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Multiple core designs have become commonplace in the processor market, and are
hence a major focus in modern computer architecture research. Thus, for both prod-
uct development and research, multiple core processor simulation environments are
necessary. A well-known positive feedback property of computer design is that we
use today’s computers to design tomorrow’s. Thus, with the emergence of chip mul-
tiprocessors, it is natural to re-examine simulation environments written to exploit
parallelism.

In this paper we present a programming methodology for directly converting ex-
isting uniprocessor simulators into parallelized multiple-core simulators. Our method
not only takes significantly less development effort compared to some prior used
programming techniques, but also possesses advantages by retaining a modular and
comprehensible programming structure. We demonstrate our case by applying this
method to existing simulator (the SimpleScalar tool set) and developing simple ker-
nel thread library package for simulated program. And also we demonstrate the
upper limit of scalability when using relaxation of synchronization method. Our
SimpleScalar-based framework achieves a parallel speedup of 1.44X on a dual-CPU
quad-core (4-way) Xeon server. And also present better scalability when using relax-
ation of synchronization method.
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[32& 2] Access to shared memory in sequential Multicore simulator
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AY e e FEEA AolxE 7HF 3 740]1’/} HEY =238 A 39
30% 7§E_7]- read, write5- 9] H 2 ﬂ operation®]t}. = 10709 instructionS 43 A7 1
= 370+ v 2 2] operation©] 2= o] At A9 3 4 Abo] Zult}h(1 instruction/cycle 7}4)
memory operationo] WA SIth= ol =2 T3 £ 3 A]H 0] 2] o] & o] null message”} Z
887tek= o Fol e7]C 3}1’/} :’-ﬁ‘7] uff Fof] B2 A 7HE <F #| & 2] operation©] gl 73

<ol g null message® Mol 2= PHE AE B S Aok

3 simple scalar

3.1 simple scalarl| 7H &

oA A3t multithreaded WA 2] HE] T o] Al EF o] A &S 9 35}o] simple scalargh+=
A ABIEE 4% ek [2] 35 AF tlutol29] AAAY BF (machine,
O0S, Z=2aW)E Ul H+edl 2 F40] & o7 E A A& o] E] &= system ] A A F QA
A} simulatedE] &= Z 2 7W S 9 H 0 Z Hlo}E o A system outputd} o] 2 7}A] metricS
3 280 F Weeth 3] of7|d A AlEdEHolH e 5 25 Figure 5 A &

%+ drk
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Trace-Driven Inst Schedulers

Direct Execution

[Z& 5] A Taxonomy of Architecture Simulator

Figure 52] A7 2 o] A o] simple scalaro| A 733 FHojn z}zte] st A
Ho t}& 3 ). functional simulators T2 H7F T2 AoA B 4 Q= o
7194 g9 75& FHY simulated® = ZEIo] ENS

o] machine®] state”’}
el physical leveldl Al 58 A3 22 AFE 7HAA st=d 28-S 2Eh 29 vls)
performance simulator+ micro architecture ¥ 2] 7]5& & 3}9 functional simulatoroj
A BAe = =2 a3 3 Ao =713 time B X 7R physical machined} H] <3} A
sle st} weEbA BE functional simulator®] 7]%<2 B}E S 2 performance simulatorE
U= A9 diREEoln metx BE o Fdo] ofHe Heo| Atk EFF performance
simulator= © 7] Ao 714 A £33 ==E =21 7] u] &9 functional simulatore] <&
HHth go] ¥ B5E Ho 31 9t

trace-based simulator+= WA Z 2 1H L AA| 7|Ao EHA Y& traceE Bl Z A]
EdolAL 3= 7|H ol AA| cpuZt-e functional unitS T HSHA] 931 register Y mem-
oryZ+2 machine stateS traceS HIEH O 2 U0 EFY] wjEof vl Z F&3s5H7]7F 9}
Z19]] B3 execution-driven simulator+ run timeo] program-2 ¢} ] A] functional unit< ©|
2 3}o] machined] stateE gd o] E 3t} 2 B E trace-based simulator 2 t}= & ¢ 138
o G AT A 22 1WL AERol FHAA D tracest AR Gk FA ol Ao of
Al execution-driven simulator+= interpretation®21 3} direct-execution B} 0 2 FLHE =
]| interpretation ®41-2 JVM A & 5}1}2] byte code instruction= o 2| host machine 9] in-
struction © & H}o] A5 direct-execution W42 simulated program®] instructiong
instrument3}o] hostol| A A E&& WAS FH sy,

instruction scheduler+ execution graphs ©]-&3}o] instructiong micro o}7] €l @
9] Aol mapping Al A F= Al o g2 Z &3} instructionS 3F WHol b in-order®t
A1 0 Z graphol mapping® W wWEtA £ physical machineS & Wk 3} %] FEotrial & 4
Atk 1ol H]3] cycle-timer simulators+= Z} Alo] Zult} micro architecture®] 252 $41
3] a3t E47]9) functional unit?} pipelining, out-of-order issue, speculationZt-2 7]
o] A2 % micro architecture @8] Al E & o] E]= 5 A| o] W2 instruction®] 43 Z o
AL 4 AT o] AL £ detail 3F micro architecture stateE A|-&3)| £} 2 AL =
v} 2 performance simulator | 4] = cycle-timer simulators& thA} S 2 3}t
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3.2 simple scalarQ| 7+ =

Figure 6-2 single core simple scalar tool set®] Z A & <l block +Z = ©]t}. simulated & =
2 2 7L static linkingo] H £ E A9 Y 3} loaderol Al A &3}A simulator®] interface
A &S 3= loaders simulated ¥ = Z 2 132 v} © & simple scalar simulator®] F+%<
Zu]8tt}. o] 39 A3 flowEs F 23517 Aol WA simple scalar®] Z7FHS ©] £+ functional
core, performance core, simulator core?] FZE YolH 7| & 3}

3.2.1 functional core. A|Ed|©]E]9] functional coret= functional simulatorol A 22
3t architecture level®] 7]%5& ¥ 3}l3l 9lth. Simple scalar+ pisa(potable isa), alpha,
arm, ppc2} Z+2 Multiple ISA(Instruction Set Architecture)& X|@3tct. E A oA=
arm ISAE thAt© 2 3t functional coreE A B3 T ISAYF ARM ISAE w}gks Hol1n
v A w22} 7] A], micro architecture level®] =& = simple scalar E-59 LR E AFR
sltl. ARM ISAE w}gh7] ] ol simulated H = Z2 13 Ayd T ul&= armg Ay}
A& A-g3to] vol el & Eojof B,

