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Chapter 3

Randomized sparsification in NP-hard
norms

Massive matrices are ubiquitous in modern data processing. Classical dense matrix algorithms
are poorly suited to such problems because their running times scale superlinearly with the size
of the matrix. When the dataset is sparse, one prefers to use sparse matrix algorithms, whose
running times depend more on the sparsity of the matrix than on the size of the matrix. Of
course, in many applications the matrix is not sparse. Accordingly, one may wonder whether it is
possible to approximate a computation on a large dense matrix with a related computation on a
sparse approximant to the matrix.

Let || - || be a norm on matrices. Here is one way to frame this challenge mathematically:
Given a matrix A, how can one efficiently generate a sparse matrix X for which the approximation
error ||A — X|| is small?

The literature has concentrated on the behavior of the approximation error in the spectral
and Frobenius norms; however, these norms are not always the most natural choice. Sometimes
it is more appropriate to consider the matrix as an operator from a finite-dimensional £, space
to a finite-dimensional £, space, and investigate the behavior of the approximation error in the
associated p — g operator norm. As an example, the problem of graph sparsification is naturally

posed as a question of preserving the so-called cut norm of a matrix associated with the graph.
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The strong equivalency of the cut norm and the co —1 norm suggests that, for graph-theoretic
applications, it may be fruitful to consider the behavior of the co—1 norm under sparsification.
In other applications, e.g., the column subset selection algorithm in [Tro09], the co —2 norm is
the norm of interest.

This chapter investigates the errors incurred by approximating a fixed real matrix with a
random matrix'. Our results apply to any scheme in which the entries of the approximating
matrix are independent and average to the corresponding entries of the fixed matrix. Our main
contribution is a bound on the expected 0o — p norm error, which we specialize to the case of the
00 —1 and co—2 norms. We also use a result of Latata [Lat05] to bound the expected spectral
approximation error, and we establish the subgaussianity of the spectral approximation error.

Our methods are similar to those of Rudelson and Vershynin in [RV07] in that we treat A
as a linear operator between finite-dimensional Banach spaces and use some of the same tools
of probability in Banach spaces. Whereas Rudelson and Vershynin consider the behavior of the
norms of random submatrices of A, we consider the behavior of the norms of matrices formed
by randomly sparsifying (or quantizing) the entries of A. This yields error bounds applicable to
schemes that sparsify or quantize matrices entrywise. Since some graph algorithms depend more
on the number of edges in the graph than the number of vertices, such schemes may be useful
in developing algorithms for handling large graphs. In particular, the algorithm of [BSS09] is
not suitable for sparsifying graphs with a large number of vertices. Part of our motivation for
investigating the co—1 approximation error is the belief that the equivalence of the cut norm
with the oo —1 norm means that matrix sparsification in the co —1 norm might be useful for

efficiently constructing optimal sparsifiers for such graphs.

!The content of this chapter is adapted from the technical report [GT11] co-authored with Joel Tropp.
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3.1 Notation

We establish the notation particular to this chapter.

All quantities are real. For 1 < p < oo, the Z; norm of x € R" is written as ||x||,. Each space
E; has an associated dual space E;‘,, where p’, the conjugate exponent to p, is determined by the
relation p~! + (p’)~! = 1. The dual space of €7 (respectively, £ ) is £7_ (respectively, £7).

The kth column of the matrix A is denoted by Ay, and the (j, k)th element is denoted by
aji. We treat A as an operator from E; to Z(’]", and the p — q operator norm of A is written as
l|All,—q- The spectral norm, i.e. the 2 — 2 operator norm, is written [|Al|, . Recall that given an
operator A : Z; — E;", the associated adjoint operator (AT, in the case of a matrix) maps from EZ}

to E;,. Further, the p — q and ¢’ — p’ norms are dual in the sense that

I1All,—q = A7

q'—p"”

This chapter is concerned primarily with the spectral norm and the co—1 and co —2 norms.
The co—1 and co—2 norms are not unitarily invariant, so do not have simple interpretations
in terms of singular values; in fact, they are NP-hard to compute for general matrices [Roh00].
We remark that ||A||,—; = ||Ax]|; and [|Al|s—2 = HAy”2 for certain vectors x and y whose
components take values £1. An additional operator norm, the 2—00 norm, is of interest: it is

the largest £, norm achieved by a row of A. In the sequel we also encounter the column norm

IAllot = D, Aol

The variance of X is written VarX = E(X — EX)2. The expectation taken with respect to

one variable X, with all others fixed, is written Ey. The expression X ~ Y indicates the random
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variables X and Y are identically distributed. Given a random variable X, the symbol X’ denotes
a random variable independent of X such that X’ ~ X. The indicator variable of the event
X >Y is written 1y.y. The Bernoulli distribution with expectation p is written Bern(p) and the
binomial distribution of n independent trials each with success probability p is written Bin(n, p).

We write X ~ Bern(p) to indicate X is Bernoulli with mean p.

