Stat260/CS294: Randomized Algorithms for Matrices and Data

Lecture 4 - 09/16/2013

Lecture 4: Concentration and Matrix Multiplication, Cont.

Lecturer: Michael Mahoney Scribe: Michael Mahoney

Warning: these notes are still very rough. They provide more details on what we discussed in class,
but there may still be some errors, incomplete/imprecise statements, etc. in them.

4 Concentration and Matrix Multiplication, Cont.

Today, we will continue with our discussion of scalar and matrix concentration, with a discussion of
the matrix analogues of Markov’s, Chebychev’s, and Chernoff’s Inequalities. Then, we will return
to bounding the error for our approximating matrix multiplication algorithm. We will start with
using Hoeffding-Azuma bounds from last class to get improved Frobenius norm bounds, and then
(next time) we will describe how to use the matrix concentration results to get spectral norm
bounds for approximate multiplication.

Here is the reading for today.

e Appendix of: Recht, “A Simpler Approach to Matrix Completion”
e Oliveira, “Sums of random Hermitian matrices and an inequality by Rudelson”

e Drineas, Kannan, and Mahoney, “Fast Monte Carlo Algorithms for Matrices I: Approximating
Matrix Multiplication”

4.1 Matrix Concentration

We will now discuss several results having to do with concentration of matrix-valued random
variables. We start with a matrix version of the Markov inequality.

Lemma 1 (Matrix Markov Inequality) Let X be a random PSD matriz, and let A be a fived
PD matriz. Then, VA, Pr(X £ A <Tr (E[X]A™!).

Proof: Consider the random variable A~1/2X A=1/2. Observe that, if X £ A, then A~1/2XA~1/2 £
I. In this case,
1< |[amtexanie
2

Let Xx 44 be the characteristic/indicator function of the event X A A. Then, the claim is that

Xyza < Tr (A*WXA*W) :



To prove the claim, observe that the RHS > 0. If the LHS = 0, then we are done. Otherwise, if
the LHS = 1, then 1 < |[A™1/2XA~1/2||, < Tr (A"1/2X A71/2). So,

Pr(X £ A] =E | Xys| E|[Tr (472X A7) | = E[Tr (XA7Y)] = Tr (B[X] A7),

where the second equality follows from the cyclic properties of the trace, and where the last follows
since the trace is linear.
o

Although we will not use the matrix version of the Chebychev inequality in what follows, we include
it for completeness and for comparison with the scalar version.

Lemma 2 (Matrix Chebychev Inequality) Let X be a random PSD matriz, and let A be a
fized PD matriz. Then, VA, Pr[|X — E[X]| £ A] < Tr (Var [X] A~%). XXX. CLARIFY WHAT
THAT NORM THING IS ON LHS.

Proof: First note that (X — E[X])? < A2 implies that |X — E[X]| < A. The reason for this is
that /- is operator monotone. (I.e., while it is obvious for numbers, it is true but non-obvious for
matrices.) So,

Pr(|X ~E[X]|£4] < Pr[(X-E[X])?# 4%
Tr (B[(X ~ B[X])?] A7)

Tr (Var [X] A7?).

IN A

o

Next, what we really want to do is get a matrix analogue of the Chernoff bound. Here is one form
of it; we will give more of a history below.

Theorem 1 (Matrix Chernoff Bound) Let X;,...,X,, be independent symmetric random ma-
trices in R*™%. Then, ¥V invertible d x d matrices T,

< d [T IIE[exp (TX,T* = TAT")]|l,
k=1

Pr

Zn:Xk £ nA
k=1

where T* denotes the transpose of the (real-valued) matriz T.

Proof: First, by the usual properties of the semi-definite ordering, we have that

Pr|) X, £AnA| = Pr|) (Xp—A)£0
k=1 :kzl
= Pr|> T(Xp— AT £0
Lk=1
= Pr|exp (Z T(X), — A)T*) £ Id]
L k=1



By combining this with the Matrix Markov Inequality, and since the trace is linear, it follows that

Tr<E - (im_m) )

k=1

Tr (exp (i: T(Xy — A)T*))
k=1

Next, observe that we can peel apart the various terms as follows

Pr

IN

k=1

E

IN

Pr < E

k=1

- <exp ( (x, A)T*) exp (T(X,, - A)T*))

3 >
e

= E|Tr <exp < T(Xy — A)T*> E [exp (T'(X, — A)T*)]n>]
k=1

1, n—1

n—1
Tr <exp (Z T(X), — A)T*))
k=1

where the first line follows from the Golden-Thompson inequality; the second line follows from
the independence of the Xj; and the third line follows by strong submultiplicitivity, i.e., since
Tr (AB) < Tr (A) ||B||,, if A and B are SPSD. XXX. NEED TO FIX THAT NOTATION WITH
EXPECTATION. By iterating this process it follows that

