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000 (computational complexity)

gooooooooooooon
» 00000 (time complexity)
» 00000 (space complexity)

» Joogn
» Joogn

gooooo

» JO00 p0O0000ODO0ODOOOOODOODOODOOODOODO
oooo

» O: O(n), 0(n?),O(nlog n)
» 000000 mMfA(nOOD0OD gmoODOO
0000 f(n)O00ODO g(n)OODDO f(n)=0(g(n) & 00O
00 C,noO0O0O0O00OO|f(n)| < Clg(n)| (Yn> ng)
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» 0000 (logarithmic time)

» 00000 (polynomial time)

» 0000 (exponential time)

computation time

le+08

1le+07

le+06

100000

10000

1000

100

10

input size (n)

O(log n)' ] )
Oo(n) —+ e
i O(nlogn) 7 7
o(n**2) —
[ omn3) | e
o(2*n) —+ o
y
,//
,,/ -
> ///
/ —
p .
-
1 e
1 10 100 1000

10000

46



gooon

0od

» 00O0O0O00: O(n)

» 000000D0: O(logy n)

000

» 00000: O(n?)

» 0000000: 000 O(nlogy,n) DOOO O(n?)

oooo
0000000 (0O0): O(n)
00000000000: O(log n)
000000 20000: O(n?)
00000030000: O(n®)
0000000 (0O0000000): O(c")
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goooobbod
» public/private/hybrid

IS

>

>

publiccloud: OO ODOODOOOOOODOOODOOO
private cloud: OO0 O0O0O00OODOOOO
personal cloud, cloud federation

» 000000: SaaS/PaaS/laaS

>

SaaS (Software as a Service)
» 000000000000 (O: Google Apps, Microsoft
Online Services)
PaaS (Platform as a Service)
» 00000000 0D0000000000 (O: Google App
Engine, Microsoft Windows Azure)
laaS (Infrustracture as a Service)
» 00000000000 0bObooooboooooobooOooonn
O (O: Amazon EC2, Amazon S3)

cloud provider - cloud user (utility computing)
Saa$S provider - Saa$S user (web applications)
PaaS0O 0SaaS O thirdparty OO O OO OOO

» D000 DO0o0obooobooboooobd
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MapReduce
MapReduce: Google 0000000000 ODODONO

Dean, Jeff and Ghemawat, Sanjay.

MapReduce: Simplified Data Processing on Large Clusters.
OSDI'04. San Francisco, CA. December 2004.
http://labs.google.com/papers/mapreduce.html

000000 MapReduce DO DO ODODOODODODOO

O0: 00000000

» JO0O000000O0 CPUODODOOODOODOOOODO
» 000000000000 0000000000
MapReduce 0 O O OO

» 0000 O0O00oooon

» 0000

» |/O00D000O0ODOO

» 0000
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http://labs.google.com/papers/mapreduce.html

MapReduce D O DO OO OOOO

Map/Reduce

» LispOOODOODOOOODOOOOOO
» J00: 00000000

» 0O 0oooobon

» JO0O0Oooooooo

Map/Reduce in Lisp

(map square '(1234)) — (149 16)
(reduce + '(1 49 16)) — 30
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Map/Reduce in MapReduce
map(in_key, in_value) — list(out_key, intermediate_value)
> key/value OO O OOODOOOOOOO key/valueO OO OO
reduce(out_key, list(intermediate_value)) — list(out_value)
» map() 0000000000 DOO0OO keyOOODODO value
gbooboooooon

U:0bogbboooboobooob

map (String input_key, String input_value):
// input_key: document name
// input_value: document contents
for each word w in input_value:
EmitIntermediate(w, "1");

reduce (String output_key, Iterator intermediate_values):
// output_key: a word
// output_values: a list of counts
int result = 0;
for each v in intermediate_values:
result += ParseInt(v);
Emit (AsString(result));
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» OO0 grep
» map: OO0 Q0000 0O0OO0OO0OOOOO0O
» reduce: OO OO0
» URLOOOOODOOOO0O
» map: web access log0 0 < URL,1>000
» reduce: 00 URLOOOODOOO < URL,count >000
reverse web-link graph