3.1.0.1 Graph sparsification

Graphs are often represented and fruitfully manipulated in terms of matrices, so the problems
of graph sparsification and matrix sparsification are strongly related. We now introduce the
relevant notation before surveying the literature.
Let G = (V,E, w) be a weighted simple undirected graph with n vertices, m edges, and
adjacency matrix A given by
wix (,k)E€E
aj =
0 otherwise
Orient the edges of G in an arbitrary manner. Then define the corresponding 2m x n oriented
incidence matrix B in the following manner: by;_; j = by, = w; and by;_; j = by; j = —w; if
edge i is oriented from vertex j to vertex k, and all other entries of B are identically zero.
A cut is a partition of the vertices of G into two blocks: V = SUS. The cost of a cut is the sum
of the weights of all edges in E which have one vertex in S and one vertex in S. Several problems
relating to cuts are of considerable practical interest. In particular, the MAXCUT problem, to

determine the cut of maximum cost in a graph, is common in computer science applications.

The cuts of maximum cost are exactly those that correspond to the cut-norm of the oriented
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incidence matrix B, which is defined as

IBllc =

Finding the cut-norm of a general matrix is NP-hard, but in [ANO4], the authors offer a
randomized polynomial-time algorithm which finds a submatrix B of B for which | >_ ik bil =
0.56 ||B||c. This algorithm thereby gives a feasible means of approximating the maxcuT value for
arbitrary graphs. A crucial point in the derivation of the algorithm is the fact that for general

matrices the oo —1 operator norm is strongly equivalent with the cut-norm:

Allc < [|Alloo—1 < 4lIAllc;

in fact, in the particular case of oriented incidence matrices, ||Bl|c = ||B||so—1 -

In his thesis [Kar95] and the sequence of papers [Kar94a, Kar94b, Kar96], Karger introduces
the idea of random sampling to increase the efficiency of calculations with graphs, with a focus
on cuts. In [Kar96], he shows that by picking each edge of the graph with a probability inversely
proportional to the density of edges in a neighborhood of that edge, one can construct a sparsifier,
i.e., a graph with the same vertex set and significantly fewer edges that preserves the value of
each cut to within a factor of (1 £ €).

In [SS08], Spielman and Srivastava improve upon this sampling scheme, instead keeping
an edge with probability proportional to its effective resistance—a measure of how likely it is
to appear in a random spanning tree of the graph. They provide an algorithm which produces
a sparsifier with O((nlog n)/ 62) edges, where n is the number of vertices in the graph. They
obtain this result by reducing the problem to the behavior of projection matrices Il; and I

associated with the original graph and the sparsifier, and then appealing to a spectral-norm
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concentration result.

The logn factor in [SS08] seems to be an unavoidable consequence of using spectral-norm
concentration. In [BSS09], Batson et al. prove that the logn factor is not intrinsic: they establish
that every graph has a sparsifier that has Q(n) edges. The existence proof is constructive and
provides a deterministic algorithm for constructing such sparsifiers in O(n®m) time, where m is

the number of edges in the original graph.

3.2 Preliminaries

Bounded differences inequalities are useful tools for establishing measure concentration for
functions of independent random variables that are insensitive to changes in a single argument.
In this chapter, we use a bounded differences inequality to show that the norms of the random
matrices that we encounter exhibit measure concentration.

Before stating the inequality of interest to us, we establish some notation. Let g : R — R be
a measurable function of n random variables. Let X, ...,X, be independent random variables,
and write W = g(X3,...,X,). Let W; denote the random variable obtained by replacing the ith
argument of g with an independent copy: W; = g(Xy,...,X],...,X,).

The following bounded differences inequality states that if g is insensitive to changes of a

single argument, then W does not deviate much from its mean.

Lemma 3.1 ([BLMO03, Corollary 3]). Let W and {W;} be random variables defined as above.

Assume that there exists a positive number C such that, almost surely,

n
Zi:l(w - M/i)Z]]-W>Wi <C.
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Then, for all t > 0,

P{W > EW + t} < e t/(40),

Rademacher random variables take the values +1 with equal probability. Rademacher
vectors are vectors of i.i.d. Rademacher random variables. We make use of Rademacher variables
in this chapter to simplify our analyses through the technique of Rademacher symmetrization.
Essentially, given a random variable Z, Rademacher symmetrization allows us to estimate the
behavior of Z in terms of that of the random variable Z,,, = e(Z — Z "), where Z’ is an i.i.d. copy
of Z and ¢ is a Rademacher random variable that is independent of the pair (Z, Z’). The variable
z

ym is often easier to manipulate than Z, since it is guaranteed to be symmetric (i.e., Zgy, and

—Zgym are identically distributed); in particular, EZ,,, = 0. The following basic symmetrization

result is drawn from [vW96, Lemma 2.3.1 et seq.].

Lemma 3.2. Let Zy,...,Z,,Z;, ..., Z, be independent random variables satisfying Z; ~ Z;, and let

€ be a Rademacher vector. Let & be a family of functions such that
n
su (f(Z) - F(Z)
feg Zkzl f(Z2i) = f(Z
is measurable. Then

Esup > @) - FZ)) = Esup > a2 - F(Z).

