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Parallelizing Compiler Directed Software Coherence

MasayosHI Maskg, ! Kenr KiMurat!
and HIRONORI KASAHARAT!

As multicore processor becomes widely used in various computer systems, the
number of cores integrated in a chip is increasing for improved performance and
reduced power consumption toward manycore era. However, cache coherency
hardware in manycore processors which integrates over 64 or 128 cores is hard
to implement both for circuit area and energy cost. This paper proposes a
parallelizing compiler directed software coherence for shared memory multipro-
cessor systems without hardware cache coherence mechanism that enables as
same parallelization as on hardware coherent cache. We implemented the pro-
posed method in OSCAR automatic parallelizing compiler and evaluated on
RP2, a multicore for consumer electronics integrating 8 cores, that can support
hardware coherent cache mode under 4 cores and non-coherent shared memory
multiprocessor mode over 4 cores. The evaluation results shows that auto-

matic parallelization with the proposed software coherence mechanism achieves
as much or even better performance than hardware coherence under 4 cores.
Also, the software coherence gives us 4.88x speedup for 8 cores in average on 4
application programs against sequential execution.

1. 0000

0000000 PCOOODOOOOOOOODOOOOOOOOODOONOONDOONOO
0000000000000000000000000000000000000000O0
000000000000000000000000000000000000 400 8
0000000000000000000000000000000 (SMP)OOOOOO
0000000000000000000000000000000000000000O0
000000000000000000000000000000000000Y0000
00000000 320000 640000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000000000000004000000 FR1000Y0800000 Venezia® 000
00000000000000000000000000000000000000000
0000000000000000000RP2Y 080000000000000O0O0
00o0d0o0ooboobooObOO000000d00o0ooOo 400000000050000000
goooooooooooooooooooooobooooooooooooooooon
OD000000000 Rigel®0 Intel O Single-Chip Cloud Computer (SCC)® 0000
00000000000000000000000000000000000000000
0000000000000

0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000

t1 00000 D00000 Dooooo
Dept. of Computer Science and Engineering, Waseda University



2

goooobooooooooooooooooboooooobobooooboooDbooDboo
goooboobooboooooooboooooboboooooobooooooooooDoo
gooooooboooboooobooooooobouoooDooo
goboboboooooboooboobooooooobooooooOoooooogoooon
goooooboooooooboooooooooooooooobooooooooooboooboo
gooobooboodooooobooooobobooboobo0ooboooooobooboooooooo
00000000000 ”Y0000000000000000000000000000
goboooooooooobooooobouooobobboOooboOoOooboOoOoboboOoboOoboOo
gobobooooooboooooboooooobooooooboboOoOoOoOoOooOoboOooboooDoOo
goboobooooooooooooobooooooooOoobooOooOoooObobobooooobooo
ooooooboooooooooooooocoooooOooooooooobooooooDooboo
gooooboooooooobooboooooooboobobooOoboOoooooboobocooooooooboo
goboooooboooobooooon
000000000D00000000000000SCAROOODOODODOD® 00
gobo40000000000000O0O00O0O0DOOCOOODOOOSODOO00DOO0OODODOO
oooooooooooosooooooooooooooo rRP200000000000O0
goooooboooooooooooooobooooooobooooooobooooooboooonoDo
gooboooooooooooobooo4000000000DOO0O00OOODDOO
gobooobOooboooooobo0oooooooooooooooOo sb0bObO 8OO
gobooobooooooboboooooboooooboo
gobooooooooooooooob200b0bOb0ooOoDObOo0obObDOOoDOoD
goboboodooosbooooooooooooooooobooooooooooooao
coooooooOobo40000000O0O0DOOOOOOOOOOOOOOOODOOOO
OO0 APIOOO0OOO0OO0OOOO0OS0000000000DOD00O0O0OO0OOO0OOOO
gobodouobboooooooooobedoboboOobOoOoOOO

2. 0000OO00OO0O0o0oobOO0oDbO0

goboooboooooooooooooooooooOobooOoooooOoOoboOoOooooooboo
goooooooooooooobooooobobooooboboooooOoobooooooDooboo
gooobooooooooooooooooooooooboooooobooboOoooooDooboo
goboooooooo

Local Cache

V D tag data PEO PE1 PEn

V: valid bit Local Local Local

D: dirty bit Cache Cache e Cache
I I I
local cache control instructions ] ] ]

from the owner CPU
* self-invalidate « flush
* writeback and/or ue

Inter-connection Network (Bus, Crosshar, Mesh, Ring, etc.) l

Shared Memory

01 00000000000 oOO000O0DOonbOo
Fig.1 non-coherent cache architecture.