Register seto] ISAF-Z ol 2HA| whe} 7o o2 HEQ arm ZEMNA 7 7HA 1 = 3§

£ FA 3Rtk GPR (General Purpose Register)+= 16717} 913, 1 & 132 sp(stack
pointer), 14H-2 Ir(link register), 15¥-2 pc(program counter)@ AFEE T} Z2]31 ARM
ISA Y&F 528 BYHH 3t Aolst7] #3 cpsr(current program status register)2}
spsr(saved program status register) S 7}A| 31 9l T}

w28 LXE simple scalar7} BE|Z 2 18 E Al E# o]E = ol X ¥t 4GB virtual ad-
dress spaceE A5t Jth. 7Sk Level 1 page table?r2 F3 3o ZF page table
entry+= linked list 2 swap out & pages= K &3l Ut AA HojX7F L HE w] T
E machine9| A 4KB 37]9] o] A& &3] simulatoro] Al AF&3st= F Xt} virtual
address space’Joll A text 9§ -2 0x00400000H ] 319 F2(FA7F AAE &) A3
Ao upgE of#fol data segment7} el 31 1 39l A TS 9] heapo] AlF
Hroh 0xCO0000000FE 9 Fa(Fa7E ZopA = £F)E+= 2" o] A2t programs
St argument®} environment parameterE simulator® % Al 7l oA o}l A3
O W 89 1GBE LR AYS) AFEE Aol T2 AT s

BE 089 feature7} simple scalarol]l & = o] 9= A2 ofY A gk 2+d3t system call-
proxy system call handlero] 73 o] 9lt}. A A 2+ Ultrix Unix system call®] subset&
F33AL A|2" ZL A ste 7|2 A 41 SL Figure 69 proxy syscall handler
parto] 2 Ue T} A simulated programoi] A write(fd, p, 4) 2}= system callo] 1t
At B A} instruction®] system cal(SWI) 4 -& Lol decode 2 &2 proxy syscall
handler logic-S & <3t} handlers A|2~El Z 9] argumentS simulator?] memoryol] & A}
3+l hostol] A A A A| 2"l F sys_write(fd, p, 4) & WA A7ty 28 F yehd 235 o}
Al simulated program memoryol] BA}S o 254 A|A" ZF A E S53rh weoF Ay &
T Rt A2" Fo] 2 IthH handlers 1 FAIS) HE] AL FATE 5+ Qe A5 Al
E ol dE H5o W o]y 22 A 7S printfu} malloc 2 £F ¢ §FE
< simulated programol| A AF&& 4= It} t} ¥k performance simulationA] A| 28] 2 ] g
RE2 A7 270 Bk ok BAol Aok

3.2.2  performance core. A B °]E]2] performance coret= performance simulator oy A]
Z 2 2 3} micro architecture leveld] 7|5 F33t1 Yttt =2 AES A 7HS =A 57
TFREO] 7)o 2T Ho QT 7] &= AL I 750 EHE HolEE £
k31 Thgk A ZHAFS] 549 @/ tol = A& B AS) oF 3tr}. simple scalarol] A
ulti level cacheE Al & o] A & 4= 9lt}. 71¥ L1, L2, TLB (Z+Z} instruction¥} data@
) cache®] 725 AAT 4 glom AA A 2 cache hierarchiesE 7] 242 & 4 9]

e

Hrr x4
il g ok

30
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Simualted program

Simulated Program Binary {static compile)

Simulator

Interface

Funtional core

Simulator core

Performance core

[2& 6] Simple Scalar Tool Set Structure
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o} 2E cache®} TLB A AL 22 =Wl o 7 715 3o setQ] 42} associativity®] &, set
replacement A ZF(LRU, FIFO, RANDOM)S dd & g3t Zlo] 1 xWo| Hr}.

branch predictor & A —;B_ﬂ performance core®] 3t 3}E 7} "t} branch predictor+=
2 742 Zhe| el wel AR sk Aol & v A "ok dA) AlEd olE o £
o] 9]+ branch predictor®] 7}Eﬂ_ﬂﬂ% perfect, bimod, 2-level adaptive predictoro|t}. &
3] branch predictor+= speculationg oA d|F+ S 23 gtE o] 7] wFf time & .o
IVZ A4S 712 A St

o] 2] o = pipe lining, ooo(out-of-order) issueE 7} A 3| F+ resource management 7|
9] 9t} resource management 7]5< 7)) functional unit(integer ALU, integer
multiplier /divider, Mem port) 3} reservation station unit, reordering buﬂ?er7 load store queue,
create vector(register rename table) 5= ©]&3}9] tomasulo &1 2 Fd3g e

3.2.3  simulator core. A& °] ]9 simulator core= 2FA] A W 3l functional core} per-
formance core?] 7]5E& o] &34 AA Al EH o HY cycle‘:L 24 gl oF 3f= I =2 Fd
g Asty 1AL H]-H?ﬂ-l’/} functional core®] 7]% % AF23}H simple scalar+ functional
snnulator./] 2507 F A3 performance core?] 7]57}A| /\]—ﬁ?ﬂ—fﬂ performance simu-
latore] 250 2 S2351= Aojt). 2 A Figure 50| 4] A A < o] I E o] performance
leafol] ¥+ W& 2] 931 T}E functional leaf 20 2% Z X ?ﬂ-t 74 0] c}. @XH simple scalar©]
A A3 = simulator suiteE U<Q 313 D‘r%.ﬂ]— Fdau’y

— Sim-fast: functional simulator

— Sim-safe: functional simulator, w/ option checks
— Sim-profile: functional simulator, lot of stats

— Sim-cache: performance simulator, cache stats

— Sim-outorder: performance simulator, ooo issue(functional units), branch prediction (mis-
speculation), cache(L1, L2, TLB)

Sim-Outorder 7} multithreaded ¥ A 2] HE]F o] A|EH oJEE AS3Ie = t A o] 511‘/}
0] 9] o = simulator coreol] = A]Ed o]E A|AH 4L "475131' 4> 91 = optiono) 2=
E34 Al EdE ol H /\]/\‘5“4 45 S8 A A E %% Statsa}t REo] txﬂz}u}.
o] ZEL 99 B E simulator sulteoﬂ A AEEE=HE 2E 0] t}.

