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goooobobbbbbooooooouooobbbobboooooooooooon
oo0odbooobobooboobooSIMDODDOUOUODbOObOOoOooDooDbOon
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0000000000000 00O000 goooooooooboooooooooo
ggbobobuoggobobouoooobbboodboboooobobobuoooobo
ggbobobuoggobobouoooobbboodboboooobobobuoooobo
ggboboboooobobouoooobbboooboboboooobbobuoooobo
ggboboboooobobouoooobbboooboboboooobbobuoooobo
ggboboboogobobobooooobbboodboboboooobbobuoooobo
ggbobobuoooobbbooooobbbooogboboooa

gogbbobuoodobbooooboboooobbooooonboboooobo
ggobobboogooboobooouoooobobobooooonboboooooobooo
gogobobooooboooooobobbooobboboooobbbuoooobo
goboooboooobboobbooobbooooobooobboobboon
ggobboogobobooooobbboooboboboooobbbuoooobo
gbogboobobobobooboobooboobobboboboboobod
gbogbuooboobobobooboobuoobuoobobbobboboobod
gbooboobogod

gbooboobobbobooboobooboobobobobobooboobo
gbobbboobbodobbodobbodobbodbobobobobbobobobod
00000000000 QoOo00000O0000O0o0o0oOoooDUoooOOooUoo
ggbbbuoooobbouoodoobbbooodobbboooobbbuoooobn
ggbbbuoogobbobouoodoobbboboodobbboooobbbuoooobo
ggbbbuoogobbobouoodoobbboboodobbboooobbbuoooobo
ggbbbuooogbbbuoooobbbuoodobbbbooobbboood
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ggbooood



gogbbobuoooobbooogboobuoooobboooonoboboooobn
gbogboouodboboogbooboobooboboobooboboobon
ggbobobuoggobobbouoooobbbooobboboooobobobuoooobo
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ggbobobuoggobobouoooobbboodboboooobobobuoooobo
ggbobobuoggobobouoooobbboodboboooobobobuoooobo
ggboboboooobobouoooobbboooboboboooobbobuoooobo
gogobobooooobooogo

godz20bboobbododooooobobbbbodooooooooobooon
gbbogoboobodboobosbbobbuoobooboobobuooboon
googoobobbodoooobobouoooobbbuoooobboboooooooo
go40boogoobogooobooosugobooobboobooobboaon
gobbetoobooobboonobooobboobobooorTbbooboboonon
gogbboooobbboooobobogubbboooobboooobbboooobn
oguobobooo
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gbogoboobobboboobuoobooboobobbobbooboobg
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21 000000O0DOO
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oooooooooooooooooooooobobooOoOoooooDoObObbOn
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functions loops

func: :
3 .LL3:
return %x :
main: s
: ba .LL3
call func :

U1. 0000000

ggobobbobobboooooboboooobboboooon

ggbboboooobobooooboboboooobbooooonboboooobo
0000000000 (Auto-Memoization Processor) 000000000000
goooobobbbbbotboooooooobbbbbboooooooooobn
goooobbbotoooogooooobbbbooooodo1robbooooon
U000 cdlU00OD00O0000D00DO0ODbO0ODO0O000b0tODretern0D 0000000
0000000 funcOD0 return0000000O00OO00OOOOOOODOODOOODOO
goooobobbbbbotbooooouoooobbbbboooooooooobn
0boobbobooooboo.Logooogpbalb0b0bObOObObOODOOnO
0000000000000 00OcallDO0DO0OD0return00000O00O0OOO0O
goooobbbbbbootoooooouoooobbbobbbooooooooobobn
goooobobbbbbotooodoouooobbbobbboooooooooobon
goooobobbbbbotooodoouooobbbobbboooooooooobon
goooobobbbbbogtoooooouoooobbobbboooooooooooon
goboobbbodogoubobobbooolbooooooooboboooooooon
gooooooobbobbbbooodgd



Main Core

input
IIIIIIIIIIIIIIIIIIIIIII matching_
ALU : store
MemoBuf . > MemoTbl
A I write back
Memoiza:[ion
Engine
input
matching A |
write *
\/ back D$2
Registers D$1 < >

2000000o0o0ooobon

22 0OO0O00O0O0OOOO

ggbbobuooogbbbuogo20bbgbbbogoobbbooaobbb
OSPARCV8OOOOOOOOOOODOOODOOOODOOOODOOOODODOOO
000000 ALUDDDOOO (Registers) D10 00000000(D$1) 0000000
0002000000000(D$2)0000000000000000O0O0O0O0O0O0OO
0000000000000 00000000000000 (MemoBuf)JOOOOO
00000000000 DOO (Memoization Engine) 00 000000000000
000000000 0o0oooo00 (MemoThl)DOOOMemoThlOODOOOOOO
cepUO0O0OO0OO0OOOOOOODODODODODbDObOOOOODOODOOn MemoThl
O0bDodboOMemoTHIODODOOODOOODOOODOOODOOOODODOODOOODODOO
oooobooobooboboobooobooobooobooobooooboooon MemoThbl
O00ooooobOogn MemoBufOOODOOOODOODOOODOOODOODO MemoBuf
Oo0oooood MemoThlOOODODOO

OO00OMemoBuf OO DO OO 30000MemoBufD OO0 O OOOOOODOOIOOO
obl1o00bobooboobooooooboboboobobooboooOooOoog FLTh]



FLTblidx.| SP| retOFs|—fead write

#1 #n

O 3: MemoBufO OO

dx0O0OooOobOobooboooobooooooobo SspoOoboOooooooooooo
O0D0000000retOFsUO0OO0DOOO0DOOOO ReaddOODODOOOODO WriteO
ggbobobuoggoboouoooobbboodboboooobobobuoooobo
U000 Read O Write DO OO OOODOOOODOOOOODOOODOOOODOOO
ggbobobuoggobobouoooobbboodboboooobobobuoooobo
Uooobodgold MemoThlODOODO OO