IN

B [exp (T(Xn — A)T7)][l, E

)

1, n—1

Pr

IN

zn:Xk £AnA
k=1

[ IE [exp (T(Xy, — A)T*)]|l, B[Tr (exp (T(Xy — A)T7))]
k=2

IN

d 1T IE fexp (T(Xy = ATl s
k=1

where the last line follows since if A is PD, then Tr (A) = Z?:l Ai(A) < dAmaz(A), where \;(A) is
the " eigenvalue of A and where Apqz(A) is the largest eigenvalue of A. XXX. CAN I DO THOSE
LAST STEPS IN ONE STEP.

o

We will use this Matrix Chernoff Bound to establish an inequality that we will use. Note that, as
in the scalar case, one can get lots of variations, and we will use Bernstein version due to Recht.

Theorem 2 (Noncommutative Bernstein Inequality) Let Xi,..., X be independent zero-
mean random matrices of dimension di x da. Suppose that p, = max{ ||E [Xp X[]|,, ||E [X; X[}
and that | Xg|ly, < M a.s., for all k. Then, YT > 0,

—72/2
>T §(d1—|—d2)exp< )

L

> X

k=1

Pr

Before the proof, here are a few notes on this result.

e If d1 = dy = 1, then this is just the 2-sided version of the standard Bernstein Inequality.



o If X, are diagonal, then this is just the standard Bernstein Inequality applied and then do a
union bound on the diagonal of the matrix sum.

o If 7 < 47 Zé:l p2, then RHS < (dy + da) exp <izi/:2€>

Proof: Let Y = [ )?* )gk ] . Then, the Y} are symmetric random functions, and Vk, we have that
k
X X} 0

o0l = e[| 5 ok, ]
H [ k]HQ 0 XXy )

= max{ |[E[Xp X{]ll,, [|E [X7Xk]ll5}

2
= Pk

In addition, O'max(zil;l Xi) = )\max(2£:1 Y):). By the Operator Chernoff Theorem, it follows that

L L

> X > Vi ALt

k=1 k=1

(d + da) exp (= LtA) Ty || [exp (AYR)]

VA > 0. Then, Vk, let Y}, = UpA U} be the eigenvalue decomposition. Then, Vs > 0, we have that
— MY = —UM*AU; < UpAJPPUE = Y52 < U MPAZU; = MPYE,

where M is such that || X||, < M, forall k, which implies that

1 [T, < o [[B [, (1)

Pr >Lt| = Pr

2

IN

For a fixed k, we have that

N > A\ .
Y, o J
B[], < m+X 5 e %),
j=2
o N 2 j—2
S LT[R
j=2
2 O yj
_ Pk Ao
= 1+.5 Z; FM
]7
P
= 1+ e (exp(AM) —1— M)
02
< exp <ka2 (exp(AM) — 1 — /\M)>
where the first inequality follows from the triangle inequality and since E[Y;] = 0; the second
inequality follows from Eqn. (1); and the last inequality follows since 1 + x < e®. Thus,

L 2
Zk:l Py

Pr > Lt] < (dy + da) exp <—)\Lt + =0 (exp(AM) — 1 — /\M)) )

L
> X
k=1

We can minimize this as a function of A by choosing A = ﬁ log (1 + LM >, from which the

2

25:1 Pi
result follows by tedious manipulations.
o



4.2 Back to Frobenius norm matrix multiplication bounds

We will say that the sampling probabilities of the form

A9, 1Bl
= [|A%)]

Pk

2 HB(k’) 2

are the optimal probabilities since, as we saw before, they minimize E [HAB — C’RH%], which is

one natural measure of the error caused by the random sampling process. In addition, we will also
say that a set of sampling probabilities {p;};_, are nearly optimal probabilities if

(k)
> nBHA ’]LQ HB(k)HQ
D k=1 HA( ) 2 HB(k’)

for some positive constant g < 1. Essentially, if we work with nearly optimal probabilities rather
than the optimal probabilities, what this says is that we are working with probabilities that do
not underestimate the optimal probability of choosing any column-row pair too much. The chal-
lenge with random sampling algorithms is ensuring that we find important samples, and so this is
reasonable. In addition, as we will see below, if 5 # 1 then we suffer a small 5-dependent loss in
accuracy. That is, we will have to sample a little more, but if we do so then all of our bounds will
work out. All of the results in which we will be interested will be robust if we work with nearly
optimal probabilities, as opposed to exactly optimal probabilities, and we will gain a great deal of
power and flexibility in doing so, so we will formulate the remainder of our results this semester
in terms of nearly optimal probabilities (to such an extent that we will do so even when we don’t
make it explicit).

)
2

We now prove, for nearly optimal sampling probabilities, results analogous to those of Lemma ?77.
In addition, we also prove that the corresponding results with the expectations removed hold with
high probability. The proof of the latter will depend on the Hoeffding-Azuma inequality.