33 MM =208 8 72X
Loader 7} simulated ¥+ Z 2 73S simulatord] ¢ o & dtolE o] 1 G t}2of WA=

execution flow”} Figure 79 YEFY At} A simulator 73S A A 01—7] 9 :} option©]
TF Hi F4Y Fhol ©]/443HA] checkdt= FHO| A HAth 047]/\1 o] %43t Hol A
= H Al EYolH = A& HA] a1 AFS A A s =S o] ofH optiono] ZEH =
] 8] E 3t} optiono] o o]Ato] 12 simulator®] machine stateE initialize &=
ZE o7 E90] 2tA] memory®} register file2 created}il initialize 3| =T I# F A
WY simulated program®] code segmentE textd & o]  Y3FT data G A A] setting
gttt stackol simulator7} F+% F 134 Q 34 3 J—Elﬁn 07 AYEE argumentE Y
sty 1831 UhA] simulatorol Al & 3 W7|E A3t SASAE HEE 552 ot
simulator main© & & sz 3lc} simulator mainoj A= 7]%7—1 o8 g 7o A] Z}'%} pcdk
I} spFhS o] A A= I performance simulationS 9 3F o] & 7}A] 8] A5 9| create® 1 U
Al initialized t}. I8 F main loop? X202 7}A AlEG ]S A|Z3t) ©] main
loop= LRI o] E7] A7EA = cyclentth A& siA] HhEo] ok Z & T3 0] exit()

N
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A2®l 25 3F oW Al2" F handlerol A lonngp()stl'—’,\—% o] 23 A loopE W o]t}
loopE Yot Fol& A }7} A3t statisticsE S HstaL Al g )HS TR

l

simulator option register/check
simulator initialize (mem, reg

reg setting(PC,SP) simulation end

Simulator main Print Statistics

create)
q | 8
Load program | Fetch P)Dispatch|—»| Scheduler }—> Exec —*’Wrireback}—> g
(text, data section in binary to N D
. P
simulator memory, P
stack arg, env settin &
g g) I-Cache 1]
l (IL1)
imul " . Syscall
simulator statistic reg_lster =3 hadler
usage massage print T

Virtual Memory

[3& 7] Simple Scalar Execution Flow

000 issue 25 & 3t sim-outorder®] main loop& Figure 78] A 3}A 2902 A d
HBolt}h A Y WA instructionS fetchsl] 2= WA ZE A 23t} o] ©hA = machine fetch
bandwidthE 24 & s} th program counterZtz} predictor stateE H 11 instructione
fetch3al] 2T}, branch execution unitol] A mis prediction©] WA SR THEA o] THA oA LA =
1 FAA © Z prediction©] H F4a5 <4 uf 71X block Ht}. fetch ¥ instruction< dispatch
queueoﬂ do]z]r/} a8 3 ot /\}Olioﬂ access cache line2 93 A] line predictorE
probed}A] E T}

dispatch THA o] Al = fetch THA o] A] g 0] & instruction= scheduler instruction®l] @+
<2 33514 "t} machine decode, rename, allocate bandwidthE 293 3} t}. dispatch
queue®] Eo]7} 9l¥& instructionS 7}4 2FA] decodedt L pre-executeS & T} pre-execute
A o A] data dependenceS optimized}1 branch predictionS w2 &-¢lsf Er} wkek
prediction©] WA &% tFH machine®] AFE] S speculative state bufferol 4] o] E stz =
x| 8] stt}. thek copy-on-writeA] & ol A speculative state buffer Ab-8-2 A] 2F3ET}. reservation
station I} load store queue©] entryE &%F35}o] instruction®] decodingAejE A #3lct.
memory operation©] 2@ memory dependence checkinge o] A| Aol o7 a8 £4 3
t}.

scheduler ©+A o 4] = reservation station I} load store queue®] entryS &9 3}l A A
functional unit®l issueA] ZIth. ©] @A = instruction® functional unit 2 2 2] issues 2 g
7 3t th. 2 E register inpute] £8|7} H instruction issueA] ZITh THeF R E W 2 g
input(effective address)©] 8] ¥ memory instruction?® o= th3 22 wixog &
ZHslt). o] Ao LA B store’} YT F A store’} L addresszFH o] A stroe= FA]FHLL
merged] HETH T A 95 © W D-cacheE accessd}A| Shtt.
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execute T7| ol Al = schedulero] A ¥F-2 instructionS A3 Al 7]= 4L 3t} functional
unit?} D-cache issue2} execute latenciesS 2@ s+ttt A AR 7}5 31X] functional
unit state2} access port stateS probe 3| £ T} /\}%-7}%5& A& 7F 9 tHH Issue bandwidth gF
= [ssued Al 71Tl execution©] ZUH instructione writeback @A E B With g1
functional unit2] A‘ej e} D-cacheo] AYE]E updatedtt}. D-cacheol accessT wf hit7} = ¥
D-cache access latency B 2 cycle2 7] the] A 9k D-cachet} D-TLB| o} &} miss7} v}
miss latency 7} A E &8 A v 9] issueol thdto] stalldlal =t}

writeback A A& committ A 2 instruction= E W 7] Aol mis-predictions < 7
AFstth. =, writeback bandwidth, mis-predictions detection% 293 3gch  mis-
prediction®] 7ol mis-prediction recovery sequenceE WEA]7IT} mis-predicted
branch?l %o A ¥ 23S Z& predictiondl branch 2 0] A © & machine state= recover sk
t}. reservation station< recover 3}l rename tabled] £¢]7} @ ZFEH output depen-
dence G A] o|uf recoverdtt}.

commit TA| ol A= instruction®] in-order retirementE ] ] $Ft}. EESF store operation
ZA$-oll= D-cacheZ commit S} ZS X 2|3t} architected register fileZ instruction
commit 235 F7}5}3 2o wetA architected register file2 7}2] 7] © rename table %

