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Queries over windows and bucketized streams

Sliding Windows

A useful model of stream processing is that
queries are about a window of length N —
the N most recent elements received

Interesting case: N is so large that the data
cannot be stored in memory, or even on disk

Or, there are so many streams that windows
for all cannot be stored
Amazon example:

For every product X we keep 0/1 stream of whether
that product was sold in the n-th transaction

We want answer queries, how many times have we
sold X in the last k sales
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Queries over windows and bucketized streams

Sliding Window: 1 Stream

Sliding window on a single stream:

qwerlyuiopjklzxcvbnm
qwertyuiopaklzxcvbnm
qwertyuiopaszxcvbnm
qwertyuiopasdzxcvbnm

«—— Past Future ——
3. Leskovee, A Rajaraman, 1. Ullman: Mining of Massive Datasets, htg:/fwww mmds.org
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Queries over windows and bucketized streams

Counting Bits (1)

Problem:
Given a stream of 0s and 1s

Be prepared to answer queries of the form
How many 1s are in the last k bits? where k < N

Obvious solution:
Store the most recent N bits

When new bit comes in, discard the N+15t bit

010011011101010110[110110] Suppose N=6

«—— Past Future ——

1. Leskouee, & Rajaraman, 1 Uliman: Mining of Massive Datasets, http://www mmds org s
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Queries over windows and bucketized streams

Counting Bits (2)

You can not get an exact answer without
storing the entire window

Real Problem:
What if we cannot afford to store N bits?

E.g., we're processing 1 billion streams and

_ R e
N =1 billion 010011011101010110

+«—Past Future ——

But we are happy with an approximate
answer

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org %
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Queries over windows and bucketized streams

[Datar, Gionis, Indyk, Motwani]
DGIM Method

DGIM solution that does not assume
uniformity

We store 0 (log?N) bits per stream

Solution gives approximate answer,
never off by more than 50%
Error factor can be reduced to any fraction > 0,

with more complicated algorithm and
proportionally more stored bits

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org m

Marina Meila (UW) IV Streaming CSE 547/STAT 548 Winter 2022

7/



Queries over windows and bucketized streams

[Datar, Gionis, Indyk, Motwani]

DGIM method

Idea: Break stream in blocks with specific number
of 1s:

Let the block sizes (number of 1s) increase
exponentially

When there are few 1s in the window, block sizes stay small,
so errors are small

1001010110001011d10101010101011010101010101110f010101110101p0d1011pd10
N

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org
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Queries over windows and bucketized streams

DGIM: Timestamps

Each bit in the stream has a timestamp, starting 1, 2, ...
(but we only care about timestamps of “1” bits)

Record timestamps modulo N (the window size), so we can
represent any relevant timestamp in O0(log,N) bits

1. Leskovee, & Rajaraman, 1. Ullman: Mining of Massive Datasets, hitp://www.mmeds.org 13
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Queries over windows and bucketized streams

DGIM: Buckets

A bucket in the DGIM method is a record consisting of:
(A) The timestamp of its end [O(log N) bits]
(B) The number of 1s between its beginning and end [O(log log N)
bits]

Constraint on buckets:
Number of 1s must be a power of 2
That explains the O(log log N} in (B) above

1001010110001011¢1010101010101101010101010111d101010]11010100q101od o

N

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org 34

Marina Meila (UW) IV Streaming CSE 547/STAT 548 Winter 2022



Queries over windows and bucketized streams

Representing a Stream by Buckets

Either one or two buckets with the same power-of-2 number
of 1s
Buckets do not overlap
Buckets are sorted by size
Earlier buckets are not smaller than later buckets

Buckets disappear when their
end-time is > N time units in the past

1001010110001011¢1010101010101101010101010111d101010]11010100q101od o

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org
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Queries over windows and bucketized streams

Example: Bucketized Stream

At least 1 of 2 of 2 of 1 of 2 of
size 16. Partially size 8 size 4 size 2 size 1
beyond window. N \
}_/ \\ I". /'.I
' Y

i’j \a ¥
1001010110001011010101010101011d101010101011101010104110101o0d1011pd1o
/

T Time =t | T tes | Tteag | Tte37 || teas |

Three properties of buckets thgt are maintained:
- Either one or two buckets with the same power-of-2 number of 1s
- Buckets do not overlap in timestamps
- Buckets are sorted by size

1. Leskovee, & Rajaraman, 1 Uliman: Mining of Massive Datasets, http://fwww mmds org
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Queries over windows and bucketized streams

