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Performance Analysis of Scheduling and Replication Algorithms

on Grid Datafarm Architecture for High Energy Physics Applications

ATSUKO TAKEFUSA,i* OSAMU TATEBE,?2 SATOSHI MATSUOKA{3.4
and YOUHEI MORITA 15

Data Grid is a Grid environment for ubiquitous access and analysis of large-scale data. Due
to its early research status, the performance of petabyte-scale Data Grid models in a realistic
data processing setting have not been well investigated. By enhancing our Bricks Grid simu-
lator to be able to simulate Data Grid scenarios, we investigate and compare the performance
of different Data Grid models in the Grid Datafarm architecture, mainly categorized into
the central and the tier models but with varying scheduling and replication strategies, under

realistic assumptions of job processing for the CERN LHC experiments.

1. O0o0oo

000000000000 0000000000
000000000D00000D000000000
00000000000 000000000000
000 Grid Datafarm®?~® 0 EU DataGrid?0 Gri-
PhyN®0 PPDG” 0000000000000 O0O
00000 2006 000000 CERN Large Hadron
Collider (LHC) 0O DOOOOOOO0O0O0O0O0O0OOO
00 LHCOOOOOODOOOO00000000000
D00000000000000000000000O0
000000000000000000000000
0000 MONARC(Models of Network Analysis at
Reginal Centres)® 00 0000000000000
D000000000000000000000000
D00000000000000000000000O0

11 00000000 Ochanomizu University

t2 000000000 National Institute of AIST

13 000000 Tokyo Institute of Technology

14 00000000 National Institute of Informatics

t5 0000000000000 High Energy Accelerator Re-
search Organization

ocoooooooOoOoooOoOoOoOooOooobooboobobo
ogoooooooOoOooOoOoOoOoOoOoOoooboooobo
goooooooOoO0o0oooooooooboooooo
00000 BricksDOODODOODOODODOOOOO
oooooooobooooooooooboboooboOoo
ooooooooooooOooboooooobooOoo
O0oooooooOooOoooooooOoooo100
0000000000000 oDD CentralDOOD
MONARCOOOOOOOD TierOODOOOOOOO
000 Tier00O0OO0OO0OO0OOO0ODOOOODODOOO
00o0ooooDo0o0ooooLHCOODOOoOoOooo
oooooooooooooOoOoOooooo

2. J0DO00O0OOOOOODOOD

GriPhy NOOOOODOOOOOOOOOOOooOOO
ogoooooooOoOooOoOoOoOoOoOoOooobooobobo
ooooooooOoOoOoOoOoOoOoOoOoOoooboobooboobo
00¥000000 “0000000000”0000
O000o0ooOoo “astspread” 00 0OD0O0OO0O
000000000000 00 “cascading” 00O OO
ooooooooOoOooOoOoOoOoOoOoOoooboboobooo



process on
owner server

process on
owner server

process write copy data

\ and process
on a different
read server

process,
- “%O write

Tier model

Central model

01 CentralD00O00000O TieroOooooQ

gooooOoO0oO0O0oO0oO0oOoOoOoOoOooOooooobobo
000o00oo000o0ooO00o0oo00oo0oDODDOoOoOo
0000000000000 00o0oooUooooo
ooo

Grid Datafarm 00 000000000000 0OO
gooooOoOoO0oO0oO0oOoOoOoOoOoOooOoooooooo
0000000000000 00oooUooooo
000o0000obDOO0oOoOoooooI/oooooooog
0000000000000 00o0oUooooo
gooooOoOoO0oO0oO00oOoOoOoOoOooOooooobobo
00000000 UUooo HPSSOOOOOoOooo
0000000000000 0o0oooUoDoooo
000000 Grid Datafarm 000 I/O00000O0
0000000000000 00o0oooUooooo
000000000 owner-computesd O OO OO0
gooooOoOo0oO0oOoOoOoOoOoOoOooOoooooobo
0000000000000 00 Grid Datafarm 0O 0O
ooooooooooo

3. JD0O0OO0OODODO

0000000000000 00000 LHCOOO
00000000000000000000

3.1 0000DO0D0DD0DO0O0O0ODDO0OOO00OO0:

CERN LHCOO

LHCOOOOODOOOOOoOoOoooooooooo
0000000000000000000000000
0ooooooooooooooo®o
Large: RAW—ESD: RAWOOOOOOOOO
ESD(Event Summary Data) 0000002-4/00

Medium: ESD—AQOD: ESDOODOO AOD(Analysis

Object Data) 00D 0O0O01/00
Small: AOD—TAG: AODOOOO TAGOODO
oooooo1/4000
LHCOOOOOOOO0OODOO Larged MediumO Small
gooobooooooooooocooobobooooobo
oboooooooobooooOooOoooboOooboOooOoboOoon

Host A Host B

Processor A Processor B
read data| |process job
DEED Network A to B ]
' E ' Network B to A k 3

write results

02 00000000000000000000 BricksOOO
goooooooo

gooboooooobooooboooboooooo
gooboooooooooooooooo
(1) goobooobooooooooboobooo

goOooOOobOOobooOooOoboobooboo
(2) 0DODODOOOOOOOOOOODOOOOOOOO

ooooooooogo
(3) gooboooooooooooboooooo
(4) goobooboobooobooooooooo

goOooOobOobOobOobooooobooooo
godbooooooooobOobobooooooooog
goobooooooboooobooooboooooo
gooboo0ooooobooooboooboo

000000000000 Toresponse0 0 T readd
T process0 Twrite 00 000000000000
goooobooooooooooobobobooooooo
gooboboooooooo

T_response = T _read+T process+T write(1)

3.2 0D00O0ODODODODOOO

MONARC® 0OOODOO0OO0OOO0OO0OO0OO
godboooooooobOoboboooooooog
0oooooooooooooooooooooo pPC
0000o0oooooooooooooooooo Grid
Datafarm OO 00000000000 OOOOOOO
0000000000006 00D0O00DOODO
godboooooooooobOoboboooooo

00000 Grid Datafarm 00000000000
00000000000 0000000 CentralOODO
00000000000 0d0o00oooooo MONARC
OO0 TierOOODOOOOOODO 100 TieroOoooo
godboooooooobOoboboooooooog
godboooooooobOoboboouobobooodg
oodooooooooooo4000000

3.3 BricksOOOOOOOOOoOOoOOOOOOO

goooo0o0ooo0ooouoooooobooobo
000 Bricks 000D DODOO0OOOO0Y 000000
BricksO JavaOOOOOGOOoOoOoOOoOoOooOoOooOoOO



ooooooooooooooooooooooooa
000 Scheduling UnitO 000000000 O0OOO
gdooooooooooooboooobooboooooa
oooooooooootiotg
godoooooDobOodooooobooobooooooao
godboooooooboooooooooooooa
000000000000 00000000 BricksO
00000000000000 BricksOOO 2000
goo0dooooDOoOobOoOOooOoboOooboooa
Jd0od00oo00oooUooooooo Disk BOoO
0000000 Processor BOOOODOOOOOOO
000 Disk BOOOOOOOOOOOOOOOOOO
gddbooooooooboooobooooooooa
gooo0oooDOoooOoobOoDOoobooooooa
000000000000 000000000 Disk A
00 Network ADODOO Disk BOOOODOOOOO
00 Processor BOOOOOOOOOOOO Disk BO
Network BOOOO Disk AODOOOOO
000000o00oooooo Processor O Disk O
J00000ooooodO NetworkOO OGO GOGO
FCFSOOOOOOOOOOOO0OODOOOOOoOooon
ogoooooooooooooooooooooooa
00020000000 DiskO0O read d 0 write O O
Jod001l10000o0oOoDOobDooooooon
0000000000000 00000aO0 Bricks
Scheduling Unit 00 000000000000 DOOO
J00000000o0o0oo0o0oo4000000

4. TerO0OOUOOOOOOODOOOOOOO

gooooOooOOoobooooDoobooooboooooo
gdoooooooooooobooooooooooa
ooooooooooooooooooooooooa
ooooooooooooooooooooooooa
ooooooooooooooooooooooooa
gooooooooooooooooooo