Since we work with finite-dimensional probability models and linear functions, measurability

concerns can be ignored in our applications of Lemma 3.2.
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While Lemma 3.2 allows us to replace certain random processes with Rademacher processes,
Talagrand’s Rademacher comparison theorem [LT91, Theorem 4.12 et seq.] shows that certain
complicated Rademacher processes are bounded by simpler Rademacher processes. Together,
these two results often allow us to reduce the analysis of complicated random processes to the

analysis of simpler Rademacher processes.

Lemma 3.3. Fix finite-dimensional vectors z,,...,Z, and let € be a Rademacher vector. Then

n n
E max &g l{zr,u)| < E max Z €1z, u).
”u”q:1 k=1 k|< k> >| Hu||q=1 k=1 k( k> )

Lemma 3.3 involves Rademacher sums, i.e. sums of the form )| x EkXx where ¢ is a Rademacher
vector and x is a fixed vector. One of the most basic tools for understanding Rademacher sums is
the Khintchine inequality [Sza76], which gives information on the moments of a Rademacher

sum; in particular, it tells us the expected value of the sum is equivalent with the £, norm of the

vector X.

Lemma 3.4 (Khintchine Inequality). Let x be a real vector, and let € be a Rademacher vector. Then

1
75l <[, e < el

In its more general form, which we do not use in this thesis, the Khintchine inequality implies

that Rademacher sums are subguassian random variables.
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3.3 The co—p norm of a random matrix

We are interested in schemes that approximate a given matrix A by means of a random matrix X
in such a way that the entries of X are independent and EX = A. It follows that the error matrix
Z = A — X has independent, zero-mean entries. Ultimately we aim to construct X so that it has
the property that, with high probability, many of its entries are identically zero, but this property
does not play a role at this stage of the analysis.

In this section, we derive a bound on the expected value of the co — p norm of a random
matrix with independent, zero-mean entries. We also study the tails of this error. In the next
two sections, we use the results of this section to reach more detailed conclusions on the co—1

and co—2 norms of Z.

3.3.1 The expected co— p norm

The main tools used to derive the bound on the expected norm of Z are Lemma 3.2, a result on
the Rademacher symmetrization of random processes, and Lemma 3.3, Talagrand’s Rademacher
comparison theorem.

We now state and prove the bound on the expected norm of Z.

Theorem 3.5. Let Z be a random matrix with independent, zero-mean entries and let € be a

Rademacher vector independent of Z. Then

BNy < 28|35, eigo|, +2 max EY, [ o2
q

where q is the conjugate exponent of p.
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Proof of Theorem 3.5. By duality;,

El|Zlloop = E [|27]| ., = E”gﬁgzk (Z i, w)l.

Center the terms in the sum and apply subadditivity of the maximum to get

E|Z|| o, <E max Zio,w)| —E'|(Z] ,,u)])+ max E Zo,u
1Zlloosp ”u”qzlzk(u (or ] = B2, wl) + max, D 1(Zgo, 0 .

=F+S.

Begin with the first term on the right-hand side of (3.3.1). Use Jensen’s inequality to draw

the expectation outside of the maximum:

/
F <E max D (Zgo, wl = (2, w)).

llullg=

Now apply Lemma 3.2 to symmetrize the random variable:

F<E max Y ex(|(Zgo,u)l = (Zy), w).

llullg=1

By the subadditivity of the maximum,

F<E ( max Y exl(Zgo, )l + max, > —ek|<z(k),u>|> =2E max Y ecl{Zgo,w)l,

llull;=1 llull;=1

where we have invoked the fact that —¢; has the Rademacher distribution. Apply Lemma 3.3 to

get the final estimate of F:

F < 2E max Zk ek(Z(k),u) = 2E max <Zk ekZ(k),u> =2E sz EkZ(k)Hp .

llullg=1 llullg=1
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Now consider the last term on the right-hand side of (3.3.1). Use Jensen’s inequality to

prepare for symmetrization:

S= max E ’ ZaU;
||11||q=1 Zk Z] Jk=j
VA u;

||u|| —1 ’Z( e~ 2

= max E ‘Z (Zjx—E ij)u

Apply Lemma 3.2 to the expectation of the inner sum to see

S < max E ei(Zay—Z0 )u;
‘||u||q=12k ‘Zl 2 = 2yt

The triangle inequality gives us the final expression:

S < max 2E ‘ €U .
I[ull,=1 Zk Z] Jegk®j

Introduce the bounds for F and S into (3.3.1) to complete the proof. O

3.3.2 A tail bound for the co—p norm

We now develop a deviation bound for the co — p approximation error. The argument is based
on Lemma 3.1, a bounded differences inequality.

To apply Lemma 3.1, we let Z = A — X be our error matrix, W = [|Z|,,_,,, and wik =
Hij“OO_m, where Z/¥ is a matrix obtained by replacing ajr. — X with an identically distributed

variable aj, — X % while keeping all other variables fixed. The co — p norms are sufficiently
j

insensitive to each entry of the matrix that Lemma 3.1 gives us a useful deviation bound.