» map: source DO D000 link OO 0O < target, source >0 00
» reduce: target O link O O source list < target, list(source) >
ggd

0000000
» map: DOO0D0OOO00DOOO0OD < word, doclD >0
go
» reduce: OO0O0O0O0O0OOOOODOOOOODO
< word, list(docID) > 00 O

v

v
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MapReduce Execution Overview

User \\
Prograny

(1) fork .- oy foik €1) fork
- —~ -
Master )
_(7_4/- L@
- "assign
assign reduce .
S— N map '
G\ orke;rj i
split 0 T
gl o (51 emote B_&)d_'_,
split2 [ e~ T ) local write o
 roer )
split 3 — -
split4
<‘A orket> |
Input Map Intermediate files
files phase (on local disks)

’/
'\5 corker

Wle?l)

Reduce
phase

(6) write

Output
files

source: MapReduce: Simplified Data Processing on Large Clusters
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MapReduce Execution

Input

Intermediate

kl:iv klv k2:v ‘ ‘ kl:v ‘ k3:v kdiv ‘ kdv kS:v ‘ kd:v ‘ kl:v k3:v ‘

Grouped ‘kl:\-’,\-’,\-’,\" k2:wv ‘kS:\-’,\-’ kdv,vv
| T

owpa| | [ [ [ |

k3:v ‘

source: MapReduce: Simplified Data Processing on Large Clusters
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MapReduce Parallel Execution

r-r—-r——-—=—-—=-—=-—=-=-= bl r-r-———-—=-==- = r—-————-=—-—=-=-= -
| Map Task 1 | | Map Task 2 | I Map Task 3 |
| o o !
| . | o '
[ I Lo !
[ o Lo '
| o o !
| o o !
| klv klv k2w | 1| k3w kdw kdw k3w |l | kd v klw k3w |
| Partitioning Functlcn 1 | Partitioning Function I | Partitioning Funetion I
el

Sort and Group
k2w kdwww k3w

Sort and Group
klwvyvy | k3w

|
|
|
|
|
|
|
|
Reduce Task 2 !

source: MapReduce: Simplified Data Processing on Large Clusters
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Task Granularity and Pipelining

» 0O000D000: MapOOOO >>0000
» OO0O0O000000
» mapUOOQOOO0OO0OO0O0OO0O0OOODOO
» JO000O000000000O00O00O0O0O
» J0O0: 20000000000 200,000 map/5,000 reduce
tasks

Process THMNE —— e =

User Program |MapReduce() ... wait ...

Master Assign tasks to worker machines...
Worker 1 Map 1 Map 3

Worker 2 Map 2
Worker 3
Worker 4

source: MapReduce: Simplified Data Processing on Large Clusters
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good

worker 0 O O
» 000000000 0O00O0OO0OO

» 0000000 maptask DO DO OOODOOO

» J0000000D0ODO000DO0O000D0D0 taskOODDO
go

» 0000 reduce task OO OO
» masterd task O OO OO OO

180000 160000 0000000OLOOOOOOOOOO
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MapReduce status

Started: Fri Mov 7 09:51:07 2003 -- up 0 hr 00 min 18 sec

MapReduce status: MR _Indexer-beta6-large-2003 10 28 00 03

323 workers; 0 deaths Counters
Type |Shards Done Active | Input{MB) Done(IMB) Output{(MB) Variable DMinute
Map | 13853 0| 323 8789346 1314.4 717.0 Mapped 795
shale | s500| o 323)  717.0 0.0 0.0 GD)
Reduce| 500 0 0 0.0 0.0 0.0 Shuffle 0.0
(MB/s)
100 Output W%

30 (MB/s)