MemoBuf OO OODOOOOOODOOODOOOOODOOOODOOODOOODOODOO
000000000 0DO0DO0obD0obOoboOoOMemoBufODODOODOODOOOOODOO
0000000 0DO0O0bOo0Db0ObOOoOgOMemoBufOOO0DOOODOOODOOODOO
ggbobbuoogobobooooobbbooobboboooobbobuoooobo
ggbobbuoogobobooooobbbooobboboooobbobuoooobo
gogobobooooboooooobobbooobboboooobbbuoooobo
00000000000 DO MemoBuWfOODOODODOOOODOODODODODODO
00000000000 0D00000b000 MemoBufODOOODOOOODOOODOO
gbogbuooboobobobooboobooboobobboboboboobod
gboboooobobooobobobooboboboobobobobobon

O00MemoThlOODOUOO 40000MemoThlODOOODODOOOO0OOOOOOO
OO0 FLTOIOOOOOOOOD InThlOUOOOOOO0OO0D0OO0O0O0 AddrThlO OO
oooooooob outTblD 400000000DO0O0OOO

FLThIOOOOOOOODOOOO0oDOoO0oooooooooooooobooooooon
ggbbbuoooobbouoodoobbbooodobbboooobbbuoooobn
gbobooboobboobuoobbooboobFoerLO0OO0OO0ODOODDOO
DaddrO0000OO0O0O0OO0OO0OODOOOOOOOODOOOOODOOODOOODOOO
gdbOOprevmmputsU U0 0D ODUOO0O0OODOOO0OODOOOO0OOOOOO0OO
gobooobooboobobooboobooooboobosbboboboboooobobooboobo



FLTbl
Index |ForL| addr | prev inputs S Ovh | hit hist
(cycles)| read | write
SRR for memoization------------" ARSEEEEE for overhead filter -------
InThl ~ AddrThl OutThl
FLTbl| . input next |OutTbl output output
1dx Y values addr | idx addr values

—L

O 4: MemoTblO OO

0000000000000000Ovhread/writeDOOODDOOO0O00DOOOOO it
histO O OO OQOdoo

InThlOOODODO00000D0O00000D0O000000 FLThlOODOO Index O
0000 FLThlidx OO 000000000000 DO00000OO0000O0OO00n
odooboooooooooonooodoobooooonooooooooon
odooboooooooooonooodoobooooonooooooooon
ooooboooooooooooooodoooooonooooooooon
0odooboooooooodooooooooooooonooooooooon
godooboooooooooooooooooooooooooooooon
000000 IWThlOOOOODODDOOOO0O0O0O input values 0O0O00OO0OOO
0000000000 oooooonD keyOoolooooond

AddrThlO 000000000 DOO0ODOOODOOOOOO0ODOO0OOOO0DOOO00Od
O0000000000AddrThlO InThlOOODOODOO0O0O0O0OO Index OO0
InThlOOOOO00D00000O0O0Onextaddr OO0ODOOO0OOOODOOO

owThlDDOOODOODDOOOOooOoOoooOooooooooooooooooooo
00O Ooutput addr/output values 00000 0000000000000 O00OOO
O00ooooooooo outThODOOODOODOOoOooooooooooooon
O0 AddfThl 0000000000 OutThlOOODODODOOODODOOO OutThl idx



gogoooooooobobon
MemoThlOOOODOOODODOOODDODOOOOO0OOOOOODDOOOODOOOOODO
0000000000000 0/000000200000000 FLThlOODOOOO
O ndexOODOOOO0OO0O Index O FLTHlidx OO ODOODODOOOO0OODOOOO
O000000 input valuess OO0 DD O0D00O0O0OODOO0O0OOO InThlOOODODO
gogoooobobbbboooooooouoooobbobbooooooououoooo
goog
0000000000000 00DO00000 AddThlOODODOO0O0DOO00O
gooobodoogobobuoooouobbbb b ooobobobuooo
0000D0000oobooooUn mputvalues 000D O0D0O0O0OOODOOOO0OO
000000o0ooboboog keyOUOOOODDODODOOODDODOOOOOD InThlOOODODO
goooooobbbboooooooooooobobbboo
0000000000000 o0b0oob0ooDo0o mThiDOO0DOD
000000000 AddeThlODOO0D000000D00D0000000 OutThlOOO
00000000 OutThlidx 00D O0DO0OD0OODOOODODOODOODOO0ONO OutThl
00000000000 00O0O00/OUboObO0o0oUo0oooOOoooooOooooo
ggpoboboooobobooooboo
O0O0IThlO OO0ODOOO0O 30 CAM(Content Addressable Memory) O O O
000b0ob0ob0obOooooobooooooobooodMemoTHlOOOOOOOO
Oo0odOMemoTHIOOODODDOODODDOOODDOOODDOODDOODOODODOODOOOO
O00000000000000000 LRU(Least Recently Used) 000000000

23 0OO0Ooooo
ggobboggbobooooubooobuoogobbooobobobouooon
ggobobboogubboooououbbooooobboooonbooobn
00 (Parallel Early Computation) 0 0000000000000 0000000O0O
goooobbbbbbootoooooouoooobbbobbbooooooooobobn
0000000 0000000000000 000o0000o0o0oooooooon
00000000000000000000000000000D00O SpC(Speculative
Core) 000 00O0O0ODOSpCOOODODODODOODOOOODODODDOOOOOOOOO
O0000oooooonog MemoThlOOODODOOODOOOOOOOOO SpCODOO
000000 MemoThlOODODOOODDODOOODOOODDOOODDODOODDODOODODOOO



Main Core Speculative Core(s)

reuse —
ALU S ot ALU
Memo | | 767 Memo
Buf =—=store ™™ <€rstore== Buf
Pt MemoTbl

Memoize

engine
reuse ;

U5 000gaoon

ggogdobobbodgoobbouoooobbobuoooonooboboooooboooo
ggbobobuoggobobouoooobbboodoboboooobobuoooobon
gooooo

ggbbobuooobboooobobuoooobbuoooonoobobogasbb
000 SpCOOALUODOODODO (Registers)D 1000000000 (D$1)0 MemoBuf
O000000O0MemoThlO 2000000000(D$2) 000000000000
ggoboboogoooo