Theorem 3.6. Fix an m X n matrix A, and let X be a random matrix with independent entries for
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which EX = A. Assume |X jk| < 2 almost surely for all j, k. Then, for all t >0,

_ 42 2 S
P{lIA = Xllogsp > ElIA = X[ ooy + £} < 70 /EP)

where s = max{0,1 — 2/q} and q is the conjugate exponent to p.

Proof. Let q be the conjugate exponent of p, and choose u, v such that W = u’ Zv and llull, =1

and ||v||,, = 1. Then
W =Wy <u” (Z—27F) VLo = (X = X i Ly yyie < Dlujvl.

This implies

k2 2 2 2 2
Do W= WPy i <D? D Jujwil” < nD?[Jull,

so we can apply Lemma 3.1 if we have an estimate for ||u||§. We have the bounds |[ul|, < ||ull,

forq € [1,2] and |Jul|; < ml/2-1/q ||lully for q € [2, 0]. Therefore,

. nm!=2/4, g€ [2,00]
Zj (W =W, < D?

n, ge[1,2].

It follows from Lemma 3.1 that
P{IA = Xlloop > ElIA=Xlloosy +c} =B {W > BW ¢} < &=/

where s = max {0,1—2/q}. O

It is often convenient to measure deviations on the scale of the mean. Taking t = OE ||A — X]| ),

in Theorem 3.6 gives the following result.
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Corollary 3.7. Under the conditions of Theorem 3.6, for all 6 > 0,

—52 _ 2 208
P{IA = Xlloop > (1 +E)E[IA ~Xllogp } < €77 (FIANlop V407,

3.4 Approximation in the co—1 norm

In this section, we develop the co—1 error bound as a consequence of Theorem 3.5. We then
prove that one form of the error bound is optimal, and we describe an example of its application

to matrix sparsification.

3.4.1 The expected co—1 norm
To derive the co—1 error bound, we first apply Theorem 3.5 with p = 1.

Theorem 3.8. Suppose that Z is a random matrix with independent, zero-mean entries. Then

E(1Zlloo—1 < 2E(|Zllcor + ||Z" || -

Proof. Apply Theorem 3.5 to get

. + 2 max EZk ‘Z] YARIE

llullo=1

E 2l < 28|, 21200
(3.4.1)

=F+S.
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Use Holder’s inequality to bound the first term in (3.4.1) with a sum of squares:

F= 2EZ}, ‘Zk &1 Zik
<2E, Zj (Es

= ZEZ Z] ]Es Zk ngjk
1/2
Zk Eijk 2) .

The inner expectation can be computed exactly by expanding the square and using the indepen-

dence of the Rademacher variables:

peay (5,4)" ~2le ],

We treat the second term in the same manner. Use Holder’s inequality to replace the sum

with a sum of squares and invoke the independence of the Rademacher variables to eliminate

Cross terms:

23\ 1/2 1/2
2 - § : 2.2
€U ) = ZIIIW:;E , ( ijkuj) .

S$<2 maxIE E
o= ZZk( ¢

Since ||u||,, = 1, it follows that u}z_ <1 forall j, and

2

1
s<2Ey (Z] zjzk) — 2B ||Zl|.o;.

Introduce these estimates for F and S into (3.4.1) to complete the proof. O

Taking Z = A — X in Theorem 3.8, we find

EllA—=X|lo1 < 2E [Zk (Zj(ajk—xjk)2)1/2+z (Z (aji = Xji) ) /2} .
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A simple application of Jensen’s inequality gives an error bound in terms of the variances of

the entries of X.

Corollary 3.9. Fix the matrix A, and let X be a random matrix with independent entries for which

EX i = aji. Then

E|A—X]lpo1 <2 |:Zk (21 Var(XJ'k))l/z +Zj (Zkvar(xfk))l/z} .

3.4.2 Optimality

A simple estimate using the Khintchine inequality shows that the bound on the expected value

of the co—1 norm given in Theorem 3.8 is in fact optimal up to constants.

Corollary 3.10. Suppose that Z is a random matrix with independent, zero-mean entries. Then

Lz +]127| o) < EllZll oo < 2EUNZlleor + |27 ]|
5 \/i col col/ = co—1 = col col’*

Proof. First we establish the inequality
||Z||col < \/E”Z”oo—d (342)

as a consequence of the Khintchine inequality, Lemma 3.4. Indeed, since

“Z”col = Zj ||Z(J)||2
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and the Khintchine inequality gives the estimate

J

170l = ‘@E’Zi £iZij

we see that

1Z|cor < \/EEZJ. ‘Zl €;Zij

= VE|te], < V2 sup |27,

lIxllo=1

- \/EHZT”OO—J = \/E“Z”oo—ﬂ .
Since the co—1 norms of Z and Z' are equal, it also follows that
127 ||y < V2127 oy = V21201

The lower bound on E ||Z||,,_,; is now a consequence of (3.4.2),

L B(IZll + |27 <E N2
2\/5 col col/ = 0o—1>

while the upper bound is given by Theorem 3.8. O

Remark 3.11. Using standard arguments, one can establish that the deterministic bounds

1
o /5 (”Z”CO1 + HZTHCOI) = ”ZHOO—’l = ”Z”COI + “ZT”col)

Ji
272 7(

hold for any square n x n matrix Z. Corollary 3.10 is a refinement of this equivalence relation

that holds when Z is a random, zero-mean matrix. In particular, the corollary tells us that when
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we assume this model for Z, the equivalence relation does not depend on the dimensions of Z,
and thus if what we care about is the expected co—1 norm of Z, we can work with the expected

column norm of Z without losing any sharpness.