Al ddlo]lE sttt 283 o} 2 resourceS-2 reclaimd Al F ol £+ instructiono] &2

alA A-gE 5 9A B,

4  simple scalar multicorebB{ X 2| 7| &t

4.1 Core duplication

[*]
=

7HA] A& single core simulator(sim-outorder)& multithreaded W2l HE| F o] 2]
gl o]E & & 13 o] Figure 8°]t}. functional 012 ¢ A FE 3} performance T o] 9
duplicate 3} 7 U 3F}2] task @9 2 T 5, multithread -5 A multithreaded
Folo A EH olH 3 E'_P‘; glt}. functional cored performance core™ A&
w2 g o] &%= W duplicate th/deo] H Atk 283 o] task(e] 7]
Elnalel EZ})E “&EOPH multithread3}sfof @ HEL Fl3] §gojo] oz}
st 4= Qa1 o]t HES Akt st g FH O R thEoA threadZ B4 Al F
. ©] @'A FEE 9o Z Fof threaddt! b‘]—ﬂh‘/]—,
o] A Figure 618 o] A functional core2} performance coreE X A duplicated] oF 3}
23} g2 5] A multithread 2 BHEojof & R Ho] Zhzh 28-S & 5 Ik
functional coreS WA 4w W W register set2] 73‘—?—‘: duplicatesf 4] Z+ F o] wic} Fof
3ttt Al EdlolE] Z 223 QFof| A register set-2 3] structure@ FAE o] Itk F o
threadu}t} o] A structure’} LR 3HA oz 7+ i’01 thread ¥ 2 array A3 X9 F7+S
o] F= AL B = Qdrd. AA FEL thread local storagezh= gee 3.3 ¥ A
o 298 J1$8 AFAIUL, of Jge BE mA=T FIT o129 WEE A
= 7R _thread®h W ol BolRY WAZ e 2 20T 5YA 5
%2 AR5 AT o6 WEOIA UL single 2 A= Te1AL FI3)
EEo a8 S e A s A 34952 A4 559
vpt o] =AU array3}shA] oFar D}TO] 2 EHE G "AFAH AT 5
2 _thread 7] ¥ == glibcoll A ol 8] 3t errnool] A2 1 Yt} o= 2 g & U]—l‘/]-
fﬂ e A7) AsiA ]‘jr _thread= gecl 9] 7|91 E o], T34 /\}%
© 2 pthread®] 2= I d o] E(TSD: Thread Specific Data)7} <185 o] )
]E pthread key_t A& & 3} pthread _key_create &7} U Th tls&= AF-&of A °k°]
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Simulated Program

thread
1

thread

|il’ dL 7

Core 2

iL1 |dL1

Shared L2 cache (unified)

thread
n

scheduling
lime slicing RR

Core n

iL1 | dL1

[2& 8] Multi-threaded Multi-core Simple Scalar Tool Set Structure
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fE2E oz £, TLSE 852 #Ad 2.6 + gee 3.3 + glibe 2.3 + NPTL3}o A &8 &
% Slth w ek o} S0l wekA s TR o) AA th=ch o SR xs6ol A TLSE
TH3H7] A8l 2 E HAAERE Y%gs Al ITHE HAAEE 0] &3 1’/} Zoll= MIPS2}
2] A2 2 A~ ol 9A GoBE TISE FAE 4 P DA E 9
o} [13]

ZF 7 o] threado| Al FF5 = ISAE F0]2] physical logico] E]—_Tl g 4 Q) ISAE
3l Frul Ay »= Aol7] W2 2zt FH o] threado A = 0}04 FA7F 71 A
or=t}h Memory+= 2 A79] tAlo] shared memory based multlcore simulator ©] 7] o] &

ol duplicated}®] ¢rolx B Th wek BA wrg SA4o)gtd z+ze] :oj= xpAle 23
HEE 2T 4 oy o wE g = tlolEE Hst7] 9184+ DMA(Direct
Memory Access) & & o] & AH&-8te] Aok HolE & A1 9] 22 v R 2|2 744 gfof Shrt

o] 213t Lo = Fo]E duplicatedt= 2HY ol memoryE duplicatedt= 24 GA] 271 9
ojof gttt Al2H F RELS /\}’“ AR T2 7F ob el ol o H= Aol sirt

oL

ST A2 RN SHHE WIS W Eo) A2 2 ofe) 310] thread7}
42 Bl 57157 Basich thuk o4 AEe Mol Bl ASE B2 ¢

al mutex%% 01&5]’@] 5} ol gk o] thread7t E01tth= 21 A=W A1A F9 At
Al olg st A2 BEA AY 244 H reentrant 3] £ AES BE=E 6]—01 NEN-)

Al
2 BEe TN/ o] BAGE BACIG A%2 AL 26 A8 AL E o A
T A A EE BEhe A of 2] 0] thueadZ} S AN A 24
28 AHgatolE BAE 92 Aok

o] A| performance T o]l A duplicated 23} thread3s} A|Z HES 43X 2} branch
predictor= ZF 30 thread =2 E7]3f oF 3}% XPL?-ZED}- AR Zoj7F A A Y=
instruction?] iE% & zZF o =35} branch7} VS ulf takenS A] not taken& X 24 s+=

Zolng tpE3] ZF Fojo] AR A3 54Y AHLOﬂ %’i\’/} branch predictor+ predic-
tor£%3} BTB(Branch Target Buffer) 2 :rL"q o] 54 = 7 EE A structure® = o] 3l
ovZ TLSE A 8L 3t ot} mis-speculation ©] 3 2] roll back3}7 of| A o] 1] ?ﬂ
3y sk -2 F o] o] H R g operation®] semantice 7/H A7 84 5 At vl go] o
o] &gt Zﬂ Sk AFG7FA] T3l A] W operation©] © ¥l 8} A speculative machine stateol| A 2
Y= 77 & 3] mis-speculation©] ¢t B A Slof A 2 original machine state©l] commit 3}
= AF3E 2 e =7 BAsitt. 22 A branch predictorE o] -2 515 wrong path®
mis-speculationdt= 852 ol FTH AA R AL HE|Fo] S HE oy E=
o] Z71e}, 4+ IS E duplicateﬁl—%tﬂ 2 ¥ 5 = transistor2 ¢13}o] branch predictor 7%
E ks AV ket A7t Bk

A UAHE FE+= tomasulo %}lﬂ%% Z ‘fﬂ T8t Atk ApAIF 22 ¢
3 2o Ay d Executlon FlowS B4 =ttt zZF 0] ¢k Al ooo 1ssue7]- o] 01 U

A 3.

