CSE 521: Design and Analysis of Algorithms I Spring 2016

Lecture 3: Streaming Algorithms
Lecturer: Shayan Oveis Gharan April 4th Scribe: Antoine Bosselut

Disclaimer: These notes have not been subjected to the usual scrutiny reserved for formal publications.

In this lecture, first we go over an application of the Hoeffding bound in discrepancy theory, then we go over
basic families of streaming algorithms.

3.1 Set Balancing

Given a matrix A € {0,1}"*", we want to find a vector b € {£1}" minimizing ||Ab||.. Recall that for a
vector v € R™,
1blloc = max [b.
1<i<n

This problem is one of the most basic problems in discrepancy theory. The field of discrepancy theory has
many applications in various areas of computer science including Approximation algorithms, communication
complexity, machine learning and optimization. We refer interested students to [Cha00]. Here, we prove the
following theorem.

Theorem 3.1. Let b be a uniformly random vector with +1 and —1 coordinates. Then,
P |:||AbHoo < O(\/nlogn)} >1—1/n.

Thea above bound is the best possible bound if we want a high probability result. However, there is an
efficient algorithm which returns a vector b € {£}" such that ||Ab||.c < O(y/n) [Spe85; Banl0; LM15].

Proof. Let ay,as,...,a, be the rows of A, i.e.,
ai

az

an
Then, for any 1 <i <mn,

(Abl) = <ai,b> = Zam’bj.
Jj=1

Therefore,

E[(a:,b)] =D Elay-bj] =Y ai;Elb;] =0,

J=1 Jj=1
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where the last equality uses that each b; is zero in expectation. So, all we need to do is to show that (a;,b)
is strongly concentrated around its expectation. We use the Hoeffding inequality to prove this.

Fix some 1 < i < n. First, observe that if a; ; = 0, b; doesn’t matter. For any 1 < j < n let

Xj _ bj if a5 : 1
0 otherwise

Let X = X7 4+ .-+ X,,. Observe that the distribution of X is similar to a random walk process of
length ||a;||. So, similar to the previous lecture we can use the Hoeffding bound to upper bound |X|. For

e = /16||a;||1 log(n), we have

2¢2 2¢2 : 1
PlX] > € < — — _ — o~ 2logn _
[ X|> € <exp ( ST a1 (_1))2> exp ( 4”%”1) e —

In other words,

P [|<ai,b> >4 nlogn] < %

This says that for any 1 < i < n, the i-th coordinate of Ab is at most O(]|a;||1 logn) with a very high
probability.

Now, let &; be an event that indicates < a;,b >> +/4||a;||1 logn. We are interested in the event that none of
the &;’s occur. Unfortunately, we do not know how these events correlate with one another. The only thing
that we know is that each of them occurs with a tiny probability.

The idea is to use the union bound. It says that for any family of events &1,...,&,,
PlUL.&] <) P[E].
i=1

So, in our case,
n

PlN-&]=1-PUL,&]>1-) P[E]>1—1/n.
i=1
In other words, P [Vi<ai7 b) < /16nlog n] >1-— % O

3.2 Streaming

In the next two weeks we will see several applications of randomization and concentration bounds in algorithm
design. Our first family of applications is in designing streaming algorithms.

Suppose we are given a sequence of objects z1,xs,...,Z,, from a large universe . We want to design an
algorithm that reads the elements of this sequence one by one and it and answers specific set of queries
related to this sequence. The main restriction is that our algorithm is only allowed to use a small amount
of memory, ideally only poly-logarithmic in the length of the sequence and the size of the universe U.

In this lecture and the next we study perhaps the simplest set of queries one might ask about the sequence
namely the 0-th and the second moments. Also, for the sake of simplicity we assume that U = [n] is simply
the set of the integers from 0,1,...,n — 1. Let Fj be the number of distinct elements in the sequence. Also,
for any k > 1let Fy, = >, {#x; = i}* be the k-th moment of the number of times that each element occurs
in the sequence. In particular, F, is the maximum number of times an element appears in the sequence.
The following theorems are proved in [AMS96].
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Theorem 3.2. For any sequence x1,...,Ty and €, > 0, Fy and Fs can be approrimated within a 1 + €
factor with probability 1 — & in space O((logn + logm) log §/€?).