3.4.3 An example application

In this section we provide an example illustrating the application of Corollary 3.9 to matrix
sparsification.

From Corollary 3.9 we infer that a good scheme for sparsifying a matrix A while minimizing
the expected relative co — 1 error is one which drastically increases the sparsity of X while

keeping the relative error

1/2

> (ZjVar(Xjk)) 2 +2; (ZkVar(Xjk))

1Alloo—1

small. Once a sparsification scheme is chosen, the hardest part of estimating this quantity
is probably estimating the co — 1 norm of A. The example shows, for a simple family of
approximation schemes, what kind of sparsification results can be obtained using Corollary 3.9
when we have a very good handle on this quantity.

Consider the case where A is an n X n matrix whose entries all lie within an interval bounded
away from zero; for definiteness, take them to be positive. Let v be a desired bound on the
expected relative oo —1 norm error. We choose the randomization strategy X ~ %k Bern(p)
and ask how small can p be without violating our bound on the expected error.

In this case,

1All1 =, aj=0(n),
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2
and Var(X ;) = % — a?k. Consequently, the first term in Corollary 3.9 satisfies

1/2 1/2 1— 1/2
Y (S ve0) =3, (Sladi-lal) = (5] 1Al
— /
:o((l_P) ﬁ)
b

and likewise the second term satisfies

> (Do vartx) oo ( (1%) v nﬁ) .

Therefore the relative oo —1 norm error satisfies

S (Zpvaen) " + 5 (Svar) ((1 - p)uz) |

lIAlloo—1 pn

It follows that E||A —X||,,_1 < y for p on the order of (1 + ny?)~! or larger. The expected
number of nonzero entries in X is pn?, so for matrices with this structure, we can sparsify with a

relative oo —1 norm error smaller than y while reducing the number of expected nonzero entries

2
1+ny?

to as few as O( )= O(Y%). Intuitively, this sparsification result is optimal in the dimension:
it seems we must keep on average at least one entry per row and column if we are to faithfully

approximate A.

3.5 Approximation in the co—2 norm

In this section, we develop the co —2 error bound stated in the introduction, establish the
optimality of a related bound, and provide examples of its application to matrix sparsification.

To derive the error bound, we first specialize Theorem 3.5 to the case of p = 2.
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Theorem 3.12. Suppose that Z is a random matrix with independent, zero-mean entries. Then

E|Zllooa < 2E||Z]ls + 2minE||zD |,

where D is a positive diagonal matrix that satisfies Tr(D?) = 1.

Proof. Apply Theorem 3.5 to get

B2l <28 |3,

& 7:U;
lully=1 k‘Z] JEIKT

(3.5.1)
=:F +S.

Expand the first term, and use Jensen’s inequality to move the expectation with respect to the

Rademacher variables inside the square root:

Zk €k

2) 1/2

The independence of the Rademacher variables implies that the cross terms cancel, so

1/2
F=2E (Z] ‘Zk e Zji 2) < 2E, (Z] E,

F <2E (Z > Jk) = 2E || Z|;.

We use the Cauchy-Schwarz inequality to replace the £; norm with an £, norm in the second
term of (3.5.1). A direct application would introduce a possibly suboptimal factor of v/n (where
n is the number of columns in Z), so instead we choose d; > 0 such that Zk d]f =1 and use the

corresponding weighted £, norm:

1/2

\z
dk<2 max E Z

[lull=1

S =2 max EZ ‘Z

[lull,=1
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Move the expectation with respect to the Rademacher variables inside the square root and

observe that the cross terms cancel:

2N\ 1/2

5 Ee |22 & Zjkt; 5 Z2u? 1/2
S<2 max E =2 max E ) .
llull,=1 z k d,f lull,=1 JAS df

Use Jensen’s inequality to pass the maximum through the expectation, and note that if ||ul|, =1

then the vector formed by elementwise squaring u lies on the £; unit ball, thus

1/2
S<2E (H{llﬁ?i(l Zj u; - (Xk:(zjk/dk)z)> )

Clearly this maximum is achieved when u is chosen so u; = 1 at an index j for which Zk(Z i/ d;)?
is maximal and u; = 0 otherwise. Consequently, the maximum is the largest of the £, norms
of the rows of ZD™!, where D = diag(dy,...,d,). Recall that this quantity is, by definition,
|ZD™Y||,_, . Therefore S < 2E||ZD™!||,_,,. The theorem follows by optimizing our choice of D

and introducing our estimates for F and S into (3.5.1). O

Taking Z = A — X in Theorem 3.12, we have

1/2
E|A—-X]| <2E Z (X —ain)? 1/z—i-ZminIEm X Z M (3.5.2)
00—2 = ik jk a]k D ]a k d]g . oI

We now derive a bound which depends only on the variances of the X .