+ 212 A A 2 multithread 3 €] 3.0 A]ga] o] gl ¢] &= g Zzo|th welA] o] HES 3}
1] 42 wE o] A multithreadd-d+H A 9A 23F multithread e Z o] A Ed| 9]
HE #+3dg 4 At} AAZ Execution Flow+ 6}1/}4 simulator maindrg=o| A Z+7] t}=

pipeline stage &5 H 2= A ot} A T2 314 ©] simulator main&+E
pthread_ create@’—’r—g 0] 23} 4] multithread3}st= W2l o g 28 P} o] HEo] vl ¢
ol A A3t Fof threado]t}. Figure 8 o 4] o] thread F&-2 Corel, Core2 ... CoreN2
= E/\lﬂ = block®]t}. simulated programoi] A] ¥FE o] 2 thread 7} Work queue Ao g2
queued] MZ& o™ Fof threads©] I queue A job(simulated program®] thread)&
shubAl 7 Weba sl R Al 7HE ¢ A 2] 8FaL thA] work queue] W :anﬂ derow ¥
E] 5 o] /‘]E"fﬂ o] E] 7} 5 Zrgtth. £ work queues OB A YA HE t=71% F5l 9
S 7] —’,\— 2)\‘— factoro]t}. 1/05 22 thread 7} blocke] ® AH$dl&= wWZE /O queues
U&‘: AN Zrx Qa1 S T3 Fojof= cache affinity SHE 1 sto] ThA] & 2
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5g o)A 3t 59 optimization 7)WS 73] 2 & rh pthread FAT} ] 53
A5 45 Fop AR
AN AR = A A s

st ulg]o] WRe] RdE AFESloF st © Shuhe] F - A H o]
t}. Figure 8ol A &7 A AL shared L2 unified cache® Y} 23 v} 34| 9 private L1
data cache©l] cache coherence protocol®] &3 ¢131 34}t cachet inclusion property S W&
7] W&ol 2E ¥-77} L1 data cacheo| A} dojdria @& 4= Qo) 4AA wglo] mdlo]
T3 Figure 90 Y& ZE=E o] &33th. 2E memory < operationo] 91& wl& |
A L1 cache ] F A A Hth of7]of] QoW HFE AW 2] 3L miss7} A 3H5] w2 2] Al
oA 7k 2 A = Ak A= Ll cacheoll 227 H ot o] 28 L1 cacheE accesssh= o<+
A] L_synchronize &8 WA AXA goz wlglo] 22 2y HAct wlgojs U4A 2.3
Aol A A st &38| =2 pthread_mutex_lockd} unlock, pthread_cond_wait2} broadcast &
T3S AT FF M52 1lsyne array©l] F 2o oF & oz WA lock 33 2419 local
cycleg Th2 Foj7F B 4 A HulolE sty 17 F AHAlo] 71 =7 cycles Z 83t
I e 2ol B " It IE FE oy tE FojE 77 H A signal2
broadcast 3t} 1% F F3F loopE EHA] AF4lo] 71 & cycleS X831 J=4 A
AR BT 184 YRR 22 WAolA FEL. FoIA A ol ¢ £70] BEaTHE
W] 2] o] ol Al L}2}A memory operationg & sttt AAZ T35 tf 719 g o] A
o7 7 Foj= A load ) storeZ} o= v]-&<Q 540 F wlit} signal & EE] &t} 9]
Zlo] v} & Null messageo|th. T3 HA| F o] 7} simulated 3= 2AH =7 £ 8 39S wl=
signalS 48 =t}

void L1_synchronize() {
bool_t check_again = FALSE;
pthread_mutex_lock( &llsync_cond_mutex );
11_sync[core_id] = sim_cycle;
pthread_cond_broadcast( &llsync_cond );

do {
check_again = FALSE;
for (int i = 0; i < num_cores; i += 1) {
if (i != core_id && 11_sync[i] < sim_cycle) {
check_again = TRUE;
pthread_cond_wait( &lisync_cond, &llsync_cond_mutex );
break;
}
}
}

while (check_again);
pthread_mutex_unlock( &llsync_cond_mutex ) ;

[Z1& 9] L1 Data Cache Synchronized w/ Barrier

L1 instruction 7JA]2] 7%= read only©] 7] W& || cache coreherence protocol®] &
297t gtk 2Bz FRA-"e] HA ¢l L1 data cacheS}= 28] R Wglo] =
do] B2 gith. DTLB, ITLB 9 A< % duplicate’} BL3tch SA) a3t ww e
9] working set-> Z} Fojutr} Wo] zpo]7t FZlojty. TLBE +-f3tW capacitye] £3F
© F 913} tlb miss penalty7} A& Z o] 12 A =™ physical level S 2 Wl & 4
< Zojth. A7) w4 AP Zo% 573 FAYGA S ASATE £ =
. webA TLBE duplicate® 3tk 2222 A A 9E 2 memory page table2 &}

S sttt 287 wiiEe) thE Fojrt we 52 =A AT or A FU= A

4 2
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physical level#}+= T}Z page table?] FR 7} R &3 cycledHE A & 5 Yok (ZFE
" A7 e A+ d=th) TLBY -2 &4 data 7§ AL} instruction 7AAIE 23t
+= memory operation®©] ¢l ojofgt 2HAISiTE, DTLB7} 22 ¢+ L1 data cacheE F 2
312 @ memory operation©] ¥l 8]} & F3l TA7FA] RE F713HE BAFEH7] wEoll A
23t physical level }= Th2 page table®] H W7} WA 1A b=t} dA 9k ITLBS] 72
+ L1 instruction cacheE 7 =3}# © memory operation©] read2 9k J o 2 Z 7|35 gt
ottt A wEol physical level#}= ThE page tabled] A H 7} A 4~ ) o]
ko g ITLBO) W8] o] & X © A instruction cacheol] Wl g]o] & A of d=tl| vj Alo]
ad?F Y oj U= instruction 7] A]9] W Elo]E Rtl= AL YT A% A5 2 e &
71 ZobA] Ehoptt. 28tk wpRZEAE w Abo]F access7t H = ITLBoY 2] o]
2 QA 2 45 At f8lE 7] wiEol 2F7F2 physical level®] semantic¥=
2| Bk ITLBS} instruction 7§A] EFol Wlg]o]E XA skth. kb2 E9 Ao & A
Boh etk Aol SAZ E 5 AAu Hoke A3 9 & gk 4