80 doc- ]
_— indesc-hits 145825686 |1
% docs-

';g:_ 60 deed 506631
S % dups-in-
§ a0 index- 0
E 30 merge
20 e
operator- 508192
10 calls
£3 g 2 < g mr-
= élit:e duce Shard @ - e operator- 506631

Asshmarka

source: MapReduce: Simplified Data Processing on Large Clusters
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MapReduce status

MapReduce status: MR _Indexer-beta6-large-2003 10 28 00 03

Started: Fri Nov 7 09:51:07 2003 -- up 0 hr 05 mn 07 sec

1707 workers; 1 deaths Counters
Type |Shards Done Active |Input(MB) Done(MB) Output(MB) Variable Minute
Map 13853| 1857| 1707| 878934.6| 1919958 113936.6 Mapped 699 1
Shuffle | 500 0] 500 1139366 571137 571137 (MB/s)
Reduce| 500/ 0 o] 571137 0.0 0.0 Shufle 3495
MBfs)
100 Output 00
50 (MBYs) )
® doc- 15004411944
- index-hits
8 70 3
o oCcs-
—é 60 indexed 17290135
: 50 dups-in-
E 40 index- 0
ﬁ 30 merge
20 ar-
operator-| 17331371
10 calls
= B 2 3 g i
= Reduce Shard “|operator-| 17290135
outvuts

source: MapReduce: Simplified Data Processing on Large Clusters
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MapReduce status

MapReduce status: MR_Indexer-beta6-large-2003 10 28 00 03

Started: Fri Nov 7 09:51:07 2003 -- up 0 hr 10 min 18 sec
1707 workers; 1 deaths

Type |Shards Done Active | Input(MB) Done(lVB) Output(MB)
Map 13853| 5354 1707| 878934.6| 406020.1 241058.2
Shuffle 500 0| 500/ 241058.2| 196362.5 196362.5
Reduce| 500 0 0| 196362.5 0.0 0.0
100
90
80
-
H
8
H
3
-
e
8
5
5

o
g
o~
Reduce Shard

Counters

Variahle

Minute

Mapped
MBis)

704.4

Shuffle
MBis)

3718

Output
(MB/s)

0.0

doc-
index-hits

5000364228

docs-
indexed

17300709

dups-in-
index-
merge

mr-
operator-
calls

173424393

mr-

g
*|operator-

outputs

source: MapReduce: Simplified Data Processing on Large Clusters

17300709
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MapReduce status

MapReduce status: MR_Indexer-beta6-large-2003 10 28 00 03

Started: Fri Nov 7 09:51:07 2003 -- up 0 hr 15 mun 31 sec
1707 workers; 1 deaths

Type |Shards Done Active Input(MB)|Done(MB)| Output(MB)
Idap 13853| 8841| 1707| 878934.6| 621608.5 369459.8
Shuffle 500 0| 3500| 369459.8| 326986.8 326986.8
Reduce| 500 0 0] 326986.8 0.0 0.0

100

90

80

-
k-

Percent Conpleted
g 2 2

g
S

g

&
Reduce Shard

g
]

400

source: MapReduce: Simplified Data Processing on Large Clusters

Counters
Variable Minute
Mapped
QEBSS) 706.5
Shuffle
QMBls) 419.2
Cutput
QfBf5) ue
doc-
index-hits 4982870667
docs-
indexed 172259926
dups-in-
mndex- 0
merge
mr-
operator-| 17272056
calls

g

‘|operator-| 17229926
outputs
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MapReduce status

MapReduce status: MR _Indexer-beta6-large-2003 10 28 00 03

Started: Fri Nov 7 09:51:07 2003 -- up 0 hr 29 min 45 sec
1707 workers; 1 deaths

Type |Shards| Done|Active Input(MB) Done(MB)|Output{IVIB)
Map | 13853|13853 0| 878934.6| 878934.6| 5234992
Shuffle 500| 195| 305| 523499.2| 523389.6| 523389.6
Reduce| 500 0| 195| 523389.6 2685.2 27426