Theorem 3 Suppose A € R™*", B € R"™P, ¢ € Zt such that 1 < ¢ < n, and {p;};—, are such
that 37" | pi = 1 and such that for some positive constant § <1

(k)
> nBHA ’]LQ HB(k)HQ
D k=1 HA( ) 2 HB(k’)

Construct C' and R with the BASICMATRIXMULTIPLICATION algorithm, and let CR be an approx-
imation to AB. Then,

(2)

2

1
B[ 4B - CRI}| < 2 1AI% 1]} (3)

Furthermore, let § € (0,1) and n =1+ +/(8/5)log(1/0). Then, with probability at least 1 — ¢,

2
U
IAB — CR| < e 1Al 1BII% - (4)

Proof: Following reasoning similar to that of Lemma ?7?, and using the nearly-optimal sampling



probabilities of Eqn. (2), we see that

IA

o1as-cnii] < 1350 sl

n 2
= (k)

< 5 (Z oL sl
1

< @IIAH% IBII%

where the last inequality follows due to the Cauchy-Schwartz inequality. Next, we consider removing
the expectation. To do so, define the event & to be

n
AB—-CR| < —A B 5
| ||F—\/%” Ir 1Bl ()
and note that to prove the remainder of the theorem it suffices to prove that Pr[&] > 1 — 4. To
that end, note that C' and R and thus CR = ), iAitBit are formed by randomly selecting
¢ elements from {1,...,n}, independently and with replacement. Let the sequence of elements
chosen be {i;};_,. Consider the function

F(ir.....ic) = | AB ~ CR| p. (6)

We will show that changing one i; at a time does not change F' too much; this will enable us to
apply a martingale inequality. To this end, consider changing one of the i; to i; while keeping the
other #;’s the same. Then, construct the corresponding C’ and R’. Note that C’ differs from C' in
only a single column and that R’ differs from R in only a single row. Thus,

AGIB,,  AGB,
|cr-C'R, = e ™)
cpiy i, |,
< I law s+ [a® s, (s)
- opy Ik cpy, Wllr
1 - 1 y
— _— ||AG) B ‘A(lt) HB y
- |49, 1B, + o , I1Ban (9)
92 A(a) B o
o2 Ol B, o
¢ « Pa
(7) follows by construction and (9) follows since ||zy”||, = llzll, [ylly for 2 € R™ and y € R™.
Thus, using the probabilities (2) and employing the Cauchy-Schwartz inequality we see that
2 n
lor—cRlly < 55749, 1Bwl, ()
k=1
2
< g l4le 1Bl (12)
Therefore, using the triangle inequality we see that
|AB—CR|, < |AB-C'R|,+|C'R -CR|,
2
< HAB—C/R’HFJr@IIAHF 1Bl g (13)



By similar reasoning, we can derive

2
|AB ~C'R| < HAB—CRHF+@HAHF 1Bl - (14)
Define A = 2 ||| || B||; thus,
|F (i1, iy nie) = F (i1, i, ie) | S A (15)

Let v = y/2clog(1/d)A and consider the associated Doob martingale. By the Hoeffding-Azuma
inequality [?],

1

Pr | ||AB - CR||- >

[Allg |Bllg+7| < exp (—7°/2cA%) =6 (16)
and theorem follows.
o

An immediate consequence of Theorem 3 is that by choosing enough column-row pairs, the error in
the approximation of the matrix product can be made arbitrarily small. In particular, if ¢ > 1/3¢?
then by using Jensen’s inequality it follows that

E[[[AB - CR| ] < €[ Allp 1Bl (17)

and if, in addition, ¢ > 1?/B€? then with probability at least 1 —§
IAB = CR[|lp < €|Allp [|Blg- (18)
In certain applications, we will be interested in an application of Theorem 3 to the case that
B = AT ie., one is interested in approximating HAAT — C’CTH? In this case, sampling column-

row pairs corresponds to sampling columns of A, and nearly optimal probabilities will be those such

Ak)
that pp > ﬁH”AH L for some positive 8 < 1. By taking B = AT and applying Jensen’s inequality,
F

we have the following theorem as a corollary of Theorem 3.

Theorem 4 Suppose A € R™*" ¢ € Z*, 1 < ¢ < n, and {p;}]_, are such that > . p; = 1
BllA®|;
Al
n =1+ +/(8/B)log(1/5). Construct C (and R = CT) with the BASICMATRIXMULTIPLICATION

algorithm, and let CCT be an approzimation to AAT. Then,

and such that pi >

for some positive constant f < 1. Furthermore, let 6 € (0,1) and

1
E[||AA” - cOT||,] < T A% (19)
and with probability at least 1 — 6,
447 - 00| < LAl (20)