Corollary 3.13. Fix the m x n matrix A and let X be a random matrix with independent entries so

that EX = A. Then

1/2 Var(X ;) 12
E|A—X|lpoms <2 (Z] kVar(Xjk)) + Zmngnmax (Zk —]k)

2
J dk
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where D is a positive diagonal matrix with Tr(D?) = 1.

Proof. Let F and S denote, respectively, the first and second term of (3.5.2). An application of
1/2
Jensen’s inequality shows that F < 2 (Z ik Var(X jk)) . A second application shows that

1/2
Xjk — aj)?
< 1
S_2rn[}n (Em}ax E r d]% .

Bound the maximum with a sum:

1/2
. (X ik _ajk)z
SSZI’I})III (ZJEde—’g .

The sum is controlled by a multiple of its largest term, so

) Var(X ;) 1/2
S SZMmDm (maxzk— ,

2
j dk
where m is the number of rows of A. O

3.5.1 Optimality

We now show that Theorem 3.12 gives an optimal bound, in the sense that each of its terms
is necessary. In the following, we reserve the letter D for a positive diagonal matrix with
Tr(D?) =1.

First, we establish the necessity of the Frobenius term by identifying a class of random
matrices whose oo —2 norms are larger than their weighted 2—o00 norms but comparable to their
Frobenius norms. Let Z be a random m X /m matrix such that the entries in the first column of Z
are equally likely to be positive or negative ones, and all other entries are zero. With this choice,

E|1Zllso—2 = E l|Z|ls = v/m. Meanwhile, EZD™"||,_, = dj'

11> S0 miny E||ZD}||5_o = 1, which
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is much smaller than E||Z||,,_». Clearly, the Frobenius term is necessary.

Similarly, to establish the necessity of the weighted 2—o00 norm term, we consider a class
of matrices whose co—2 norms are larger than their Frobenius norms but comparable to their
weighted 2—o00 norms. Consider a 4/n x n matrix Z whose entries are all equally likely to be
positive or negative ones. It is a simple task to confirm that E ||Z||_5 = n and E ||Z||z = n®/4; it

follows that the weighted 2—00 norm term is necessary. In fact,

n Zj2k 12 n 1 1/2
m”“mmf(zd_) - (Slg) -

so we see that E||Z||,_» and the weighted 2—00 norm term are comparable.

3.5.2 An example application

From Theorem 3.12 we infer that a good scheme for sparsifying a matrix A while minimizing
the expected relative co—2 norm error is one which drastically increases the sparsity of X while

keeping the relative error
E ||Z||g + miny E || ZD~
1Al o2

il
2—00

small, where Z=A — X.

As before, consider the case where A is an n X n matrix all of whose entries are positive and
in an interval bounded away from zero. Let y be a desired bound on the expected relative co —2
norm error. We choose the randomization strategy X ~ % Bern(p) and ask how much can
we sparsify while respecting our bound on the relative error. That is, how small can p be? We

appeal to Theorem 3.12. In this case,

Al g0z = (Z] DTt D ajgajm) 2 _ o((nz +n?(n—1)) 5) .
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By Jensen’s inequality,

1 1
Ellzllr <E[Allp +E[X]lp < (1 + ﬁ) llAllr = O(Tl (1 + ﬁ)) :

We bound the other term in the numerator, also using Jensen’s inequality:

1 1
: -1 —
min E |zD7Y|,_., < VAE(IZ]l3m00 < V7 (1 + —p) Al = O(n (1 + —p))

to get

E||Z||F+minDEHZD‘IIIM_O( L )—o( k )
I1Allsoz Vo J/pn vpn

We conclude that, for this class of matrices and this family of sparsification schemes, we can
reduce the number of expected nonzero terms to O ()%) while maintaining an expected co—2

norm relative error of y.

3.6 A spectral error bound

In this section we establish a bound on E||A — X|| as an immediate consequence of Latala’s result
[LatO5]. We then derive a deviation inequality for the spectral approximation error using a
log-Sobolev inequality from [BLMO03], and use it to compare our results to those of Achlioptas

and McSherry [AMO7] and Arora, Hazan, and Kale [AHKO06].

Theorem 3.14. Suppose A is a fixed matrix, and let X be a random matrix with independent entries

for which EX = A. Then

1/2

+ (ij E(Xjx — ajk)4) 1/4]

E||A-X| <C |:mjax (Zk Var(Xjk)) 12 + mkax (ZJ Var(Xjk))
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where C is a universal constant.

