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Title Explained
_ What Why

Low-Latency QoS or Real-time
Sliding-Window Recent = relevant
Aggregation Stream “reduce”

Worst-Case No latency spikes

Constant Time O(1) better than O(log n)



Running Example

Oldest «— — Youngest

State — a. max: 6

insert 1
C. max: 6
evict

d. max: 5
insert 4
e. max: 5
evict

f. max: 5
insert 2
g. max: 5
evict

N. max: 4
insert ]

. max: 7
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In general:

Any associative
aggregation operation

(not just max =

sum, geoMean, Bloom, ...)
Any interleaving of

insert and evict

(not just alternating =
variable-sized windows)
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Two-Stacks Algorithm
 What Why

Low-Latency QoS or Real-Time
Sliding-Window Recent = relevant
Aggregation Stream “reduce”
Amortize

some—l*«ka—latency spikes
Constant Time O(1) better than O(log n)



Two-Stacks Example

Front stack

>, @,

a. max. 6

Back stack
[ l !
F E
2|6 5(3|vals = window contents
6|6 5[5 | aggs = partial aggregation up to that point in stack

Arrows = stack direction 5



Two-Stacks Example

F B E
| 2[6[3[5[3] vais
max:6  r616(3(5|5] ages i
. pop
evict ¢ g £ // O(1) time
max: 6 615|513
6|3/5|5




Two-Stacks Example

F B E
. 2(6|3|5|3]|vals
max: 6 6/6|3|5|5]| ages
evict F B E
e 6 6|13(5(3
' 6|/3|5|5
| B.push(v, Z, ® v)
insert 1 F B E // O(1) time
max: 6 01315131
6/13|5|5




Two-Stacks Example

F B E
6 2(6|3|5|3|vals
max. 6/6]3|5|5] aggs
evict F B E
6 6(3(5(3
max. 6131515
insert 1 r B £
6 6(3|5|3|1
e 6/3/5[5(5
evict 7B p
.5 315(3(1
max. 31505




Two-Stacks Example

F B E

6 2(6|3|5|3|vals
max. 6/6|/3|5|5] aggs
evict F B £
6 6/3|5|3
max. 6131515
insert 1 g £
6 6(3(5(3|1
max. 6131505
evict FB E
3531
max: 5 3151505
insert 4 B P
— 315|3(|11|4
' 315|5|5|5




max: 6
insert 1
max: 6

evict
max: 5

insert 4

max: 5

flip

Two-Stacks Example
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if F.isEmpty()
while not B.isEmpty()
F.push(B.top().val, B.top().val ® X )

B.pop()
// O(n) time, latency spike
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Banker's Amortized Analysis

flip F BE

O(1) time amortized

W
RN

OO
R
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max: 6

evict
max: 5
insert 4

max: 5

flip

evict

max: 5

Two-Stacks Example
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Two-Stacks Example

FB E
— 3531
' 315|5|5
insert 4 B P
— 3(5(3(1/(4
' 35555
fip F BE
3(5(3(1(4
5(5|414|4
evict . BE
— 531114
' 5(4(4 |4
insert 2 F 2 I
— 5(3(1|4|2
' 5(4(4|4|2




max: 5

flip

evict

max: 5

insert 2

max:. 5

evict

max: 4

Two-Stacks Example
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Two-Stacks Example

F BE
315|3|1(4
515444
evict . BE
— 5131114
' 5(4(4 |4
insert 2 . B E
— 513{1(4|2
' 54 412
evict F B E
4 3111412
rax 4lala]2
insert ] 7 B E
7 3(114|2|7
max. 4l4lal2]7




Beyond Two-Stacks

Two-Stacks is O(1), but only amortized.

Want O(1) worst-case to prevent latency spikes.



Beyond Two-Stacks

Two-Stacks is O(1), but only amortized.
Want O(1) worst-case to prevent latency spikes.

Okasaki [JFP'95]: FIFO queue in
O(1) worst-case, but no aggregation.

DABA (De-Amortized Banker’'s Aggregator)
inspired by Okasaki’s, supports aggregation.



>, @,

a. max. 6

Front list

|

DABA Example

f—

Sub-lists:
left, right, accu

|

|

Back list
(empty)

"/

F L!—}? 1:1 BE
2(6(3[5|3]|vals = window contents
6[(6|3]|5]|3|ages = partial aggregation up to that point in list

Arrows = list direction
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DABA Example

F L R 4 BE

2|16(3|5|3 vals
max: 6
6/6/3|5]3 aggs /] evict
evict R . vals.popFront( )
6131513 aggs.popFront( )
6/3|5]3




DABA Example

F L R A BE
a. max: 6 é g g g g vals // evict
_ as8s vals.popFront( )
evict F R A BE aggs.popFront( )
b1 6/3|5]3 // fixup > shrink case
' 6[(3[5|3 aggs[L] € 2, L, DX,
shrink L&EL+1
Bl 2F aggs[A— 1] € vals[A—1]1® X,
6/3|5]3 -
b. max: 6 6553 AGA_I
// O(1) time

20



DABA Example

F L R 4 BE

. 2(6[3]5|3|vals
max: 6 616131503 aggs
evict
F LRA BE
6/3|5]3
6/3|5]3
shrink F IR BE
— 6/3[5]|3
. 6|5/5]3 // insert
insert 1 . . vals.pushBack(v)
613151311 aggs.pushBack(X; @ v)
6[(5/5|3]|1




max: 6

evict

shrink
max: 6

insert 1

shift

max: 6

DABA Example

F L R 4

BE

2
6

6
6

3
3

O 1[&)