0000000000 MemoBuf0OOOODOODOODOOOOODOODODODOO
O0D00D0O00000000 MemoBufOO MemoThlOODOOODOOODOOODOO
ooobooospCOO0O0bObO0oobbO0oobbO0obbOooDbDOoooDObOoOoDOon
gbogbugobobboboobuoobuoobuoobobbobooboobod
gbogbugobobboboobuoobuoobuoobobbobooboobod
obooboboob MemoThlOOODOODOODOOOOODOODOODOODODODODO
Ob0oboog MemoTHhlOOOOODOODOODOODOOOOOOODOODOODODO
gbogboobobobobooboobooboobobboboboboobod
ooopbooSpCODOOOO0OoooboDbObOoooooo200b0DbobODbDOObODbOn
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ggbobobuogoobobbouoooobbboodoboboooobobbuoooobon
gbobogbobobobooobbbodbboobboobbobobooooan
gogobobbobbouoooooooboboboobbooooooobbobobbog 2
gbobuogbobobuodgbbodgbbooboooboobobuooboboboon
gogooo

ggbbobuooggobbooogbobuoooobbuoooonoboboooobo
O00000DO000000bO0b0obOo0oboOooDOoboboooooOoDon SpC
O000000000000000 (Input Pred) 0 MemoThlO OO OO OOSpCOO
ggbobbbogooboboooobboboooo2000bbboooobon
O000O000obO0o0oboooobooobOOoOoUoooboboUooboospChoboobo
gboooobooboobobobobobooboboou4b0b0bo0oUonOFLTLIO
0000000000000 000000O0000O0O0O00D00O0OO0 20000 (prev
inputs) 0000000

oO0ooOSpCOOO0O0DOO0ODOODO0ODOODODOODODOODODeODOOUUODOODO
SpCO 30 0000000000000 DOD0ODODO0ODODO0ODOO0bOOobOODbD 4000000
Ooo0oooooooooboOoooospCObObOO00OObDOoOoObDOnn 56,7
goooooodaod

0000060 (0000000 ODOOOO0DOODOOOODOODOOOOODO
ubobobooobob 4000000000000 s56,700000000000O
o300 sSpCOO0D0DOOOOOODObOOOOoOoOoDOOOMemoTHIOODOO
00000000000000000 60 (b)0 3000 SpC30000TOOODOO
gogdoobbbbodoooooobbbbbobooooboboooobbbobood
spCO0O00000O0DOOoDOoOOoOoOoSpCO0booobooobboooooDoobOoo
ggbbbuoooobbooooobobo

ooboobooboooooooooobooooogspCcobboonDoog s,6,70
gbogbuoobuoobuoobuoo4booboobooboobooboobon
goooboooboboooooboobobooooooboboooospcobogn
ggboobuoogooboo

ooooooooo spCOb 2000000000000 bODOobDOobDOobOobOobOO
oobooobobooobooooboooobooboboobogo spChooooboon
ooboobooobooobooooooooooooooboobogspCdn MemoBuf
gbodgbuoobobboouobdoobobooboobuoobobboboobad
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Main SpCl1 SpC2 SpC3 Main SpCl1 SpC2 SpC3

g i g i
6 6

7 7
reuse reuse
/ /
reuse . reuse
-/
reuse 4| X i

cannot

Time
Time

v (a) v (b)
06 o00ouooodo

gobogobooobbuobbogobboobbuooobooobboobboon

24 0OU000O0OO0OOOO
gogbbobooooboboooobooboooobboooonoboboooobo
gbogboobooboboboobbooooboobooboobooboon
O0bOo0ob0ooboboobooon MemoThlOOODDOOOODODOODOOODODOO
gbogbuooboobobobooboobooboobobboboboboobod
obobobobobobobobobobooboobodn MemoThlOODODOODO
gbooboobbuooobbooobobuoobbobobboobooobboobbo
O00000000000000000000000000000 (Reuse Overhead)
gaon
ggbbbbooodbbbbooooobbbouooouoooobbboooobobon
ggbbbuoooobbouoodoobbbooodobbboooobbbuoooobn
obooboboboboboooobooooooobooboobO MemoThlDODOODO
gobooooboOMemoTHIOODOOODOOOOOODOOOOOODOOOOOOOODO
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MemoThlOOOODDODOODOOODOOODLOOODOODLOODOODOODOODOO
ggbobobuoggobobouoooobbboodoboboooobobuoooobon
ggbobobboggobobuooooooobboboooobooboboooooobooo
ggbobobboggoobooooobbooouboboboobbuoogobooad
ggbobobuoggobobouoooobbboodboboooobobobuoooobo
gbobobobobobobobobd MemoThlDODODODOOOOobOOoOoooOO
00000 (Overhead Filter) 0 000

O00O0ooOobOoboOooospCOO0bO0bOOobOOO0OOOoDODOobOobOOobOobOOobDOon
gogobobboggooobbooo4000bbbbouooobbobooooboon
gboobobooboobobogo rLThiDO0OD0O0OO0DOOOO0bDObOFLTRIOOODOO
0000000000000 000000000000D0000 (O 400 hit hist.)
ggbobbuoogobobooooobbbooobboboooobbobuoooobo

gobogobooboobobooobo robboobboobboobboon
MOOoOOooOooooooboboboooobobbooooobobobooboooo
OO0 SOO0oO0oboO0ooOooboobobooboo

M - (S — Ovhf — Ovh") (1)

OO00O000000vkRoOweY 000000000000000000000000
0 MemoThl O OO DOOODOO00000 MemoThlODOOOOOOOOODOOOOO
00000000000SO0vk f00OveY 000 40000 FLThlO SOO0O0O00
000 Ovhread/write 0000000000000 000O0O
0000000000000000000O0MemoThlODOD0OO00000O0O0O
000000000000

(T — M) - Ovh* (2)

ggoooboogd

00000000000000 (2000000000000 0O0 (1y)ooooo
0000000000000 00000000000000 (1)ooo (2)oooo
000 Gamm OO GOOO

Gain = M - (S — Ovh™) — T - Ovh® (3)

Ob0oobU0 GemOOOOoOODOOOOOOODOODODODOOOODODODOD
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ggbobobuogoobobbouoooobbboodoboboooobobbuoooobon
goboooboobboobooobod MemoThlOOOODOOOOOOOODOO
ERERN