In [Lat05], Latata considered the spectral norm of random matrices with independent,

zero-mean entries, and he showed that, for any such matrix Z,

1/2 1/2 1/4
2 2 4
E|Z]| <C |:rn]ax( E kEij) +1’1’1]le( E j]Eij) + ( E jkEij) i| ,

where C is some universal constant. Unfortunately, no estimate for C is available. Theorem 3.14
follows from Latala’s result, by taking Z = A — X.
The bounded differences argument from Section 3.3 establishes the correct (subgaussian)

tail behavior of E||A —X]|.

Theorem 3.15. Fix the matrix A, and let X be a random matrix with independent entries for which

EX = A. Assume }Xjk| < D/2 almost surely for all j, k. Then, for all t > 0,

P{|A—X|| > E||A—X]| +t} <e /4%,

Proof. The proof is exactly that of Theorem 3.6, except now u and v are both in the £, unit

sphere. O
We find it convenient to measure deviations on the scale of the mean.

Corollary 3.16. Under the conditions of Theorem 3.15, for all 6 > 0,

P{IA-X] > (1+8)E[|A—X||} < o= 0 IAXD /DY,
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3.6.1 Comparison with previous results

To demonstrate the applicability of our bound on the spectral norm error, we consider the
sparsification and quantization schemes used by Achlioptas and McSherry [AMO07], and the
quantization scheme proposed by Arora, Hazan, and Kale [AHKO06]. We show that our spectral
norm error bound and the associated concentration result give results of the same order, with
less effort. Throughout these comparisons, we take A to be a m x n matrix, with m < n, and we

define b = max; |ajy|.

3.6.1.1 A matrix quantization scheme

First we consider the scheme proposed by Achlioptas and McSherry for quantization of the

matrix entries:

b with probability % + Zj—g
Xjk =

—b  with probability  — 2&

With this choice Var(X ;) = b* — a]?k < b?, and E(Xj, — aj)* = b* — 3a* + 2a®b* < 3b*, so the

expected spectral error satisfies

E||A — X|| < C(v/nb + vmb + bV3mn) < 4Cb/n.

Applying Corollary 3.16, we find that the error satisfies

P{|IA—X|| > 4Cbvn(1+86)} <e oCn.
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In particular, with probability at least 1 — exp(—C?n),

|A—X]|| < 8Cb+v/n.

Achlioptas and McSherry proved that for n > n,, where n, is on the order of 10°, with probability
at least 1 — exp(—19(logn)*),

IA—X|| < 4bvn.

Thus, Theorem 3.15 provides a bound of the same order in n which holds with higher probability

and over a larger range of n.

3.6.1.2 A nonuniform sparsification scheme

Next we consider an analog to the nonuniform sparsification scheme proposed in the same paper.
Fix a number p in the range (0, 1) and sparsify entries with probabilities proportional to their

magnitudes:

g @i\ 2
Xjx ~ — Bern(pj), where pjy =max{p | —— | ,4/p

ajk)2 (8logn)*
—_— X —_—
Pk b

b

n

Achlioptas and McSherry determine that, with probability at least 1 — exp(—19(log n)*),
IA—X]|| < 4by/n/p.

Further, the expected number of nonzero entries in X is less than

pmn X Avg[(ajk/b)z] +m(8logn)*, (3.6.1)
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where the notation Avg(-) indicates the average of a quantity over all the entries of A.

Their choice of pj, in particular the insertion of the (81log n)*/n factor, is an artifact of their
method of proof. Instead, we consider a scheme which compares the magnitudes of aj. and b to
determine pj;. Introduce the quantity R = maxgy, 4o b/|a;i| to measure the spread of the entries
in A, and take

2

a;k _ pajk .
o Bern(pji), where pj; = PR ajx #0

0: ajk =0.

With this scheme, Var(Xj;,) = 0 when aj = 0, otherwise Var(X ;) = b%/p. Likewise, E(X ik~

4_ 0 _ .
a;i)* =0 if aj, = 0, otherwise

2 2 2
E(X * < Var(X ) ||x L Pt <P
Xk — aji)" < Var( jk)” jk_aijOO—?maX il laji] 2 < 5R%
ik

SO

EJA-X||<C (b\/ﬁ—l— b\/E-l- b\/gﬁ/ﬁ) <C(2+ «/Tz)b\/z
p p p p

Applying Corollary 3.16, we find that the error satisfies
P { A —X]|| > C(2 + VR)b \E(e + 1)} < =’ C*(2+VRpn/16
with probability at least 1 — exp(—C?(2 + +vR)?*pn/16),
|A—X]|| <2C(2+ vVR)b \/g.

Thus, Theorem 3.14 and Achlioptas and McSherry’s scheme-specific analysis yield results of the

same order in n and p. As before, we see that our bound holds with higher probability and over
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a larger range of n. Furthermore, since the expected number of nonzero entries in X satisfies

2
pajk Cljk 2
o= —_— < X A -
ji Pik Z:J'kpa?k—l-b2 = prim x Ave [( b ) ’

we have established a smaller limit on the expected number of nonzero entries.