3 | vals
3

aggs

BE

O N8

3
3

O

(G0 ) [V)

O

wW(w

O 1[&)
W|(Ww

// insert
vals.pushBack(v)
aggs.pushBack(X; @ v)
// fixup => shift case
A€ A+1

RER+1

L& L+1

// O(1) time
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shrink
max: 6

insert 1

shift

max: 6

evict
shift

max: 5

DABA Example

O 1[&)
W(Ww

O [
W (W

OO

01| W [~

0|Ww
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max: 6

insert 1

shift

max: 6

evict

shift
max: S

insert 4
shift

max: 5

DABA Example

O

W(w

O N8

01| W [~
oo

W

OO

(G2} [V)
O

s
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DABA Example

F_LRA B_E
6[3/5|3]|1
6/5|/5[3|1
shift F__LRA B E
a6 6/3|5[3]|1
' 6/5|/5[3|1
evict
shift F___ILRAB E
— 3(5(3]|1
' 95|31
insert 4
shift F LRAB __E
. 3(5(3|11]4
max. 5 553114 // evict
evict vals.popFront()
F___LRAB __E
HEIEI aggs.popFront( )
5(3|11]4




max: 6

evict
shift

max: 5

insert 4
shift

max: 5

evict

flip

DABA Example

(o)} [e))
0w

0|Ww

W
O 18

s

O 1[&)

e

ABE

O [

e

// evict
vals.popFront( )
aggs.popFront( )

// fixup => flip case
L<EF

A<CE

B<E
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d. max: 5

insert 4
shift

e. max: 5

evict

f1.
Mip

f2.
shrink

f. max: 5

DABA Example

F LRA B E

315(3|1

9|5(3 |1

F LRAB __E
3|15(3(1[4
515|314
F___LRAB __E
513|114
513114
FL__R____ABE
5|3|11]4
513114
F_L R A BE
513|114
5|3[14

// evict

vals.popFront()
aggs.popFront( )

// fixup => flip case
L<EF

A<CE

B<E

// fixup => shrink case
aggs[L] € 2, X, DX,
L<EL+1

aggs[A—1]1 € vals[4A— 1] D Z,
AECA-1

// O(1) time
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max:. 5

evict

Sip

shrink

max:. 5

insert 2
shrink
max: 5

DABA Example

LRAB
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flip

shrink

max: 5

insert 2
shrink

max: 5

evict
shift

max: 4

DABA Example
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ABE

OO
W (W
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WlWw

4
4
A BE
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B E
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DABA Example

FL R ABE
531114
531114
shrink
F L R A BE
.5 531114
max. 5/3[1]a
insert 2
shrink F__ LRA B E
— 51311142
' 54 412
evict
shift F  LRAB E
:4 3111412
nax. 41442
insert 7
shift il LRAB __E
max'(7 3(114|2|7
' 4 41217




Aggregation Invariants
(Answering queries correctly)

lF lB
| J
ZL ZR ZA
[ Ll l \ \
F L R A B E
(front) (left) (right) (accum) (back) (end)
vals
1 o =
ages o2
PR




Size Invariants
(Getting work done on time)

IF ZB
| J
I \ \
ZL ZR ZA
[ Ll l \ \
F L R A B E
(front) (left) (right) (accum) (back) (end)
vals
1 o =
aggS ® [ @ [
o« ° °

(Ji/=0 and |I=0)
or

(11, =lel and |1+ |lg + |LJ + 1 =1 — |1,])



Related Work

Mmm

Subtract on evict worst O(1) O(n) needed
Recalculate from scratch  worst O(n) O(n) no no
Tree-based (e.g. reactive) amzd. O(logn) O(n) no no
Two-stacks amzd. O(1) O(n) no needed

DABA worst O(1) O(n) no needed
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Results

Latencies [cycles], n =24, average + standard deviation

Two-Stacks DABA

Sum 127 + 2,980 193 + 113
Max 125 + 2,991 200 + 122
GeoMean 299 + 3,777 366 + 168

Bloom 5,532 £ 298,982 9,021 + 4,289
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throughput [million tuples/s]

30

25

201

15

10+

Results

Latencies [cycles], n =24, average + standard deviation
Sum 127 + 2,980 193 + 113
Max 125 + 2,991 200 + 122
GeoMean 299 + 3,777 366 + 168
Bloom 5,532 + 298,982 9,021 + 4,289

Throughput [million data items per second]

Throughput for geomean 4227 _Throughput for bloom

__Throughput for sum _ -

- two_stacks [ daba F two_stacks | daba
F reactive — recalc|, 10 F reactive F— recalc|]

=
)

L
'S

throughput [million tuples/s]
throughput [million tuples/s]
o o [ -
2 @ o b

- two_stacks |- daba [/
F reactive [ recalc

0.4+
5
[T = 0.2}
%o 37 3% 35 3F 210\;{3*514 PRy LAy 020 2'2 2‘4 2'& 28 310 212 2‘14 216 2‘19 220 0-%0 27 27 36 8 o0 iz oid oi6 18 5

window size in data items window size in data items window size in data items
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Conclusions

DABA aggregates FIFO sliding windows
In O(1) worst-case time and O(n) space

DABA works for any associative
binary aggregation operator @

Orthogonal optimizations (not in this talk):
data parallelism; coarse-grained sliding