3 Uubbbuoooobobuooooobn

ggbbobuooggobbooogbobuoooobbuoooonoboboooobo
ggooood

3.1 DO0O0O0oOoooooo

0000bO0o0bO0bOb00obOo0o0obO0o0obOOo0obOoo0bOobDbOOoDooooooag
000ooooooobbo000oooouooDbobbo0ooo0ogn MemoTbl D OO
0000000000000 00bO0D000obODo0oboDo0obOoobooDoooo spC
0000000000000 00O000000000O0000OO0O00OOO0OO (D40
FLTbIO prev. inputs) 00000000000

0000000000000 o0obO0o0obO0o0obOoo0bOoDoOoOoDoooDooog
O00MemoThlOOODOOODOOOOOMemoBufOOOOODOOOODOOOO
0000000 (050 Input Pred) 00000000 DOOODOOOOOOOOOO
goobboooobobboooboooobobbooooobobbooogoooboo
MemoThlOODOOOOOODOOODOODOOODOODOODOODOODODOODOODODOO
gooobooboobobooobouoobooboobooboboboboDoobDoo
gooboobooboobuoobuooboob0ooboooboDboOooDbooobOoo
O0000bO0o0oooboooo spCO0bO00DO0bODbOODObODObDDOObDDbDOD
O000000D0O000ODOO0DOoOoSpCO0b00bDOoooOobboOoDoOosSpChoOn
oooooooboobgn

g0ooobooboobooo spCOb0boopobooDbobbobooboboobod
oooobooboboboboboobouooboobooboobooboboDoobDoo
goodobooboobobooobouooboobooboobUooboboDoobooo
goodobooboobobooobouooboobooboobooboooDoobooo
goboooboobobooooobobooboooboboboooboboobUoboooo
o0odobooboobobobooouooboobooboobOooboooDooobooo
oooobooooooog

00000000 (00)0000000Sun Microsystems 00000000000
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0O Rock O0OODOO [11)0000000000O0OO0O0OODOOOOODOOOOOO
ggbobobuoggobobouoooobbboodoboboooobobuoooobon
gbdbodgbogbbobboobuoobooboboobooooboobbon
ggbobobuoggoboouoooobbboodboboooobobobuoooobo
ggbobobuoggobobouoooobbboodboboooobobobuoooobo
gbbogobuodbodgboooboboooboobuogbooooboobboon
ggboboboooobobouoooobbboooboboboooobbobuoooobo
gogbobobuoogobbboooobooboooobo
gogbbobuoodoobbooooboboooobbooooonboboooobon
ggbobobuoooobobouoooobbboodbboboooobbbuoooobo
ggbobbuoogobobooooobbbooobboboooobbobuoooobo
O00000D0O0O00O0O00bO00O0o0b0bO00oDObO0o0oDOoobOoOoOODoSpC
gogboboboooobbooooobobooo
goobboooboobobobooodoooooooboobboooooooooboobooboobo
ggobboogobobooooobbboooboboboooobbbuoooobo
gboboboboboobobooobbobobobobobbobobooooog
g0booooooooooboobobooooobooobod MemoThlOOODOOODO
0000000000000 0000000O000D00ODOO00D0OooDoOOOe6(()O
gbogobgoobobbobooboobooboobobbobboboobon
ggbbbuoooobbooodobobbboodobbboooobbboooobn
ggbbbuoooobbouoodoobbbooodobbboooobbbuoooobn
ggbbbuoooobbouoodoobbbooodobbboooobbbuoooobn
ggbbbuoogobbobouoodoobbboboodobbboooobbbuoooobo
ggbbbuoogobbobouoodoobbboboodobbboooobbbuoooobo
gggobboobbbbbbodoooooobbbbbbooooobbboobo
ggbbbuogobbbouooobobbboboodobbboooobbbuoooobo
ggbbobuooobbbooooboo
gooboooooobooooooooooooboT0O0O00OoOoOooSPEC CPU9%
FPODOODOO 107mgrid OO O0OD0O0OO0O0ODOO30030000 R, V,UO00 R=
V-AU 0000000000 0000000000000000 (18900)0000
000 00000000000000000000 200000 (187,18800)00
ggbbbuoooobbouoooobbbooobbbuoooobbbuoooobo
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186 C

187 DO 600 13=2,N-1

188 DO 600 I2=2N-1

189 DO 600 11=2,N-1

190 C R = V=AU

191 600 R(I1,12,13)=V(I1,I2,13)

192 > —-A(0)«(U(I1, 12, I3 )

—A(1) * ( 1-1,12, 13 )

12-1,13 )
12, 13-1)

il T2 =1L )

il AL TS )

121,13 1)
)
)
)
)
)
)
)

(1 U(I1+1,12, I3
U(11

U(11

(1

U(

U(11

U(Il, 12-1,13+1
U(

U(

(

(

(1

(

U 12+1,13
12, 13+1))
U 11+1 121,13
U(I1+1,12+1,13

U 12+1,I3—1

193 + U( )
+ U(I1 )
+ U(11 )
+ U( )
+ U( )
+ U(11 )
+ U(I1 I12+1,13+1)
+ U( )
+ U( )
+ U( )
+ U( )
+ U( )
+ U( )

194

Cj

195 -

—()(U

196 1
197 U(I1
198
199
U(I1-1,12, 13-1
I1+1,12, 1I3-1

—()(UIl—112 1,131

U(I1-1,12, I3+1
U(T1+1,12, I3+1))
U(I1+1,12-1,13-1
U(T1+1,12+1,13 -1
U(I1+1,12-1,I3+1
U(I141,I12+1,I3+1))

200
201
202
I1-1,12+1,I3 -1

1-1,12-1,13+1
I1-1,12+1,13+1

203
204

vV V.V V V V V V V V V V V

+U

+U
205 + U
206 C'

07 107megrid000000000 (OO)

ggbobobuoggobobouoooobbboodoboboooobobuoooobon
O00oooboobooboobooboobooboooooboospCobobooboon
gogobbobbboodoooobbbobbbubbbooooooooobooobo
OO0 MemoThlODODODOODODOOODOOODOOOODDODOODODOODDOODOOO
ggobobooggooo