=

0

Percent Conpleted

00

100

=
2
&

Reduce Shard

300

400

source: MapReduce: Simplified Data Processing on Large Clusters

Counters
Variable | Minute
Mapped
(MB/s) e
Shuffle
(MB/s) b3
Output
QMBis) 457
doc- .
indesehits 2313178(10:
docs-
indexed BEE
dups-in-
index- 0
merge
-
merge- |1954105
calls

©|merge- 1954105
outputs

26 /46



MapRed

uce status

MapReduce status: MR_Indexer-beta6-large-2003_10 28 00 03

Started: Fri Nov 7 09:51:07 2003 -- up 0 hr 31 min 34 sec
1707 workers; 1 deaths

Type

Shards | Done |Active | Input(MB)

Done(MB) | Output(MB)

MMap

13853|13853 0| 8789346

8789346 5234932

Shuffle

500( 500 0| 5234992

523499.5 523499.5

Reduce

500 0] 500| 5234995

1338378 136929.6

N
=1

0

Percent Conpleted

0C>

2
2
&
Reduce Shard

100

0
400
R00

Counters
Variable| Minute
Mapped

(MB/s) e
Shuffle 01
(MMB/s)

Output

(MB/s) 12388
doc-

index-hits Y[
docs-

indexed L
dups-in-

index- 0
merge

mr-

merge- |51738599
calls

merge- |51738599
outputs

source: MapReduce: Simplified Data Processing on Large Clusters
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MapRed

uce status

MapReduce status: MR_Indexer-beta6-large-2003_10 28 00 03

Started: Fri Nov 7 09:51:07 2003 -- up 0 hr 33 min 22 sec
1707 workers; 1 deaths

Type

Shards | Done |Active |Input(MB) | Done(MB) | Output{IVIB)

Map
Shuffle

1385313853 0| 8789346| 8789346 5234992
500/ 500 0| 523499.2| 523499.5 523499.5

Reduce

500 0| 500| 523499.5| 2632833 269351.2

1

=]

0

Percent Conpleted

0O

2
=3

&
Reduce Shard

100
300

400

source: MapReduce: Simplified Data Processing on Large Clusters

Counters
Variable| Minute
Mapped
(B/s) oy
Shuffle
(2dB/s) ol
Output
QME/s) 1225.1
doc-
index-hits of&
docs-
indexed .
dups-in-
index- 0
merge
mr-
merge- 51842100
calls

g |mr-

“lmerge- 51842100
outputs

28/
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MapReduce status

MapReduce status: MR _Indexer-beta6-large-2003 10 28 00 03

Started: Fri Nov 7 09:51.07 2003 -- up 0 hr 35 min 08 sec
1707 workers; 1 deaths

Type |Shards| Done Active Input(MB) Done(MB) Output(MB)
Idap 13853|13853 0| 878934.6| 878934.6 523499.2
Shuffle 500 500 0| 523499.2| 52349395 5234995
Reduce| 500 0] 500 523499.5| 390447.6 399457.2

"
o

0

Percent Conmpleted

OO

3
3
&

Reduce Shard

100
300
400
el

outouts

source: MapReduce: Simplified Data Processing on Large Clusters

Counters o
Variable| Minute
Mapped

(MB/s) o
Shuffle

(MB/s) e
Cutput

(MBJs) 1222.0
doc-

(
index-hits UL
docs-
indexed 0
dups-in-
index- 0
merge
mr-
merge- 51640600
calls

“|merge- |51640600

29
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MapReduce status

MapReduce status: MR _Indexer-beta6-large-2003 10 28 00 03

Started: Fri Now 7 0951
1707 workers; 1 deaths

07 2003 -- up O hr 37 min 01 sec

Type |Shards| Done|Active Input(MB)|Done(MB)|Output(MB)
Map 13853|13853 0| 878934.6| 878934.6 523499.2
Shuffle 500/ 500 0| 523499.2| 5204686 520468.6
Reduce| 500 406 94| 520468.6| 512265.2 514373.3