4.2 multi-threading featureE E{5}7]|

= o XN,

= @

Lo
rlr

R TS YR | e
30,

[ru

P

multithreaded HE]F o] AJEd olEl&= & o] F Ut} o)A simulated F & =
w3t LR E 7}A of F=A] o]ok7] s H A} Single threaded applicatione ¢ 3]
AL o] 83HA KXottt dE 2292 HE To] AlEHHE o] & 7+ AT 7
9] F§Al Y TLBA}O] o] sharingo] &S 3 dojdt} &x|8t% false sharinge] T
Aolth. 287 wjEo] 2228 WY ALY E FA9d Hol U vieo] gl g
Weso] B folH SRR A% Ae Ao NS FAT Qe A
B A B0 RathA) S

128 multi-threaded Z =2 2 3; o] FQR3tt}t. 7+ threaded7} A2 T2
frotHAl Aam oo sty 13 7] wfF ol user level®] HE 2= 227
th. ULT(user level thread) ZZ 132 runtimeo] Wz Z 2 73;of 3}
= FAo 7 Fopzith 0S7F A3 time quantum-g AR Z 2 A 2of et
runtime©] TEA] I time quantum< R 7| A threado| Al &% d= WHAlo g 3 o] Hr}
thread= OS2} machineo] oW FZXE 7[X 11 Y= &A F3+2 vl E OS2} machine®
AA o] ZEAATL o3t A 02 FAe =R EEth SR 92 St runtimeo©]
0S8} machine®] 72 & o] W el 7] w]&F9) thread= 319 ol BE|Z 7} JE=AE B
23 gEo] AT =% gtk glibedd 1+ setjmp(), longjmp()EF+= continuation passing
style®] & AFE3lH ULTE gA 738 5 J oy 227} Y3ke featureE Y EFUY 7]
281 A= KLT (kernel level thread) 7} 2 @ 3lt}. KLT+ ULTS} ¥ 2 OS2} machine] -
27V oA B A €A QoW mebA o9 27 HEFe] Bt I R E O8I ES

)

M ox 4T R
o o

2 rlo @ do & off fr 2,
[
o=l
>,
otk

AUR/C 1)
Ry o
2
off
rlr E?I‘ Al
N, X flo

M X
i)
)

=8 Aojth. &, Ad <ol ZRAAAYE 27 o] Hial Aol HE Ao
=22 3t} B o) A A 23 multithreaded ¥ A 9] simulatorE E|AE 31 H 7] 980 Al
o023 22 KLTE +3d3a [5] [7]

A oA 2 =7t 8 Aot AT A4 21 AJEF o H = AHE oy 059
M 7FA 3L YA et} ot A 9] subseto] 2Fal dF+= syscall handler7} Q1 2 o] A 37}
0] threadol] 7+t KLTE &3t thiE 4 Ql KLT QI pthread & ]t $F Wl x| n}7] s}
Row ofgfo] Hole T4EY set2 FHSSTH

— int thread_create(void (*funcptr)(), void *arg);
thread create &4+ thread® A3 Al T4E 718 7)== &4 Z A E] 9} threadol] Q1A}F
2 AZe void ZAEHE AXE W=t} ARMoA] &4 TEA] AAE 105 E 13714
Yt A3 2% BA0Z G5 EIAE void EAHE inline assemblyE o §3H 4 7
A 2H 102} r1o] B2 LA SWl(system call instruction) & & 3}, syscall 3152 of] A]
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=108} 119 G AR &4 Tl EIQ) AAE QA EE vlE S & work queued] A 22 itemE
ot} 3t item2 simulated program®] dFu+9] threadoll mappingo] ¥ v oS3} 2+-&
ARE 7k At} [6]

thread id+ thread WZ 73t Zto]lm A2 thread”7} Al o] € uf, = item® A= Tt
Sol A o} FojAt} T items 97 register seto] TFo] Ak shupsid AA 229
=7} F o] thread Aol Al ET}7}F work queueZ yieldE 92 Wi, register set] FEE 74
S3 lofok 3] oItk Lejo} ok A2 e Tof threado] FRE UL W o]
thread®] register set-2 @ A| AFAlo] 7FA] I = register set &2 Yo & 4 9 18
oft At 2 ¥ F=3 o] B k7] wljZ o]t} stack base, SP(register set2] stack pointer)&
7} thread B2 13 stack®] A7 2 7Hel 7l $A2H ASol= 7 thread' 8 2
virtual address space’d2] 173k 9 ] & Fof wh=t}. 18] 31 PC(register set2] program
counter) &} rO(register set®] 10)= o7k Aol ALH T ZAEH AR} void 21 <l
A ke 2 BTk o 22 W AlY BAo] Zo] R work quened] W Zol A2 7
E917 itemo] BEth 233 9] item©] core threadS FF3HH Zu 2 ¥ thread 7} 4
P51+ Rolth

Thread schedulinge £% 3| 3F47} 9l AT item©] core threadol] 2= 11 LA AR A
Zro] A Lbe Al work queue® Bolbt BT 2l WAL A9 st

— int thread_exit();

— int thread_join(int thread_id);
fo] F e 280 718 w57 fhA FAH Ak thread joinTre= 2AIE
% Bt el thread idell s 3= 54 itemo] ERt=A ¢S stal 2 A dohd =}
A1 9] item©] core threadol] &% = ] tA] 3} th. = thread idol 3] B 5t+= itemo] 24
o 74A] @A iteme Zhe] Al SFATE exite T¥ B S BE itemol] thsto] e
Foh BE itemo] EuU7] A7FA AR 9] iteme A 3HA] ekal Z|thel A A o] 9
4= B E thread7} 2y AAlo] mx|Eto g RAA7LE A g|addo] lSuf 83}

— int mutex_init(pthread_mutex_t *mutex);22 | = 7t

— int mutex_lock(pthread mutex_t *mutexm);

— int mutex_unlock(pthread _mutex_t *mutex);

— int mutex_destroy(pthread_mutex_t *mutex);

— int cond_init(pthread_cond_t *cond);

— int cond_wait(pthread_cond_t *cond, pthread_mutex_t *mutex);

— int cond_signal(pthread_cond_t *cond);

— int cond_broadcast(pthread_cond_t *cond);

— int cond_destroy(pthread_cond_t *cond); 2 & mutex%} conditional variable®] &3t $+4=+=
3 A simulated®] &= = 2 1 o A1 9] X}419] F4E syscall handler 2 H W T} syscall han-
dlerol & o] FAE simulatoro| A9 FAZ vl I F4 5 o] &3] vlZ pthread
mutex®} pthread condition variable t+& & &3t} = program®| 5 7|3} 7| A £ sim-
ulatoro| A1 9] & 713} 7HAE mappingAl AA FHEZ STt 1% 7] ofZel simulated
programo| A} W2 pthread BF4 2] W& A 2ol

