (Motwani and Raghavan, 1995, page
443), (Mitzenmacher and Upfal, 2005, Definition 3.2), (Grimmett and Stirzaker, 2001, Definition 3.3.5), (Durrett, 2019, page 29).

Fact B.4.4. Variance satisfies the following identity.
Var[X] = E[X?] ~E[X . (B.4.1)

Consequently,
Var[X] = E[X?] if E[X]=0. (B.4.2)

References: (Lehman et al., 2018, Definition 20.3.1), (Anderson et al., 2017, Fact 3.48), (Cormen et al., 2001, Equation (C.27)),
(Motwani and Raghavan, 1995, Proposition C.8), (Mitzenmacher and Upfal, 2005, Definition 3.2), (Grimmett and Stirzaker, 2001,
page 51), (Durrett, 2019, Equation (1.6.2)), (Klenke, 2008, Definition 5.1(iii)).

Proof.
Var[X] = E[(X X1)?] (by definition)
= E [XQ —2XE[X]+E [X]ﬂ (expand the quadratic)
= E[X?] -2E [X] E[X]|+E[X]? (linearity of expectation)
= E[X?] - X2 (simplifying).
This proves (B.4.1). The equation (B.4.2) is immediate. O
Fact B.4.5. Let G1,...,G4 be pairwise independent random variables with finite variance. Let

o1,...,04 € R be arbitrary. Then Var [Z?Zl aiGi} = Z?Zl o2 Var [ G;].

References: (Lehman et al., 2018, Lemma 20.3.4 and Lemma 20.3.8), (Anderson et al., 2017, Facts 3.52 and 8.11), (Cormen et al.,
2001, page 1200), (Mitzenmacher and Upfal, 2005, Theorem 3.5 and Exercise 3.4), (Grimmett and Stirzaker, 2001, Theorem 3.3.11).

B.4.3 Gaussian random variables

One of the most important continuous distributions is the Gaussian distribution. It is also called
the Normal distribution. This distribution has two real parameters, its mean (denoted u) and its
variance (denoted ¢2). The distribution with those parameters is denoted N (u, o?).

References: (Anderson et al., 2017, Definition 3.60), (Grimmett and Stirzaker, 2001, Definition 4.4.4), Wikipedia.
One useful property is that sums of Gaussians are also Gaussian.

Fact B.4.6. Let g1,...,gq be independent random variables where g; has distribution N(0,1). Then,
for any scalars o1,...,04, the sum Z?Zl 0;g; has distribution N (0, 25:1 o2) = N(0, ||o]3).

References: (Anderson et al., 2017, Example 7.8 and Example 8.20), (Grimmett and Stirzaker, 2001, Example 4.8.3), (Durrett,
2019, Theorem 2.1.20 and Corollary 3.3.13), Wikipedia.
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Remark B.4.7. Fact B.4.6 can be viewed in the more abstract context of stable random wvariables.
The Gaussian distribution is 2-stable. More generally, if X is an a-stable RV, and Xi,..., Xy are
independent copies of X, then Z?Zl 0;X; has the distribution ||o||, X. See Equation (1.8) in “Stable
Distributions: Models for Heavy Tailed Data” with g =0, v; = 0; and § = 0.

References: (Durrett, 2019, Section 3.8), Wikipedia.
A useful fact about the Gaussian distribution is the following bound on its right tail.
Fact B.4.8 (Gaussian tail bound). Let X have the distribution N(0,1). Let > 0. Then

(z7' — 273 exp(—2?/2) < Pr[X >z] < \/%x_lexp(—x2/2).

References: (Vershynin, 2018, Proposition 2.1.2), (Durrett, 2019, Theorem 1.2.6), (Feller, 1968, Lemma VII.1.2), (Wainwright,
2019, Exercise 2.2).

5~
3
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