1

=

0

Percent Conpleted

00

100

=
S
&

Reduce Shard

300
400

500

Counters

Variable | Minute
Mapped

(2B/s) ol
Shuffle

(MB/s) o
Output

QMEBSS) 849.5
doc-

index-hits UM
docs-

indexed b
dups-in-

index- 0
merge

mr-

merge- 35083350
calls

merge- [35083350
outputs

source: MapReduce: Simplified Data Processing on Large Clusters
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MapReduce

status

MapReduce status: MR _Indexer-beta6-large-2003 10 28 00 03

Started: Fri Nov 7 09:51:07 2003 -- up 0 hr 38 min 56 sec

1707 workers; 1 deaths Counters
Type |Shards| Done | Active Input(MB) Done(MB)|Output(MB) Variable | Minute
Map 1385313853 0| 878934.6| 878934.6 523499.2 Mapped 00
Shuffle | 500|500 0| 5234992 5197818 5197818 QdE/s)
Reduce| 500/ 498 2| 519781.8] 519394.7] 5194407 Shuffle 0.0
MBfs)
100 Output
QBSs) o
doc-
= index-hits Y e
T et —
k] docs-
= 0
3 indexed
3
- dups-in-
E index- 0
E merge
me-
merge- |394792
calls
OD [=3 o b=3 o =
b Reduce Shard N ¥ |merge- 394792
outputs

source: MapReduce: Simplified Data Processing on Large Clusters
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MapReduce status

MapReduce status: MR _Indexer-beta6-large-2003 10 28 00 03

Started: Fri Nov 7 09:51.07 2003 -- up 0 hr 40 min 43 sec

1707 workers; 1 deaths

Type |Shards| Done Active Input(MB) Done(MB) Output(MB)
Idap 1385313853 0| 878934.6| 878934.6
Shuffle 500 500 0| 523499.2| 5197743
Reduce| 500] 499 1| 519774.3| 5197352

"
o

0

Percent Conmpleted

DO

100

3
3
&

Reduce Shard

300

400

F00.

Counters
Variable
Mapped
(MB/s)

Minute

0.0

Shuffle
(MB/s)

0.0

COutput
(MB/s)
doc-
index-hits
docs-
indexed

105

dups-in-
index-
merge

g

merge-
calls

merge-
outouts

source: MapReduce: Simplified Data Processing on Large Clusters

73442

73442
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OO0 worker DO O ODOOOODOOOOODO
» JO0oooon

» O O00OO0O0pooogg
» 000O0O0O0O: CPUcacheO disableO O OOOOoQoog!

U00: 0000000000 backup tasks 0 OO
» 00000 taskODODOODOO

gboboboboboooooo
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goooobobodd

Master 00O O00O0O0O0OOOO
» GFSOOOO0O0000O0O0OOOO0OO0O0O0O0O0O0DbOOO
» 000 64MB O 0O (GFS block size) 0 O 0O

» 0000000000000 000000d map task
good

gb:0boboooobooooooboooooooooooo
» JO0000000oo0oboooooobooooooonog
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goooobbogogd

Map/Reduce 00000000000 OOO0ODOOOOOOOO
goood

» D000 bO: goboobbooboobboobooboo
gobooooboogn

» Segmentation Fault 00 00O

» JO000000DO0OO00O0DOOO ubPODOODOOOO
» DO0O0O0O0DOOoboooogo

» Master U0 O O0O000O0O0OO0200000
» OO0 worker 0D O0O0O00DOOOODOOOODO

gb:bouogbboobbogboobbogn
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goooood

Oreduce000000DOOOOOOODOODOOOO
gooboobooo

Combiner: 0 OOD0OODOOOOO0OOODOODOOOOO
gobooboooboooboooboo
goboobooobooobooo

vV vVv.v. v Y
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0000 oDoO00oooooooooooog
» 4GB of memory
» Dual-processor 2GHz Xeons with Hyperthreading
» Dual 160GB IDE disks
» Gigabit Ethernet per machine
» Bisection bandwidth approximately 100Gbps
2000000000