4.1 Grid Datafarm 00000000

2000000000 Grid Datafarm 000000
goodoooooooooooouooooooboooa
ooooooooooooooooooooooooa
goo0o0ooOO0O0odooboooooDOooooboooa
gdoooooooooooobooooooooooa
ooooooooooooooooooooooooa
gdbo0oooooooobooooooooooooa
Oo0ooooooooooooooooooooooa
gdoooOoooooooooboooooboooooa
gdoooOoooooooooboooooboooooa
Oo0ooooooooooooooooooooooa

4.2 0J00D00ODOOODOOODODOOODOOOd

Oooooooooooooooooooooooad
00000000 DataSourceHostO OO OO OOOO

ComputeHostO OO 0000 OO DataDestinationHost
000000000 DataSourceHost!=ComputeHost
0 ComputeHost!=DataDestinationHost 0 0 O 0O 0O O
gdodbbo0o0oooooooodooooooobooo
godboooooooobOobobooooooooog
gooobooobooobooooboooboooooo
goo
goOooobOobOOobooOooOOobOoboboooooo
goodbooooooooooobooo
Greedy: 00000OO00O0DOOOOOOOOOOODOO
00000 MCT(Minimum Completion Time) 0
oooooooo®ooo00000o0o(1)oooo
000000000000 DataSourceHosth Com-
puteHostO DataDestinationHost DO OO0 00O
OwnerComputes: 00O 0O00O00OOOOOOOO
gooboboooboooobobuoooobooo
goooooooooobooboooobooo
0000000 DataSourceHostd ComputeHostO
DataDestinationHost 0 00000000000
LoadBound-Read: 0O 0OO0OOOO MCTOOOOO
goobooooboooboooooo
Perfopecified > Perfestimated (2)
Per festimatea = Perf/(LoadAvg +1) (3)
Perf0OODODOOOO LoadAvg DO OO OOO
Perfestimatea 0000000000000 OOOO
00000 Perfopecifiea 000000000000
goooooobooboboooboobooooboo
0000 ComputeHost 00 OO OOOOOODO
LoadBound-Write: 0O O OO0 O 0O O O O
Tauration 100000 ComputeHost 0D OO OO
Tauration = Tread + Tprocess (4)
000000000 ComputeHost OO (2) 0000
DDDDDD(S)DDDDDDDDDDDDDDDD
goOooobOobOOobooUooOOooOOoboboooooo
gooooooo
000000D0000000 Perfspecifiea 0000
00000 PerfO0O0O0O00ODO0ODO0UOOOOOOO
gooooooboooooooo
4.3 00O0O0OOO0OOO
goOooobOobOOobooooOOobOoboboooooo
gooooboooOobobooboooboobobobooboooog
gooooooooo
LoadBound-Replication: 000000000000
00000000000 (3)0 Perfestimatea 100
000000000 Perfestimatea 00 (2) 0000
000 Perfestimatea 00 000000000000
0o200000000000 2000000000
go..0000b0o0oboboooooo
0000000000000 ARODODODODODOOOO
gooooogoo
AR = Naccesses/(Tcurrent - Tstored) (5)



02 000000

0000000000

03 LHCOOOOOOoOoOoOoOoOoOoOoOoooooooooooo

000 | 0ooo0oo 0oooo 0ooo lGan
[PB] [MSI95] oooo Job ooo 0ooo 0o | 0o

Central | 2 0.5-1.8 10000 [GSI95*sec] [TB] | [TB]
Tier0(x1): 2 0.6/0.5/0.4 10000 Large 1000 1/4[months] | 1000 | 100

Tier Tierl(x4): 1 0.3/0.25/0.2 5000 Medium 25 1/1[month] 100 10
Tier2(x16): 0.1 | 0.03/0.025/0.02 500 Small 5 1/4[hours] 10 0.1