2.1 OoOoOooooooooooboooooooo
goooooooooooobooboooooobooooooo10obooooooonn
gooboooooooooobooobooooooooooboboooboOoooobboOoooboooo
gooooobooooooboo0o0ooooooooooOoOobooboboobOOoooooooooOoo
goobooooooooooooooobooooboooooooooobooooooDooon
O0O0O0O0OvalidbitO dirty bit 0000000000000 COO0O0O0OO0OOOOOOO
00000000000000000 (validbit)DODO0DOO0000000D000000O0O
0000000000000 00000000000000 (dirty bit)DOODOOOOO
goooboooooobooooooooOobOoOooobbooooooDbooooDoo
gobooooobobodooobooooooboooobbooooboooooooooan
goboooooooooobooooooooooooboboooooooogooon
gooboodobooooooooooooooooboooooboooooooooooon
doooobooobooooooooobobooooooooooooooooooboobooOoo
ooboobooboooooobooboooooboobcooooboobOoooobooOoboOboOobOOooooDon
gooobooodoooooooboobooooobOboOoboOoObOOoOooOobOboObOoooooDo
ooboooobooboooooboooooOooobOOo0oO0bOOoOoboOoOoobObOOobObOOoOoDoboo
ooboooobooooboobooooooobooooonn
gobooooboooooboocoooOoooboooobOOoOobOOoOoOobOOOobOOOoOoDbOoDoo
gooooooooooooooboooooobooooOoobooooooboobooooooDoon



gl booogoooooboboboooooooooog
doddddooooooooooboooooooooooooboboobooooooog
0000000000 oooobooooooooooooo oo ooooooa
gobooboooobooboobooboobboboboobobbobboobobno
goobooobobooobobuooobboooobo

2.2 JO000OO00OO0bDbOOoO0oOoobboobobboooboo
gooooobooooooboobobbobboboooooooobboboboboooooo
goboooobooboobobobooboobooboobboobooboobooo
gboobooboodobooboboboobobooboobDooooooooooooooboooOoo
000000000000 200000000000000000000000 Modifiedd
ValidOInvalidOStale 0 4000 0000000000000000000O0O0OOOOOO0O
e Modified: 0O O0DODO0ODOOOOODOODOODOODODODODOOOOOO

e Valid: 0 ODOODOODDOOODOODOOODOODOOOOODOOOOODOOODOOODO
e Stale: OO0 ODOODODOOOOOOODOOODODOOOOOOOOOODOOOO

0doDboooobooooooooo

e Invalid:0 000 O0O0OOOOOOODO
0000000000000 0000000000 dirty bit0ODOO0O0ODOO Valid O
Stale 00 0000000000000 0ODOODOOODOODOODOODOODOODOODOODOOO
0000000000000000000000000000000000 (lead) 000 0O
(Store)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
000000000 (writeback) D0DO00O00O0O00OO (self-invalidate) 0000000
gobooooobooobobboobboboobooboboobbooboobboboo
goboooboooboobooboooboobbooboobbooboobOoobo
goooboobobobbooooobbobbboooooobbobbbbooooobnobobo
000000000 ModiiedDOOOOOOODOOODOOO Stale0O00O0OD0OOODOO
gooboooobooboboboobobooobbobboobobobooooboo
gdbooboobooboobobobooboboobboobooobobooboboboo
gooboooo

3. 0obooboooooboooobooboooonoa

gbobooooooooboooooooboooboobooooboooooDooo

load/store

Modified
(dirty)

store writeback

load LV writeback

Valid N Stale
(clean) store on another core (clean)
load self-invalidate

02 00000000000000O00OOoOoooooogo
Fig.2 Software based cache coherent protocol.

store

self-invalidate

self-invalidate

3.1 0000000000000
ooooooooooooooobooooooobooooooooobooooooooon
gobooooboooooooboooooo
0000000000000000000000000000 (BB)DOODOOOOOO
00000 (RBOODODOOUOOD0ODOUOO0OO0OOLOO0OO0OODOOOOOD (sB)oooO
gooooboooooooooooboobooooooboboooooooDoobooooDon
0000000000000 0D00000O00®00000oo0ono (RB)oooooo
O0o0o (SB)Uo0o0oooooooUoUoo0o0o0ooooooooooooo
ooboooobooooooobobooooooboooboobooooobobooooooooo
uobooooboooboocooboooooo
goboooboobooooooboobooooobo3sooboooooooboooooooon
gooobooboooooooooooboooooooobooboOoboooooOobocOoooooDoboDbon
goooboobooobooooooobobooooboOoboOo0ooooooOoboOoOoooooDon
oboooooboooooboboooobooooooo

3.2 0DOOOOOOOO
goboooooooooooboooooooooooooboooooDooooooooon



Centralized
scheduler code

$OMP PARALEL SECTIONS
SECTION = m e e e o SECTION

PEO | PE1|PE2| ped PE4| PES|PEE|PE]
1 1 1 1
MT1_1

1 st |ayel’ Static scheduling

Distributed
hoﬂg;]x[z scheduler code
MT1_3 \

SYNC RECV

MT1_4
RB

= = [
[ree) (1] ()

2nd Jayer
Centralized Dynamic scheduling $OMP END PARALLEL SECTIONS

Processor Processor
Distributed Dynamic scheduling Group0 (PGO) Group1 (PG1)

() BBMTIDERDT ST (b) A—FAERA A—2
03 000000000000000000

Fig.3 Hierarchical coarse grain task parallel processing image.