Although the Fy and F5 can be approximated with only logarithmic amount of memory, these are the only
special cases. For all higher moments we need at least a polynomial amount of memory in n even to return
approximate answers.

Theorem 3.3 ([AMS96]). If a (randomized) algorithm approximates Foo within 1+.2 factor with probability
2, it needs at least Q(min(m, n)) memory.

Theorem 3.4 ([IW05]). For finite k > 2 the best memory one needs to approzimate Fy is ©(n*~ %)

In the rest of this lecture we prove the Fy case of Theorem 3.2. In the next lecture we prove the Fy case.
So, fix a sequence x1,...,T,;,. We want to design an algorithm that maintain a sketch of the sequence such
that at the end of the input it can return the number of distinct elements within a 1 + € factor with 1 — ¢
probability. Note that our algorithm needs to work in the worst case. That is we cannot assume the sequence
Z1,...,Zy, is a random sequence generated from the set [n]. In fact, if this was a random sequence, for a
large enough n, with high probability all elements of the sequence were disjoint and we could simply return
m as the answer. The latter fact simply follows from the birthday paradox that we studied in the last lecture.

First Attempt. Consider the following simple algorithm. Choose each element of the sequence with
probability proportional to % and return the number of distinct element in the sampled subsequence
time €2m/log(n). In other words, we want to reduce our “big data” problem to a small problem that we
can solve exactly with the limited available memory. Unfortunately, this simple idea fails for the following
adversarially chosen sequence: 1,1,...,1,2,3,...,k — 1. For such a sequence, with high probability we only
——
m—k times
see 1’s in the sample.

Idea. Let us first solve a simpler problem. Suppose we are given an integer k; if Fy < k we have to return
no and if Fy > 2k we have to return yes. For all values of F; we can return yes/no arbitrarily. If we can
solve this problem using a small amount of memory that we can use it to estimate Fy simply by running the
procedure simultaneously for all powers of 2 which are less than n. This would give a 2-approximation. To
get the error probability down to 1+ € we need to distinguish the cases Fy < k and Fy > (1 + ¢)k which can
be done by similar ideas.

Let 2k < B < 4k be an integer. Let H = {h : [n] — [B]} be the family of all functions that map [n] to [B].
Observe that a uniformly random function h ~ H maps each integer in [n] to a uniformly and independently
random integer in [B]. Now, consider the following algorithm: Return yes if there is an x; in the sequence
for which h(z;) = 0 and return no otherwise. Let us analyze this algorithm. Since h(x;) is chosen uniformly

at random, for each 1,
1
Phoy [h(@i) = 0] = B
Since there are Fy distinct number in the sequence and the value of h(.) for each of these numbers is chosen
independently,
. 1
Prog [Vi: h(z;) # 0] = (1 — E)F".

Therefore,
1
Prow [Fi:h(z;)=0=1—(1- E)Fo.
Now, let us consider the two cases Fy < k and Fy > 2k. We use p; to denote Py [Fi: h(z;) = 0] in case 1

and po for the similar quantity in case 2.
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Case 1: Fy < k. In this case we can write, p; < (1 — E)k ~1—e2if B=2k

Case 2: Fy > 2k However, here we have py > (1 — §)** ~1—e ! if B =2k

Observe that p, — p; > 0.2, i.e., there is a constant gap between two cases. Of course, we may be unlucky
and even if Fy < k we get a number z; in the sequence for which h(x;) = 0, so we return yes incorrectly. So,
the naive algorithm mentioned above fails.