Naccesses 0000000000000 Teurrent O
Tstorea 0000000000000 OOOOOOO
goooOobooboo
44 000D00D0DOODOOODOOODOOOO
000000 10000000o0ooooonooooo
goboooooooboooboooooooooooooa
godboooooooobOobOobOobobooooog
godboooooooobOobOobOobobooooog
00000000000000000 DataSourceHost
0 ComputeHost 1 0 D0 00D O00OOOOOOOO
0000 DataSourceHost 0 O ComputeHost 0 0 0 0
godboooooooobOobobobobooooog
godboooOooooob0obOobOobobooooog
0000000000000000000 x%0000
00000000000 y% 000000000000
0oo0o0ooooo’0000O0”00000o0ooog
xOyODOOOOOOOoOoDOOoOoOOO0O0oOO00DbO00O0
godboooooooooobobooooo
(1) Ogooooooooooooooooooood
oooooo
(2) Jloododoooooodoooooooooo
gooooo
(3) D20000000000NOOODODOOOO
000 () 0000000000 AR, 0DDODODO
AReciim = Naccesses [(Teurrent—Tstored) [ Neopies(6)
Neopies 00 0000000000000
(4) 00DO0OODOODOOOO(6)O00D000D00
0000000 Sizétotard Sizeavaitavie 10000
oooooooooodd Compactness0 0000
goooooooooooono

Sizeiotal X Compactness > Sizeqvailabie (7)
(5) 0 (7)0000000O0O0O0O0O0ONOOOO
gooooo3toooooooooooo
dooooooooooo NO10OoOOO
Oooooooooooooooooooooooad
ogoooooooooooooooooooooooa
godboooooooob0oboboboboooodg
godboooooooobOobobOobobooooog
goodoboooooo

5. J00O0ODOODOOODOODOD

gooboobOobobooooooobooon

04 LHCOODOOO RAW(1PB)O ESD(100TB)0
OD(0TB)O TAG(10GB)OOO000N

0000 | 00000000
omth | 1PB(1)
4mth | 1PB(2), 100TB(1)
8mth | 1PB(3), 100TB(2), 10TB(4)
12mth | 1PB(4), 100TB(3), 10TB(8), 10GB(720)
16mth | 1PB(5), 100TB(4), 10TB(12), 10GB(1440)
20mth | 1PB(6), 100TB(5), 10TB(16), 10GB(2160)

5.1 0DO00O0O0OODODOOO
3000000000 10200000000000
Central000: DODOODDOOOOOOOOOO
0000000000 10000000000000
goooooobooboboooboobooooboo
goooooobooboboooboobooooboo
gooooooooooooooo
TierOOD: 100000000000000000
000000000000000000000000
000000 Tier0OOODOODODOO 100050000
goobooooboooobooobooooo
JoooDOoDOo0oOooooooooo 100000
0000000000000000000000000
000000000000000000000000
00000000000000000000
020000000000000000000000OO
000000000000 GriPhyNOOOODOOOO
0¥ 00000000000000000000 TierO
00000 Tier0O 10000 Tierl 0 40000 Tier2
016000000 Tier30000000000000
000000 TierDODDOOO (Tier0, Tierl, Tier2)
= (0.6, 0.3, 0.03), (0.5, 0.25, 0.025), (0.4, 0.2, 0.02)
[M SI95(10°SpecINT95)]0 000 Central OO OO
0 0.5[MSI95] 000000 0.453318[MSI95] 000 0
0000000000000 LHCOOO0O00000O
goobooooooobooooboooboo
WAN[IDDD[II/ODDD[IDD2006DDD
00000000000000000 10[Gbps] O
100[MB/sec] 000000000000 100000
000000000000 Grid Datafarm 00 00 O
EI[I[I[I[I[IDDDD[I[II/ODDDDDDDDDDD
DDDDDDDDDDDDDDDDDDDDDDI/O
DDDDDDDDDDDDDI/ODDDDD LANODO
0000000000000 Grid Datafarm 0 0 0 0
0000000000000000000000000



01 00000000000000000000070

Scheduling Replication ComputeHost Timing of Object of Replica Destination

Policies Policies Selection Replication Creation of Replica
Greedy - MCT Read Input Data Compute Host

OwnerComputes - Owner + MCT - - -

LoadBound-Read - MCT + Load Read Input Data Compute Host

LoadBound-Write - MCT + Load Write Output Data Arbitrary
OwnerComputes LoadBound- MCT Read/Anytime Input Data Compute Host

Write / Arbitrary / Arbitrary

000000o0ooOoOooool/joooooooooO
goooooo TierODDDDDDDDDDI/ODDD
00 100[MB/sec]0 00 000 10000 0000 Tier0
00000000 1[TB/sec] 0000