3.6.1.3 A scheme which simultaneously sparsifies and quantizes

Finally, we use Theorem 3.15 to estimate the error of the scheme from [AHKO06] which simulta-

neously quantizes and sparsifies. Fix 6 > 0 and consider

lajilvn
sgn(ajk)\/iﬁ Bern ( J"a ) »lajel < %
Xjk ==

Ajs otherwise.
Then Var(X ;) = 0 if |aj | = 6/+/n, otherwise

vn 52
Var(X j) = |aﬂ<|3? — 2a]2k +laj|l—= < —.

Jn~ n

The fourth moment term is zero when |a;| > 6/+/n, and when |a; | < 6/+/n,

Jn 5 52 5§\ &4
E(X]k - a]‘k)4 = |ajk|5? - 4a]‘f'k +6|alk|3ﬁ - 4(1]2](? + |ajk| (ﬁ) S 8;

This gives the estimates

E|A—X]|| sc(ﬁ%+m%+2%i‘/ﬁ) <4Cs
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and

P{|A—-X|| > 4C5(y + 1} <e7°C",

Taking y = 1, we see that with probability at least 1 — exp(—C?n),
A —X]|| < 8C&.

LetS =), ik |Ajx |, then appealing to Lemma 1 in [AHK06], we find that X has O (@) nonzero

entries with probability at least 1 — exp (—Q (@) )
Arora, Hazan, and Kale establish that this scheme guarantees ||A — X|| = O(§) with proba-

bility at least 1 — exp(—Q(n)), so we see that our general bound recovers a bound of the same

order.

3.7 Comparison with later bounds

The papers [NDT10, DZ11, AKL13], written after the results in this chapter were obtained,
present alternative schemes for sparsification and quantization.

The scheme presented in [NDT10] sparsifies a matrix by zeroing out all sufficiently small
entries of A, keeping all sufficiently large entries, and randomly sampling the remaining entries of
the matrix with a probability depending on their magnitudes. More precisely, given a parameter

s > 0, it generates an approximation whose entries are distributed as

0, a2, < (log?(n)/m)lIAlIZ /s

Xjie =\ aj a2 > ||Al2/s

(ajx/pji)Bern(pjr), otherwise, where pj; :sa?k/IIAII%.
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The analysis offered guarantees that if s = Q(e “2nlog® n), then with probability at least 1 —n 7,

||A —X]|, < € and, in expectation, X has less than 2s nonzero entries. It is not clear whether
or not this scheme can be analyzed using Theorem 3.14. It is straightforward to establish that
Var(X ;) < €2/(nlog® n) for this scheme, but obtaining a sufficiently small upper bound on the

fourth moment E(X . — a]-k)4 is challenging. In particular, the estimate
E(Xjr — aji)* < VarQGollX e — ajlle

gives an upper bound on the order of ea]zkn /log® n, which is sufficient only to establish a much
weaker guarantee on the error E||A — X||, than the guarantee given in [NDT10].

The scheme introduced in [DZ11] first zeroes out all entries of A € R™*" of sufficiently small
magnitude, then samples elements from A in s i.i.d. trials with replacement. The elements are
selected with probabilities proportional to their squared magnitudes. Thus, the approximant can

be written in the form

1 s Ak
X= _thl n [ejtelzl’
$ Pjik,

where (ji, k;) is the index of the element of A selected in the tth trial, p;; = an.k / ||A||% is the
probability that the entry aj is selected, and e; denotes the jth standard basis vector in n.
Clearly X has at most s nonzero entries. Let s = Q(e_2nlog(n)||A||}%). Then the authors show
that, with probability at least 1 —n™!, the error of the approximation satisfies ||[A — X||, < €. This
scheme is not easily analyzable using our Theorem 3.14. Since the approximant X is a sum of
rank-one matrices, it is most natural to analyze its approximation error using tail bounds for
sums of independent random matrices. Indeed, the authors of [DZ11] use a matrix Bernstein
inequality to provide their results.

Finally, the scheme presented in [AKL13] computes an approximation of the same form as
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the scheme introduced in [DZ11], but samples entries of A with probabilities proportional their

absolute values. That is,

1 s Ak
J
X= _thl t [ejtelzwz’
$ Pjik,

where pji = |ajil|/ Zp q lapq|- Again, this scheme is not amenable to analysis using Theorem 3.14.

Recall that A% denotes the kth row of A. The authors establish that, when

s=0Q (e‘z log(n/&) (ij |Ajk|) m}?X||A(k)||1) ,

the error bound ||A — X||, < € is satisfied with probability at least 1 — §. The approximant X has,
in expectation, at most 2s nonzero entries.

Comparing the extents to which we were able to reproduce the guarantees of the spar-
sification schemes introduced in [AMO01, AHK06, AM07, NDT10, DZ11, AKL13], we see that
Theorem 3.14 sometimes can recover competitive guarantees on the approximation errors of
element-wise sparsification schemes in which X is directly related to aj, through a simple
expression. When X is more naturally represented as a sum of rank-1 matrices, Theorem 3.14 is

not easily applicable.