31 layer

0000000000000000000000YW00000000000000000
gooooooooooobooooboooobooooooooooooDbooooDo
goooooooobooooooobooooooboboooboboooooooboooooDoboo
gobooooboooobooobooooobooooooobboooooDobDoooDbboOoooo
3.3 UUOooOoooooooon
goooooooooooooooooooooooboobooooooooooooon
ooooooooocboboobobobooooooOOobbooOooooOoboO0ddmallocOOOn
gobobooodooooooobobobooooobooooooooOoboOoooboooOooooo
goooobooboooooooobooooooboobooooobooooobooboooooooboo
goooobooooooooooobooooooobooOoooooboooOooboboOoooooooDooo
gobooooboooooboo

34 UOOOOOOOOODOOO
gobooooooooboobooobooooobooOooboobooooOoboOooobooOooOooooon
gooobooodobooooooboooooobooooooboooooooobcOooooooboo

goboooooooobobooooooooooon
oooooboooooboooooooobooooboobooboooOoboOoDOoOD
goooobooboooooooooooooboooooobobooooboboobobbooooboo
goooboooooooooooooooooooooooooooOoobooooooon
gooobooooooooobooooooboooooooooooobooboOooooon
uoooooboooooooobooooOoooboboobobooboooobobOooboboooDooo
dooooooooooooooboooOoooboboobOobOooooooboOooooboon
gboboooooboooooobooooooboooooOobbbooooOoboOoOoOoOCOoOoDbDbOoo
oobooooboooooboocoooooooooon
EI4(a)DDEII:IDDDDDDDDDDDDDDDDDDDDDDDH)DEIEII:IDDEIEID
0000000000o00ooU0OoUO0oD 4000000000000 OOOUOOODO
oo0O0O0O000000000000000000000000O0O000000A0 doall1_1
O doalll 20 doalll 20 doalll 3000000000000 O0000COO0O0O0ODOOO
goboboooboooooooobobooooooOobooobobOoobooboooOoooboooooDn
0000000000000 (Write after Write) 0000000000000 loop3.10
doall22000000deall220 0000000000000 loop3.1000000000O0
O00000000000000 (Write after Read) 0000000000000 ]loop3-2
O doall4d 1000000doall4.100000000000O00O loop320000000O
000000000000000000 (Read after Write) 0O O00O00DO0O0O
gooooooooobooooooooobooooooboooooooOobooooooDOoD
goooooooobooooooooobooooooboooooooooDoooooooDDbDoo
goooooooboboooooooobooooooboooooooooooooooooon
goboooboboooboooooooboooooobooooobooooooooaon
3.5 DO00O0OO0O0O0O0O0O0O0O0
gbobooooooobdoooboooobooooobooOooobOoboOoOooOOobOoOobOonn
gobobooooooboooooooboooooooooboooooo0ooooOobocOoooobon
goocpUOOOOOOOOOOOOOOOOOOOOOOOODOOOOOOOOOOO
goooooobooooboooooo
3.5.1 O0OOOOOOOOO0
gboboobooooboobooooobOoooobOOoooobOoOoDOOobOOoOoDOonn
gboooboooooboooobooobooooboboooboooooboobOooboOoDnn



(@)JL—THEI7] OIL—THE#%

Mod : A[i:i][0:49]

doaII 1 1 doaII 1 2 doall 1.3

doall 1 od: A[2:2][0:4

2Rt H TFalse Sharing
(Write After Write)

doall 2_1 doall 2 2 ' oall 2 3

Ude:B[0-0][0-49] se: B[1:1][0:4 se: B[2:2][0:49]

doall 2 | Use : Bji:i][o:49]

“False Sharin, loop 31
?Lod: B[0:0][0:4p]

Seq loop 3 Mod : Bl}:i][0:49]

dq

loop 3.2
2Rt B TFalse Sharing Mod: B[1:1][0:49

Read After Write
doall 4 | Use : Bg:i][o;49] B
doall 4_1 doall 4.3
[se B;O 0][0: 49\1 Use: B[2:210:49

7’D77L\J:0)T—91Z€7|'-T-
= False SharinglZ&BT—%{K7F

04 000D0D00D00D0O0ODODODOOOOODOOOOOOO
Fig.4 False sharing detection on decomposed partial loops.
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Fig.6 Loop division aligned to cache line boundary and communication generation using
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Fig.8 Block diagram of a multicore for consumer electronics RP2.
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