3.2 OUOoond
O0bD000O0bOOO0DbOO0o0obDOoooDOobOooosSpCOoboobooobooDOoo
ggbobbuoogoboboooooobbboooboboboooobobobuoooobo
o000o0o0o0obOoooOOoboOoboooooSspCOob0boobobboobbooboobo
gbogbogoboobuogbobooobuooboboboboobonobobooban
ggobobbooggobooboooobboboooobbobooooooooooo
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ooooooboboospCO0b0oboobobbooboobooboboboobooDoDo
gboboobodboboboobooboboobobooboboooboOob FLThlO
ggboboboggobbobouoooobbboodboboooobobobuoooobo
ggbobobuoggoboouoooobbboodboboooobobobuoooobo
O00o00oobo0oobooboOoob0ooooooooooboOMemoBufO O OOO
oo00ooob0obooooooboboooospCobobooooboboobooo
ggboboboooobobobouoooobbbooobboboooobbobuoooobo
00000000O0O0O0O000000O0 (GemOOODODO)DODOODOODODOOOO
gogoboboogoooo
ooooooooSpCObO0bO00O0OO0OOobOOobOobOOU0obOOoOoDOoboboo
O0000o0oDbOobooOo spCO0b00O0O0bDOobOobObOOobOOoDOOobDOobObOOD
ggbobbuoogobobobooooobbbooobboboooobbbuoooobo
gogobboooobobooooobbboooboboboooobbbuoooobo
goboobobooboobooobO MemoThlOODOOOOOOOOODOODOO
ggobboogobobooooobobboooboboboooobbbuoooobo
gbobobobobobobobobobooboobobobobd MemoThlOD OO
gbogbuooboobgobooboobbooboobooboobobbon
gbooboobobooboobooboobooboobo
gbooboobobboboobuoobooboobobbobobooboobg
gbogbbobbotobobbobobobbobbobbobbobbobodab
ggbbbuoooobbouooobobbbooodobbobboooobbbuoooobn
ggdobbbbbbbbouodooooooobbobbbl1ooboooobbbon
ggbbbuoooobbbouoodoobbbooodobbboooobbbuoooobo
gboboboboooobbob2b0bbobobobooooobbobobobo
OO0O00000ALUODO MemoBufOOOOOODOOOODOOOOOODODO
0000000000000 0000000000O0OoOoODODODOOO 120000
ggbbbuoggobbouooobobbbooodobbboooobbbuoooobo
002% 0000200000000 15%00000000000000000000
ggbobbooogbbbooooobobo

(0.26 4 0.15) - (ST /Total) - SpC's (4)

O0bD0o0DoOooooogoosSTOToetalOSpCsOOODOOOSpCOOODOOODODO
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oobodoboooobOoboobooboboobosSpCOobboobooboboooooo
ggbobobuoggobobouoooobbboodoboboooobobuoooobon
obooooo0obo0o0obOoboOoobOobDOobobOobOobooobgoogsST g Total
ggbobobuoggoboboouoooobbboodboboooobobbuoooobo
ggogobobbbobtodooooooob 2000 buooooooooboobooon
ggogobbobodg2b0bboobbbbbobuoddooooooooobooon
000000000000 4)O0ooOoooooooO0ooooooooooooooo
gogbobobuoogobbboooobooboooobo

3.3 Ouooobbbuoooobbbouoonoobon
gogbbobuoodobbooooboboooobbooooonboboooobo
O000obo0obOoO0ooDOoooo SpCObO0U0bOO0bOob0obOOobOoOobOOobDOOoDO
000000000 DO0ODO0OO0MemoBufDOODDOODOODOODODODO FLTHIODO
gogboboboooobbboooobobobuoooobobboooobobo
0000000000000 00O00O0000O0obO0obOOoDOoDOooDOooDOonsSpC
gbogbgoobobobobooboobooboobobboboboboobod
gbogbgoobobobobooboobuooboobobboboboboobod
gogobgbobobobooboooobooooogbobobobobooobobo
gbogobgooboobbobooboobooboobobboboboboobon
ooooboobooboboooogoorLThlDO00O0O00 10000000000
ggbbbuoooobbouooobobbbooodobbobboooobbbuoooobn
ooboooboobooobbogob1gbbooooooogOMemoTHlIDOODOOODO
O0000oooooooooobbobo00g GenOOOOOO0OODOOOOOOOO
ggbbbuoogobbouooobobbbooodobbboooobbbuoooobn
ggbbbuoooobbboooobbbuoooobobobao
ggbbobuoogobbbuoooobbbooooosbobuobobuoogaboon
ggbbbuoggobbouooobobbbooodobbboooobbbuoooobo
gobobooboboobooboooooboooboobooo spCOooboboonoonon
ggbbbuoooobbbouooobobboboodobbboooobbbuoooobo
oboooboooobobobooooboobobooboooobOobOorLPiIDOnoon
ggbbbuoooobbouoooobbboooobbbuoooobbbuoooobo
oobooooooobobobodb0 GO O00OD0O0OO0ODOOODOOODOOOODOO
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[ Aiiipm |

g iougaobbodad

gogbbobuooobboooobooboooobo

ggbbobuooobobooogbobuooobobbooooboboboooobn
O0oobobooobooooooboooobooon MemoBufOODOOOOOoOoOoO
O MemoThlOOOODOOOOOOODOOODDODOOOODOOODOOOODODOODOOO
ggbbobuogoobbbouoooobbboodoboboooobobobuoooobn
Oob0o0oob0oobo0ooboobbO0ooooobbooboboooboooogspeo
ggbobobuogoobobbouoooobbboodoboboooobobbuoooobon
ggbobobuoggobobouoooobbboodoboboooobobuoooobon
ggbobobuoggobobouoooobbboodoboboooobobuoooobon
OO0 FLThIOODOOODOSpCOOODOODOODOODOOODOODODODOOOODO
gogobbobboogoobobbooooobbobooooobobboooonooboon
ooo0obooobo0oboboOobooooboooog SspCObbOOoboOobboobDOonO
oo0ooooooboboboospCO0bUoboboboobooboobobobuobbooo
O000b0o0o0O0obOoo0oOoooOobooboobo spCO0obOOoboboobOo1oOon
ggbobboogobobooooobbbooobboboooobobobuoooobo
ggoboboobboooooobbbobbooooobboobobobbboooooonooboo
gogooboboooodod
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11 rd op3 rsl 0 — rs2
31 30 29 25 24 19 18 14 13 12 5 4 0