» MR_Grep: 101° 100B0 0000000000000 O0OO
ooooon

» MR_Sort: 101 100BO0 0000000 (TeraSort 10000
00o0o00ooon)
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MR _Grep

» 000000000 gg

» 1800000000 1TBOOOOOODDO 31GB/sOOOO0
» 000000000000 0000000000 10GB/sO 0O

» D000 0o0obOoobooooboooboooon

30000

20000

Input (MB/S)

10000 o

T T T I T 1
o Z0 40 ) &0 100 120
Seconds

source: MapReduce: Simplified Data Processing on Large Clusters
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MR_Sort

» backuptask 0O OO0 OOOOOODOO

» JOooooo

Input (MB/e)

(MB/s)

Shuffle

Output (MB/s)

20000 — Done:
839 s

10000 —

LU LI UL
O 200 40O BOO OO 10001200
20000 o

10000 —

T T T T T
0 200 40O 60O BOD 10001200
20000 —

10000 —

o T T T T T T
0 200 400 E00 500 10001200
Seconds

20000

10000

20000 o

10000

20000 -

10000

. Done:
1235 &

T T T T T
G 200 400 600 8OO 10001240

T T T T
G 200 400 600 8OO 10001240

T T T
0 200 400 600 800 10001200
Seconds

20000 o Done:
886 s

10000 +

L
T T T T T

0 200 400 600 BOO[10001200
20000 o

10000

T T T T T
0 200 400 GO0 BOO[10001200
20000 —

10000 —

T T T T T
0 200 400 600 800 10001200
Seconds

Normal(left) No backup tasks(middle) 200 processes killed(right)

source: MapReduce: Simplified Data Processing on Large Clusters
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MapReduce O [0 [

v

MapReduce: OO O DOOOODOOOODOO
gobooboooobooooo

gbooboobooo

» 0000000000000 0O00bO00000b000bO0
oo

Google 0O OOODODOOOODOOODOOODOOOODOO

vy

v

oo
» Google d MapReduce 0O OO OO

» Hadoop: Apache 00O O0OOOO0ODODOOONO MapReduce
oo

40 /46



goooobooooobobogd

goboogobooooooo
gbobobo:o0o0o0oooooooboooboobooboonDo
gobooboooobooboooobooboon

» 00000000000 OOO (IPOODOOOO)

» Do boobuoobboobuobbon

» Db boobuooboobbuogboobo
gboboboboboboboob

» 0000 bOoobooboboobuoobbon
» OO0 oooon
» 000000000000 0000000000000O0
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gooon

goboooogn
» 0000 DO0o0ooogoog
obobobob 400 10000ODOD

» D000 booboooboobooobouoobooobobooobooo
RN

RN

» JO0O00oboonboogn
» 000000 0bO0000obO0obobo0obOOoboOoooono
go
» 0000 oooObboooddoooooonon
» DO0O000bOO000Ooboooooaon
» O:00000c0oo0oobooobooo
» DO0O0O000OO0o0o0aon
» O:0000000000DO000OO00O0O0O0
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gopboobobooobooboog

» D000 DOO0o0boobboobo0oboobobooboo
goooaoo

» IPOOOOODOOOOODOOOOOOODOO IDOOOOO

» 0000000000 20000000

» 5000000000000O000O00000
» 0000000000000 0000bO000000000
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gobooboogobobooboobooboobooobo
gobodoboboooboobobooobooab
gobooooog

» 0000000 OwebOOODOOUOODOOOOOOOoOO
ooo

» JO00000obOoboobobobobobobobob
oo

» D000 boobooobobooboobooobooobooo
goboobooooo
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Dooooooooo
» 000000000000000000000000000
0o
» 00000000000 O0000000
» 000000000000000000000000000
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