Updating Buckets (1)

When a new bit comes in, drop the last (oldest) bucket if its
end-time is prior to N time units before the current time

2 cases: Current bitisOor 1

If the current bit is 0:
no other changes are needed

1001010110001011¢1010101010101101010101010111d101010]11010100q101od o

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org
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Queries over windows and bucketized streams

Updating Buckets (2)

If the current bit is 1:
(1) Create a new bucket of size 1, for just this bit
timestamp = current time
(2) If there are now three buckets of size 1, combine the
oldest two into a bucket of size 2
(3) If there are now three buckets of size 2,
combine the oldest two into a bucket of size 4

(4) And so on ...

1010110001011¢1010101010101010101010101110101010111010300d10{10d10

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org
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Queries over windows and bucketized streams

Example: Updating Buckets

Current state of the stream:
1001010110001011Pf101010101010111010101010111pf010107110101000f1 01]1hod
Bit of value 1 arrives

[001010110001011ph0101010101011bf010101010111bf010101f 10101h00k 011 D0RbA]
Two orange buckets get merged into a yellow bucket

[001010110001011PpL0101010101011h1010101010111h{010101k10101b00}01[0010] ]
Next bit 1 arrives, new orange bucket is created, then 0 comes, then 1:
[010110001011010101010101011p[L010101010111p1010101)1 10101poof0o1]001hhbh]
Buckets get merged...
[010110001011p10101010101011b010101010111pk010101f10101b00k01 k001Dl 1bk]
State of the buckets after merging
[01011000101101010101010101101010101010111p}010101110101b00Lo11001b ] 1bi]

1. Leskovee, & Rajaraman, 1 Uliman: Mining of Massive Datasets, http://fwww mmds org )
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Queries over windows and bucketized streams

To estimate the number of 1s in the most
recent N bits:

Sum the sizes of all buckets but the last
(note “size” means the number of 15 in the bucket)

Add half the size of the last bucket

Remember: We do not know how many 1s
of the last bucket are still within the wanted
window

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org 40
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Queries over windows and bucketized streams

Example: Bucketized Stream

At least 1 of 2 of 2 of 1 of 2 of
size 16. Partially size 8 size 4 size 2 size 1
beyond window. N

PN

1 v ¥
1001010110001011p}0101010101011p}010101010111p0f010101] 10101poofi01fbafth

N

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org 41
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Queries over windows and bucketized streams

Error Bound: Proof

Why is error 50%? Let’s prove it!

Suppose the last bucket has size 2"

Then by assuming 271 (i.e., half) of its 1s are
still within the window, we make an error of
at most 21

Since there is at least one bucket of each of

the sizes less than 2', the true sum is at least
1+2+4+..+2"1 =271

Thus, error at most 50%  Atleast 16 1s

I Y
[ 11111111000000001}11010101010110}01010101011 10101011 10101000 011thob
N

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org 42
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Queries over windows and bucketized streams

Further Reducing the Error

Instead of maintaining 1 or 2 of each size
bucket, we allow either r-1 or r buckets (r > 2)

Except for the largest size buckets; we can have
any number between 1 and r of those

Error is at most O(1/r)

By picking r appropriately, we can tradeoff
between number of bits we store and the
error

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org 43
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Queries over windows and bucketized streams

Extensions

Can we use the same trick to answer queries
How many 1’s in the last k? where k< N?
A: Find earliest bucket B that at overlaps with k.

Number of 1s is the sum of sizes of more recent
buckets + % size of B

10010101100010110[1010101010101101.0101010101110}010101]110101000[101[Pofip
k

Can we handle the case where the stream is
not bits, but integers, and we want the sum
of the last k elements?

1. Leskouee, & Rajaraman, | Uliman: Mining of Massive Datasets, hitp://www mmds org 44
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Queries over windows and bucketized streams

Extensions

Stream of positive integers
We want the sum of the last k elements

Amazon: Avg. price of last k sales

Solution:

(1) If you know all have at most m bits
Treat m bits of each integer as a separate stream

Use DGIM to count 1s in each integer & -
The sumis = Y% 1 ¢; 2"
(2) Use buckets to keep partial sums

estimated count for i-th bit

Sum of elements in size b bucket is at most 2°

2571384679137[65]

EWW EI EI Idea: Sum in each

bucket is at most

257138467913765
257138467913765

25?13345?91375535714-[
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