09 SPARCO0OOCDOOO0O0O00OODDOCOODOO (0020000 “117)

Ul:00000o0bobodoogn

Opcode op3 Operation

LDUB 000001 Load Unsigned Byte

LDUH 000010 Load Unsigned Halfword

LDD 000011 Load Double Word

LDSB 001001 Load Signed Byte

LDSH 001010 Load Signed Halfword

LDF 100000 Load Floating-Point Register

LDDF 100011 Load Double Floating-Point Register
LDA 110000 Load Word from Alternate space

3.4 UUoOogbOoOoOooon
spCO000O00o0booooooobobooooboobobboobooDoDo
gbobogobooobobooobboobbuoobboouoboob2200000
O00000o0oobooboogo SPARCVRODODODODOOODOODOODODOODOO
gbobooboogbgobog32b0bbodbbodboobouoonoooonon
00000000 8U0ODO0OO0OC0DODO0OODOOSPARCODODD BJOOOOO
gboooobobooboobo200b0 arooobobooobobobonbo
goooboboooboboooboboooeboboooobobodoobono
gbooogbuddub siOs20000000000000DOOO0DOOODOOO
gogobbobbuoogogbobobbdooooobobbuooooobobob 3gn
oo ovoobbooboobooboboobbooboboobuooboobbon
gd2000b0bobobooooooobbob11booboboooooono3gnonon
oo ooboobobobobbooboobooboobuoobo1boobooo
ggbbobuoooobobooooboboooobboooooboboooobo
ggbobobuoooobobobouoooobbbooobboboooobbbuoooobo
googoobobbbboodoooddtsaved0OD0ODOOOOOOO restore
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lcld4: sethi %hi(0x1d000), %ol
lcld8: sl %11, 2, %l0

lclde: inc %11

lcle0: 1d [ %ol |, %t3

lcled: fdivs %f3, %f4, %f2
lcle8: fstod %f2, %f2

lclec: fadds %f4, %f4, %f4
1clf0: std %f2, [ %fp + —8 ]
lclf4: 1ldd [ %fp + =8 ], %02
1c1f8: mov %03, %ol

lclfe: st %f4, [ %fp + —116 |
1c200: call 1c05c

1¢204: mov %02, %00

1¢208: cmp %11, 0x19

1¢20c: sethi %hi(0x1d000), %03
1¢210: fadds %f0, %f0, %f0
1c214: 1d [ %03 + 8 |, %f2
1¢218: fdivs %f2, %f0, %f0
1c2lc: st %f0, [ %12 + %10 ]
1¢220: Dble 1cld4

010 00000booooboogon

O0000DOooO0oOOoSPARCODOOOO0OOOOOOOOOODOOOOODDOD
Ubb0O0OOsave OO restoreU 00D ODO0ODODOOOODOOOOOO0OOOOODOOO
O0000o0O0O000DOo00ooDOoOo00boDoObo0oOo0oDOooOOOOoDOoSPARC
veouoooooooooboobooboob 200b0obbooboobooboon
spCO0000o0oobooooooobobobooooboobobboobooooDo
ggbbbuoooobbobouoooobbboodgbboboooobobuoooobon
OobodobobobooooboooobDboU 120000000 calDOD OO 1c05¢
ggbobobuooogbobuoooobbbooooooobobobooogoobobog
ggbbobuoooobobouoooobbboooobboboooobobuoooobo
ggbobobuoooobobbouoooobbboodobboboooobobobuoooobo
O00b00b00b0DbO0b0obO0bO0bOobDOnDOnDOd 1eldaD O 1c2000 callO O
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ggbobobuogoobobbouoooobbboodoboboooobobbuoooobon
gobogoboboobbuoobbuooboobbuogboobooobbooobboon
gobogbbogbobboobbuooobbooobboobboobbbooobn
ooooboospCO0b0bboobboob0obbOobobobOoooDobbooDobO
gogobobooggooboooooobooo

gbbuodgbbuoudbbodbbodbiblrestorel000nooooogn
gbbogbogbogbuoobooboobobbobooboobuooboobon
gogboboboogobobbooooobbboooboboboooobobbuoooobo
ggbobobboogoobobooooobbooooobobbuoooobboooobg
ggbobobuoogobobouoooobbboodbboboooobbbuoooobo
ggbobobuoogobobbooooobbbooobboboooobbobuoooobo
gboboooboobobooboboboobOobo FLplO0obOobDOOobOobOon
gogobboogoboooooobobbooobboboooobbbuoooobo
ggobboogobobooooobobboooboboboooobbbuoooobo
ggobobboogooooboooobboooooooobnbobooooobooboobo
gboobooboobooboobo

4 00O

gbobogboboooboboobobobooooooboboooboboobob
gboobuooboobooboob

4.1 0O0O0OUO

O0o0ooopoooOooDoo SPARCVEOOODOOOOOOODOOOODOODD
gbboobuogbbo2udboobbbouoboobobooboobbooboon
000 SPARC64-111[14] O 0 MemoThl O O InThlO OO0 CAM OO OO MOSAID
00 DCI182888[15| 00 0000000000000 0000000N0N0N0o0uooo
obooooooobOobOoooono SPECCPUS ODOODOO

Oo0oobooooopoo0oobOoOo0oOobooo cAMO 320000000D0O090
Oo0oooooo CAMO 2000000000 1WOD00O0O0DDODOOOOOO
goboooooboobooobooocpvbbooooobO0bobOOobDbOOoooOoDO
goboobbdogolooobooobbuobouobobobbuoobbooboon
oooooooboobooogcpiOOOdnDO MemoThlOODOODOOOOODO
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0200000000