3.100000000000000ooooooooo
LHCOOOO30O00OOooooooooooooo 30
Jooooooooooo300nooo0oooood
00020 CentralD00D0O0O0O0OO0O0OOOODOO
gooooooooaa 38.575—1.337[h0urs]|:|DD|:||:|
000000000 300 LHCOOO RAW(1PB)O
ESD(100TB)0 AOD(10TB)0 TAG(10GB)O O OO
og 4DDDDDDDDDDDD()DDDDDDDDD
goooooooooooooooooood

O00008mthdO 23mthO0 0000 1000
0000oo0ooooo0ooooooooooogo
O00O0oOoOoooooon Presto IVODOQOOODual
Athlon MP 1900+0 768MB MemoryO 256 nodes(
ogoooooooooooooooooooooooa
00 1PBx10 100TBx20 10TBx40 0 Tier0O OO O
0000000 1PBO RAWOOOO HPSSOOOO
O0o0d0oo0oo0oo0oO0ooOoooooooooo
000000000 RAWOOOOOOOOOOOOO
goooooooooooooooooood

GriPhyNOOOOOOOOO® 000000000
00o00oo0ooo0oo0ooooooooooooo
doooooO0o0oO0oO0oooo0oooogoooooooo
doooooO0o0oO0oO0oooo0oooooooooooo
ogoooooooooooooooooooooooa
0000 LHCOOOOOOOOOoOOoOooooooo
dooooooO0oO0ooooo0oooooooooooo
doooooo0oO0oO0oooo0oooooooooooo
doooooo0oO0ooooo0oooooooooooo
ogo0ooooooooooooooooooooood

5.2 D0OO00O0DDOODOOODOOd

030 400 50 CentralO TierO OO OOOOOO
O0o0d0oo0ooo0ooo0ooooooooooo
gooooooO0oO0oO0oooo0oooooooooooo
100000000000 0D0000O00D00000O00O
00000000000 o0ooo0oonoO LargeD
MediumO Small0 0000000 300 1020 21693
goooo

0300 Central D0 0D0O0O0OOOOODOOODOO

10000

o large B medium O small
O total W estimate

1000 M

100

Response Time [hours]

10 H - R SN SR
0.5 0.6 0.7 0.8 1 12 14 16 18
Performance of TO [M SI95]

03 Central 0000000000000 O00000O0O0 Tier0O
000 0.5-1.8[MSI95]0

10000

Olarge M@ medium Osmall Ototal

1000

100

Response Time [hours]

owner greedy load-read load-write  rep-load

Scheduling and Replication Policies

04 TierdOOODOOOODOODOOOOOOO000O0O0OO0
000 (Tier0, Tierl, Tier2) = (0.5, 0.25, 0.025)[MSI95]0

00O larged medium0 small 00 50 00 O LargeO
MediumO SmallU0O0D0 total 00 OO0 O0OOOO
OO0 estimate 000000000000 O0OODOO
0000000000000 x000 Tier0OOOOO
goooboooo0oyODOOOODOOOOODODODOO
O [hours] 00000 3000000000000DOO
gooooooooooooooooobooooon
040 TierOO 1000000000000 OOOO
goobooooooooobooboboooobooooo
00000000 TieeOOOOOOOOOOO (Tier0,
Tierl, Tier2) = (0.5, 0.25, 0.025)[MSI95| 0 00O
(Tier0, Tierl, Tier2) = (0.6, 0.3, 0.03)[MSI95] O O