Aol £33 KLTE5 o] 83} 7Hd3t multi thread ZT 2 238 WS 4= 9 © 1} spec
A vh3 e o] g x2S multithread 2 WHEE A2 27}
pthread 7}P27Al 8L slofAl 28 )& o] m2 1= & 3
A= 73 multithreaded Z 2 23S 95 o] A simulatoro| 4] &8 B 11 simulator®] A%
2 273 ugck
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4.3 upper limit of transactional memory

FA multithreaded E E] F 0 simulatoro| A AF&-5 = 5713 /MAl& o33 2

(1) work queue®]| A item(simulated program®] thread)=< F71/A| A& wl] Al&3l= 5713}
7R A

(2) L1 data cacheol] thgt W2 2] 2] o] 573 A

(3) Al2H 22 35 T w A&H = 5713 WA

(4) simulated =+ ZZ 15 <o)l YAISAL = & 713 74 A

simulatorS 3}1+2] HE] threaded T2 1WH o7 B8 uff o]Zo] Wl =73 /A7) &
A 34 578} Jo—‘ﬂ%ﬂ—c—i Qsto] Z+zk 0 & sequential &FA] Al & o] A d= ET/} =

we A|7te] AYAE mET) %;_g} st Aol 3 T2 AFAUNE HoFe A2 OM
ok ol g A 5718 7H7<ﬂ7]' ws A AR 5 s ?} 7]'?(] HFH 2 optimistic A &

= "ol 5713 AAE A P 2 Ur%Oﬂ %%5]% o] race condition©] i’}%i
= 2 ¢A 2 o, oAl 1 —r-?:% roll back 3jA] =8 af= ®FAl o] Ut} o] FA uf o
2g operatlonu}l’/} optimisticet ¥WHAl-& A -8-3}= 7] WS transactional memory 7] 5 o] 2k
3ttt o] Ao multithread = E] :701 Al Ed o8 A% A E 9} transactional memory
71Me o 48 & o 37 o159 upper boundE Hlwdte] ko g Al EH | HY HF
TS st olF st 7S AL E HAEAE B gotE gk

Udst 5713 WA Foll 7HE A 28la 2 %715} LW E=E Fo sk A o] Ll data
cacheol] Tt W 2 2] 2] o] 571§‘r WA otk S thE F 73 MAl= REEA] 8 EHA
(1, 4¥9) Al E# OB ] thj Al =7 o] 83t 740]3}/\1(3t'1) o] 7o thafj A ME-E 7]
WS A83te 2ol 713 T3 Aojtt o] vigloE & A A sto] AR IS 5 A+
A= 2 AEHOIHZE WS 7[HE 2d 4 &= A= PF E AT %k%% EO:} z
ot E& Al EH ol Aol EE F Jot F
T3

WY Y

—

A=
IE 3} transactional memory 7] ¥ 9] ideal casedul] AAE AFE3EA] o] WHAlo] [ tryd
2151 BlA] 9] 2] ol i 2}, transactional memory 7] % 2] ideal case:= Hﬂﬂ E A A A
She Aol olek 54 B85 Facl BAT W0 B2 :
memory | A A& 4= Q1= roll back A4S AE3d= 7/'4\0]1;]. =3 _g__ﬁ_ﬂ
transactional memoryoﬂ /ﬂ violation®] oA W= 2] o] 7] WH—roﬂ o] £
o] #] 2] 3} transactional memory 7)< A8 3= o upper limit& O}EZ} ER EXA
FRHEE Foo A Hglo]E i] 7] 913ed simulated F = 2 1| A 2177} 28 F=
global 9] £4E KLToA X d SImulatorOﬂ system call H}A] 0 i SE3= 3859 &
T © FE3IL o] & ?5]’h 2 W3 == transactional memoryS HTHH 2 H o=z
flofof & tE ﬁ—?%}ﬂ Uﬂ—Eroﬂ A& O]‘d Al ZHol| A = A2 Al Z Tt

L

5 A

51 AE B2

e HEl 28 e 22 78-S A WHE kernel level thread library S ©]-83F0] arm-linux-
gee2 AY 3 AL simulated program . 2 AFEEFTH HE ¥ T 2 1AL 83719
2H R FAEF YoM o] A2 HE|T] AlEHIEH Y Foj7t /4D A A T

l

= FAolth. BE HEFO] Mg o) 2¥ = WEA etk 18 ol BE
simulated 3 2 713 o] global dataol] accesse W= 5 7|3}+E 3t 5 access= St
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— array: global array 52 8719 2 H =7 9L oA arrayol] BAA Y= ZHS lo-
cal o] Bot= L2 1ot} nhx et 2 E 228 o) A T3t local 4 ZHS global®
Seoll AT

— work queue: global queue”} 131 87 2] 228 =7} queue?] item= O}Ur”“ 7}A 2} A] itemol]
SAA Q= S local Mo Bats mEaHo|th. wpxgto] BE 2@ =oA T3k
local # s 4 ZES 3l global 4ol AT

- suml local ¥50] BIES|A EA Ho]E] & Tl nlA o) BE 2 H E A § 3} local

4 ZHS 3k global W4o)] x|= =2 7o)
— sum2: global WMol RHE A 57 tlo]HE Yot =213 ol

l Simulated program H feature
array global array, sum to the local variable, last sync
work queue global queue, sum to the local variable, last sync
suml local data, last sync
sum2 global data, always sync

[EZ Il]Experimentation Methodology, Simulated Program Configuration

simulator®] AA<& Ve&= %7} Table IIT o] 2} 9t

Al E# °]E] 7} Eo}7}+= host machine®| configuration©] Table IV o] 1}¢} 9t} quad
core Fo] 27)7F gJom AE Ao+ simulated program] thread7} 87Y, simulator®] = oj
7F 8N E ASE o A= *PEHoM scalability 7} H 25 WS HolF7] 9 35te] FolE
1o A 871 & “H”]‘X] o] a1 A s
5.2 Al AL}

(=]

timels) KF3
140 300 ¢
120 —E3
100 {18TA ——an 250 ——an
0 o Bt o wa 200 458 wa
e 15— % 163
) E— | o
a0 1%%- % —%- =0
0 * - - ! 0 - - - !
1 2 4 2 1 2 4 g