MemoBuf 64 kBytes
MemoTbl CAM 128 kBytes
Comparison (register and CAM) 9 cycles/32Bytes
Comparison (Cache and CAM) 10 cycles/32Bytes
Write back (MemoThl to Reg./Cache) 1 cycle/32Bytes
D1 cache 32 KBytes

line size 32 Bytes

ways 4 ways

latency 2 cycles
D2 cache 2 MBytes

line size 32 Bytes

ways 4 ways

latency 10 cycles
Memory 160 MBytes

latency 100 cycles
Register windows 4 sets

miss penalty 20 cycles/set

03: 00000000 (SPEC CPU95 FP)

Mean Max
(PYOOOOO 15.0% 40.6% (107.mgrid)
(S)ooooo  19.1% 41.3% (107.mgrid)

ggobobuoooobbooodn

4.2 SPEC CPU95 FP

SPEC CPU95 FP (train) O 10 0000000 gee-3.0.2 (-msupersparc -02) O O
goooboooodboooooobbbooobobbooooouobbobooo
gogoooooobbbnnoooo 3nooo
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12

(M) No Computation Reuse D$1 D$2

— (P) Parallel Early Computation
— (S) Switching Model

exec

06

NV,

Ratio of cycles

o
=~

00

4
L 7
S S >
&
N

O11: 0000D00D0O0OSPEC CPU9% FPO

01100000000000000000000exec 0100000000 test(r)d
test(m) 000000000 /000000 InThl(CAM)0D00000000000
write 000 00000000000000000000O0OO0DSL, D$2, window O
0000 10/2000000000000000000000000000000000
0000000000000000000000000000000000000
00000000000000000000 100000SpC3000040000
0000011 00000000000000000030000000000000
000000000
(M) 00000000000
(P) 000000000000
() DOOOOOOOOOO0O00000O0O0
00000000000000000000000000M)01000000000
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U4 20000000000000000OO0OOO

(P)OODODOD (S)00O000

102.swim 55.1% 96.9%
104.hydro2d 16.7% 56.4%
125.turb3d 12.4% 67.1%
146.wave5 13.0% 42.6%
40000000 24.3% 65.8%

goon

0000 (S)000000000000O0O0DOnOUln2.swimd104.hydro2d0125.turb3d0
l46.waveb 00 D$1O 0000 D200000000000000O0O0ODO0OODO0OO
020000000000000DO0DO0ODOODODODODODODODOOSpCO
ggobobboogooobobooooboobbbuoooobboboooooboobooo
gbobodb2gobdboobooboogobuoobboobbooboobuoo400n
gbobodobbdg2b0dbgbobooobogbooboobobo400boogon
gogobobooooboooooobobbooobboboooobbbuoooobo
OO000O0OSPEC FPOUOOODO200000000000DO00O0O00O0DOODODOO
00000 31.9% 0 00000000000000000D0 64.0%0000000000
0000000000 DDDO execOtest(r)Dtestm)Owrite 10000000000
O(P) 0000000000000 0O00000D0D0D0D0D0OOOOODODOODOOO
gbogbuooboobobobooboobuooboobobboboboboobod
gboobgobobobobboobooboob

ginooooooobobobobooobobobooooboboboboob
0000000000000 00000000000000000O 40.6%000 15.0%
0000000000000 00000 41.3%000 191% 000000000000

4.3 00O

107.mgrid0 141.apsid 145.fpppp 00000000000 200000000000
000000000000000000000000000000000000000
0000000000000 000000000000107.merid00000 1.9% O
000000000000003.1000000000107megrid00000000 1
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00300000000000000000000000000000000000
00002000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000

103.su2cor 000 146.waves 000000000000 0rstep 00000000
00000000000000000000000000 (rstepd test(r)d test(m)0
write 000)00000000000000000 146.wave5 00 rstep00000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
0000000000000 0000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
000000000000 0000000000000000

101.tomcatv 000000000 D$I00O000D$20000000000000
D000000000000000000000000000SpCO000000000
0D00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
000000000000000000000000000000101tomcatyd 00
00000000000000000000000000000000000000
00000000000000000002000000000000000000
0000000

0000000000000000000000000000000000000
00000000000 (P) 0000000 SpCO000000000000000
23%0000000000(S)0000000000000000000000000
000000000000 2%000000000000000000000000
0000000SpCO0000000000000000000000000000
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ggbobobuogoobobbouoooobbboodoboboooobobbuoooobon
gogdbobbobbboooooobobbbbbodooooooobbs2b0bo0n0o0n
ggbobobbooggobooobbbouoooobbboooobobobooogoobooo
0000000000000 000 B% O oOoOOOoDOoooooooooooo

ggbbobuooggobbooogbobuoooobbuoooonoboboooobo
gobuogbbuogudgbbuoobbuodgbbodbuobobuooboboobobod
ggboboboooobobouoooobbboooboboboooobbobuoooobo
ggboboboooobobouoooobbboooboboboooobbobuoooobo
ggboboboogobobobooooobbboodboboboooobbobuoooobo
ggbobobuoooobobouoooobbboodbboboooobbbuoooobo
ggobobbogooobooooboboboooobboboooooobobobobog
ggbobbuoogobobooooobbbooobboboooobbobuoooobo
gogobobooooboooooobobbooobboboooobbbuoooobo
gobobobuooooboboooonbon

5 Uuuububbuoooobbod

gbogoboobobboboobuoobooboobobbobbooboobg

5.1 0OOdQOd
goooobobbbbbbtooooooooouooobbbbboooooood
go0o00oo0OOobigocpUOO0DOODOODOODODODODODOOODODO
goooobobbbbbotbooooouooobbbbbbooooooooobn
00000000 OIntel00 Corei7[16]0 IBM O O Cell/B.E.[17]0 Sun Microsystems
00 UltraSPARC T2[18| 0 0 00000000 DO0OO0ODOOO0OOOOOOOOOO
000000 100000000 64000000000 TILE64[19000000O0O
00000000000000000CPUDO GPU(Graphics Processing Unit) O 0 O
0 0 O0DSP(Digital Signal Processor) 00 0000000000000 0O0DOOOOO
goooobbbtouooogooooobbbbbuoooooooboobbboo
goooobobbbbbotooodoouooobbbobbboooooooooobon
goooobobbbbbogtoooooouoooobbobbboooooooooooon
goooooobobbbbooooooooog
gogooobobobbbbbooooooooouooobbbbbuoooooooada
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ggbobobuoggoboouoooobbbuoodibb 1od1oodilooobogoonon
ggbobobuoooobobbouoooobbboodgboboooobobuoooobo
ggbobbuoggobobbouoooobbboooboboooobbobuoooobon
ggboobobuoogobbbouooooboboooonbooon