— (15 Centralll Tier[1OwnerComputes[] loadBound-Replication 00N OONOOOMONMON
Tier Model [hours] Central Model [hours]
Job Tier0=0.4 Tier0=0.5 Tier0=0.6 0.4 0.5 0.6 0.7 0.8
Large 1107.225 821.429 631.699 na 1952.214 1149.828 809.387 629.545
Medium 39.884 30.912 23.859 na 84.502 42.633 26.639 19.731
Small 14.286 9.262 6.258 na 16.211 7.783 5.007 3.799
total 15.907 10.479 7.199 na 19.186 9.514 6.213 4.732
estimate na na na na 38.575 12.277 7.300 5.194

godboooooOooobOobOobOobobooooog
00 Tier0=0.5000000000° Owner 0OOO0O
000000 OwnerComputes0 00 OO0OODOOODO
0000000000 30 Tier0OO00OO 0.5[MSI95)
00000000000 4000 LoadBound-Read O
goodooooopooooboobbobbooobooog
LHCOOOOOooOooooooooooooooao
00000000000 LoadBound-Read 0O OO0
gooooo0oboo0ooboooboooboboooog
goooopooo0oooooboooboobooboooog
00 OwnerComputes 0 LoadBound-Replication O O
godboooOooooobOobOobOobobooooog
gooboooooooboooobobooobooooo
gooo0ooooooooooboobooobooog
goooooooooboooboobooooboo
050 Central0 TierOOOOOOODOOOOO
0000 TierddO OwnerComputes O LoadBound-
Replicaton 0 00000000 300000000
Central0 Tier0 O OO ODOOOODOODOOOOOOO
goobooobooobooooboooobooooo
godbo0ooO0oboooOobOoboOobOobobooooog
goopoooooooool00ooooooooooo
000000000000 ooo00 CentralOOOO
000000000 TieroOOO TierOOODOO 0.60
0.5[MSIQ5]DDDDDDDDDDDDDDDDDDDD
0 2.280 1.9]MSI95| 00000000 Central DO O
000 TierOODDOOOODODOOODOOOOODOOOOO
goopooooopoooooooooo1l100D0000
goobooooboooboooboooobooooooog
000000ooooooooo Tierdd CentralOOO
TierOOODOOOOOOOOOODOOOOOOOOOO
Tier0OO OO 0.4[MSI95| 00000000 Tier0 O
0000 CentralD00O0O0OO0OOOOODODOODODOO
00 OwnerComputes O LoadBound-Replication O O
gooboooooobooooboooobooooo
godbooooboooooobobooooo

6. DOOOOODOOO

00000 BricksDOOODDODODODOOOOOOOO
goboboooooooooobooboboobobooooo
goboboooooooooobooboboobobooooo
goooooooooooooobo0oobobooooDoDo

O00O00 CentralDOOO MONARCUO Tiero O QO
00000000000 O0OOOooOooO CentralOO
goooooOoOooooOoOoDoooOoOooooOoOol1o
00000000000oooooo TeroOOoooQg
goboboooooooobobobooooooooo
gooooooooooooo

goboooooooooooobooooobobooooon
goboboooooooobobobooooooooo
gooboooooooogoodg

00 000000000 GridDatafarmO000
ooooooooooooo

g o 0 b

1) Grid Datafarm: http://datafarm.apgrid.org/.

2) Tatebe, O. et al: Grid Datafarm Architecture
for Petascale Data Intensive Computing, CC-
Grid2002, pp. 102-110 (2002).

3) 000000:0000000000000000
0000000000000 00 Grid Datafarm
0000000,0000000000 HPCS (to
appear) (2002).

4) EU DataGrid: http://www.eu-datagrid.org/.

5) GriPhyN: http://wuw.griphyn.org/.

6) Aderholz, M. et al: Models of Networked Anal-
ysis at Regional Centres for LHC Experiments,
Monarc phase 2 report (2000).

7) PPDG: http://www.ppdg.net/.

8) Ranganathan, K. and Foster, I.: Identifying
Dynamic Replication Strategies for a High Per-
formance Data Grid, Grid Computing (2001).

9) Bricks: http://ninf.is.titech.ac.jp/bricks/.

10) Takefusa, A. et al: Overview of a Perfor-
mance Evaluation System for Global Comput-
ing Scheduling Algorithms, Proc. of HPDC-8,
pp- 97-104 (1999).

11) Takefusa, A. et al: A Study of Deadline
Scheduling for Client-Server Systems on the
Computational Grid, Proc. of HPDC-10, pp.
406-415 (2001).

12) Maheswaran, M. et al: Dynamic Mapping of
a Class of Independent Tasks onto Heteroge-
neous Computing Systems, Journal of Parallel
and Distributed Computing, Vol. 59, pp. 107—
131 (1999).