To get around this issue all we need to do is to estimate Ppy [Ji: h(z;) = 0] with an error better than
a=|(1—e"12) = (1 —1/e)|. By the Hoeffding bound all we need is O(log(1/)/a?) independent samples
of p. So, here is the modified algorithm: Let r = O(log(1/8)/a?). Let hi,...,h, : [n] — [B] be r functions
chosen independently from H. For each h; let Y; = I[3j : h(z;) = 0]. If 2 3, Y; is closer to (1 —1/B)* return
no and otherwise return yes.

By the Hoeffding bound, the above algorithm returns the correct answer with probability 1 — §. Since « is
constant we only need O(log(1/0) hash functions. The only caveat is that we need a large amount of space
to store the hash functions hq, ..., h,. Since H has B"™ many functions we need O(nlog(B)) memory to store
any function h;. Note that h;’s cannot be any predefined hash function as you typically see in programming
languages. Such a function may map all of the numbers 1, ..., z,, in the sequence to the same number in
[B] in the worst case. Indeed randomness is necessary for the algorithm to work in the worst case. It turns
out most of the above analysis can be done even if H is not the family of all functions b : [n] — [B]. More
precisely most of the analysis works out even if h(i) for integers i € [n] is not truly independent but just
pairwise independent. In the rest of this lecture we prove this statement. In the next lecture we see how
we can construct a pairwise independent hash function using a family # with only n? many functions. A
random function from such a family can be described in O(logn) bits.

3.2.1 Pairwise Independent Hash Functions
As before, let H = {h : [n] = [B]} We say H is a family of pairwise independent hash functions if

Ve # yie,d € [B],P[h(z) = ¢, h(y) = d] = —.

Let H* be a family of pairwise independent hash functions. Without loss of generality assume that the first
Fy numbers of the sequence are all distinct, i.e., x1, %2, ..., £, are distinct integers in [n]. This is a valid
assumption because our algorithm is invariant under the ordering of the elements of the sequence. Now, let
us consider the two cases.

Case 1: Fy < k. We use the union bound to upper bound p;.

|
| =

Fy Fy
p1 = Ppoy lU h(z;) = 0] <Y Phope [h(a) = 0] = §0 <

i=1 %

In the last equality we use that since H is a pairwise independent hash function, for any integer ¢,
P[h(i) = 0] = 1/B, and in the last inequality we use that Fy < k.

Case 2: Fj > 2k. In this case we need to lower bound p and show that it has a constant gap with k/B.
First, recall the inclusion-exclusion principle, for any set of events, &1,...,&,,

P&l =Y PE]-Y PIENE]+. ..

1<J
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If we cut the RHS at odd terms we get upper bound on the LHS and if we cut it at even terms we get
a lower bound; in particular, we can write

i<j

Using the left inequality we can write,

P2 = PhNH* [Uf:f’lh(xl) = 0:| Z PhNH* [Ufﬁlh(xl) = 0]
Fy
> > Phose [M(zi) =0]— > Plh(z;) = h(z;) = 0]
4 1<i<j<Fp
_ 2% (%)
- B B2

where the first inequality uses that Fy > 2k and the equality uses that H* is a family of pairwise
independent hash functions.

Therefore,

P2 — P12 <2§ - 16(2221)> - % > %(1—2k/B) > 1/8,

for B = 4k. Since there is a constant gap between p; and po, it is sufficient to use r = O(log %/ag) for
a = 1/8 independent functions chosen from H* to estimate Py 3 [existsi : h(z;) = 0] within 1/16 additive
error. Since we need O(logn) bits to store each function from H* with a O(log(1/9)log(n)) space we
can test if Fy < k or Fy > 2k. Using similar ideas we can test if Fy < k or Fy > (1 4 €)k in space
O(log(1/6)log(n)/€?). Since there are log,  n possibilities for k, we can estimate Fy within factor 1 + €
using only O(log(1/8)log(n)log, . (n)/e*. Note that the space dependency mentioned in Theorem 3.2 is

slightly better than this. The reason is that [AMS ] uses a different idea to estimate Fy known as minhash.
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