guoboboouoogooobdoubboooooboooobboboogann
TILEe4aODODOOODOOOOOOoOobbooboooboobbooobboooo
gogbobobuoggobobouoooobbboooboboboooobbobuoooobo
gogbobobuoggobobouoooobbboooboboboooobbobuoooobo
ggbobboogobobooooobbbooobboboooobobobuoooobo
ggbobbuoogobobobouoooobbboodbboboooobbobuoooobo
0000000000000 O0IntelDO Corei7OOD0OODOODOODOOOODOODO
gbogbdoobodgbdogbobuodbuooobobooboobbobooooboan
gogbobbooooboobooooobobbooobboboooobboboooobo
gogobboogobobooooobbbooobboboooobbboooobo
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Processor
number of cores
number of clusters

issue width

SPARC V9
16 cores
4 clusters

single issue

issue order in-order
register windows 8 sets

I1 cache 16 KBytes
line size 64 Bytes line
ways 4 ways
latency 1 cycle

D1 cache 32 KBytes
line size 64 Bytes line
ways 1 way
latency 1 cycle

D2 cache 16 MBytes
number of banks 4 banks

line size 64 Bytes line

ways 1 way

latency 8 cycles
Memory 256 MBytes

latency 32 cycles
Cache Coherency Protocol

L1 cache MESI

L2 cache MOESI

Interconnect Network

link latency

2-Layer Cross Bar Topology

8 cycles
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pid  step exec Ilwait Dlwait cycle I1hit  D1hit

1thread 0 68013 132755 4631 2536 139922 99.87% 99.17%
2threads 0 43397 95974 4784 2675 103433 99.78% 98.69%
1 25447 37986 213 590 38789 99.98% 99.28%

4threads 0 31087 77585 4761 2882 85228 99.68% 98.07%
1 12735 19187 243 792 20222 99.96% 98.81%

2 12735 19188 218 955 20361 99.96% 98.77%

3 12735 19364 166 822 20352 99.96% 98.89%

8threads 0 25286 68754 4799 2979 76532 99.60% 97.44%
1 6379 9787 218 706 10711 99.92% 98.04%

2 6379 9787 209 946 10942  99.92% 98.04%

3 6379 9904 164 818 10886 99.92% 98.04%

4 6379 9787 189 1372 11348 99.92% 98.04%

5 6379 9829 127 1333 11289  99.92% 98.04%

6 6379 10126 196 958 11280 99.92% 98.04%

7 6379 10152 95 1021 11268 99.92% 98.12%

16threads 0 22380 64347 4785 3239 72371 99.55% 96.88%
1 3201 5086 225 785 6096 99.84% 96.43%

2 3201 5087 176 863 6126 99.84% 96.43%

3 3201 5087 109 1016 6212 99.84% 96.43%

4 3201 5087 176 941 6204 99.84% 96.43%

5 3201 5098 157 940 6195 99.84% 96.43%

6 3201 5087 110 1196 6393 99.84% 96.43%

7 3201 5097 154 1126 6377 99.84% 96.43%

8 3201 5087 169 1122 6378 99.84% 96.43%

9 3201 5114 149 1103 6366 99.84% 96.43%

10 3201 5087 178 1263 6528 99.84% 96.43%

11 3201 5087 185 1248 6520 99.84% 96.43%

12 3201 5087 165 1369 6621 99.84% 96.43%

13 3201 5087 189 1336 6612 99.84% 96.43%

14 3201 5382 238 921 6541 99.84% 96.43%

15 3201 5408 394 716 6518 99.84% 96.59%
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070000000 (SPLASH-2 FFT)
pid step exec Ilwait Dlwait cycle [1hit  D1hit
1thread 0 350726 438370 17182 20018 475570 99.90% 98.67%
2threads 0 313760 389323 17684 15983 422990 99.88% 98.95%
1 41025 54757 3050 6742 64549 99.83% 96.45%
4threads 0 294497 363736 17707 17509 398952 99.87% 98.65%
1 21651 29050 3066 8674 40790 99.72% 89.88%
2 21556 29288 2744 8702 40734 99.70% 90.13%
3 21465 28947 2823 8962 40732 99.71% 89.87%
8threads 0 285901 352286 17541 19553 389380 99.87% 98.88%
1 12761 17284 4142 10094 31520 99.45% 87.28%
2 12677 17494 2619 11351 31464 99.49% 87.52%
3 12939 17707 3101 10654 31462 99.50% 87.43%
4 12661 17291 2875 11294 31460 99.49% 86.97%
5 12523 17069 2847 11597 31513 99.48% 87.32%
6 12212 16525 2613 12407 31545 99.49% 87.96%
7 12407 17190 2849 11504 31543 99.48% 87.82%
16threads 0 283927 349389 18386 27770 395545 99.87% 98.94%
1 10080 13458 5487 18555 37500 99.31% 83.66%
2 9681 13223 3738 20483 37444  99.33% 84.48%
3 9763 13333 3295 20814 37442 99.33% 84.23%
4 8826 11975 5284 20181 37440 99.16% 82.19%
5 8934 12179 4217 21042 37438 99.27% 85.44%
6 9577 12921 3299 21216 37436  99.32% 84.51%
7 8898 12194 4290 20950 37434 99.27% 85.13%
8 9260 12671 3919 20842 37432 99.30% 83.31%
9 9288 12703 2612 22115 37430 99.30% 83.42%
10 8831 12148 3551 21729 37428 99.26% 85.58%
11 8921 12437 3528 21461 37426  99.27% 85.47%
12 8979 12153 3718 21553 37424 99.31% 86.23%
13 9149 12519 6088 18815 37422 99.19% 82.39%
14 8875 12380 2801 22239 37420 99.27% 84.32%
15 8940 12534 3338 21546 37418 99.27% 85.14%
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