[3&l 10] Multi-threaded Multi-core Simple Scalar w/ barrier

Table V3} Figure 10= barrier7} 1+ W42 A& d| o] E o] A simulated program< = 3
= o U A3 £XE B8 Aot} host machined] T o E 1, 2, 4, 87§ AH&53S ol
simulated = 2 713 9] elapsed time¥} Z1¢f w2 KIPS(Kilo Instruction per Second)E 3 A|
3]—3’_ Tl 283 improvement+ host core”} 17] & wfo] KIPSE 1.02 2 2 ufj Ach 2

9l 22 etz k. =2 HE AE wo| xto] 7} U= elapsed timeS Al Ed| o)
= /‘4 59 HAE=Z A7]d= FE 7t Ath AAZ Table V2 B sumle 3% 87 coreo]
Al /*]‘E'Eﬂ o] S w7t 1709 coredl A AlEH o] A S wf Kot 112 WSS & 5
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[& Ill]Experimentation Methodology, Simulator Configuration

[ Simulator (gec-3.4, TLS, pthread lib) H Value
multi-core count 8
instruction fetch queue size (in insts) 4
instruction decode B/W (insts/cycle) 4
instruction issue B/W (insts/cycle) 4
instruction commit B/W (insts/cycle) 4
branch predictor type bimod
bimodal predictor config (table size) 2048
BTB config (numsets, associativity) 512 4
speculative predictors update (default non-spec) non-spec
extra branch mis-prediction latency no speculation across basic block
run pipeline with in-order issue flase
issue instructions down wrong execution paths false
register update unit (RUU) size 16
load/store queue (LSQ) size 8
11 data cache config dl1:128:128:2:1
11 data cache hit latency (in cycles) 1
12 data cache config ul2:16384:128:4:1
12 data cache hit latency (in cycles) 9
11 inst cache config i11:256:128:2:1
11 inst cache hit latency (in cycles) 1
flush caches on system calls false
memory access latency (first chunk, inter chunk) 18 2
memory access bus width (in bytes) 8
inst TLB config it1b:16:4096:4:1
data TLB config dt1b:32:4096:4:1
inst/data TLB miss latency (in cycles) 30
total number of integer ALU’s available 4
total number of integer multiplier/dividers available 1
total number of memory system ports available 2

[E IV]Experimentation Methodology, Host Machine Configuration
l Host machine configuration ]

2xx Intel zeon quad core, 2.33GHz
8M L2 unified cache (16-way, Write Back)
128K L1 data cache (8-way, Write Back)

otk 2o B8] work queues 30X} WA th work queued Al O Al Ed olE Y AS
Lol A Aoz & o} AZte] EojE v &S B sumle] F-ofl+ 0.627)F gt
L} work queue?] —r°ﬂ 0.757F o} AA 2 & sumlo] J5Fgol o 2 S &+
t}. o] 23t o] F w Eol vl E 93 KIPSZ-L normalized® %7} € 2
b Al B ol E 7 9] AIZHE B o JIAEHAS A EY=TtE a—i?‘;‘éﬂ% .-
ol 255 A EHolE Y A5 5D}1 I =

Table Vol A& 17] Fo) & AFE39S W2t} 87) FojE AL e o) AAde=s
44% & FFS HoFa arrayﬁﬁ 7 9-0 = global W4E accessd}7] &} vk ;-oﬂ
S A A accessst7] W Eo| 57|37 22 Q1 suml 2 Afol= 22 Hews 3
2 accessSt7] Wl 57187 B2 glek 237] wjl Wl 5718 S ok 5= work

21232 o o
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[Z V]Multi-threaded Multi-core Simple Scalar w/ barrier

[ host core H 1 [ 2 [ 3 4

array | time(s) 82 69 57 51
KIPS 122 145 176 196
improvement 1.000000000 1.18852459 | 1.442622951 | 1.606557377

work | time(s) 122 107 98 92
queue | KIPS 119 136 148 158
improvement 1.000000000 | 1.142857143 | 1.243697479 | 1.327731092

suml | time(s) 29 23 19 18
KIPS 125 158 191 202
improvement 1.000000000 1.264 1.528 1.616

sum2 | time(s) 35 32 30 29
KIPS 119 130 139 144
improvement 1.000000000 | 1.092436975 | 1.168067227 | 1.210084034

avg. KIPS 121.25 142.25 163.5 175

avg. improvement 1.000000000 | 1.173195876 | 1.348453608 | 1.443298969

queuet} sum2 H T} £ © A5 £4
£ Ay st7] wFoll 21% & 4 kel
Ao Z7HA7F w3 H+ A B 5 Atk o] B2 Afol+ o B2 host coreE EolE
S7HA 7 AR E HEAY 2318 AT £ Jvka AZE ") scalability B S

oA B Tefzrt A fﬂ‘ﬂ% ZHA A = o] vtF A B2 573 eI == <l
sto] o] A o] A= EA HA Xt = Aot

o] 3 EA AL A B]—J—Q_E—“f 4.34

A transactional memory 7] ¥ o] 2] o] o]H 7| HE ALL3E HU upper hmltE & A
o o A e W AA A NE e aao e AR Tabe VI
Figure 119 4 295 900 o 43w A9 A5 4ol 1% Fxol AP T

"B simulated programol A A% 4L 2 4+ 9Tk 53] 1e=E B o A
lineard}Al F718l A2 & 4 A+=d o] AL scalability S A ©] B2 host cores
2s W o 2 45 T EFETE AS gAlE ‘Dk T o [ 3] simulated
programo| /‘4% A} A= 7} array, sumld} work queue, sum29] F 1502 B HArs
Z21& B 4 g o] 212 simulated programol WA= o] & 573 LHIA=E w2 5
2] o] 7] wj i o]t}

Z1of o]o] transactional memory2] upper limitE &% F-F f,‘—oﬂ st wElolg A=
S wf A3} 4% 7} Table VIIZ} Figure 120]th. A A QA A5 3FAFo] 56% A = ol 3] 33t
F29 22 2ol welol® 9l AANE WAL oh A T o] A lineard)
Zolt. =, scalablhty SHoA B B2 T E GotE 459 ‘?‘O]'Z] 04]"}3]'71] s
. B2 AA transactional memory & —TLfﬂ?_ A AL o] AH T Sx]7) Wol x4
A9t 1] % transactional memory 7|H 9 AL A A5 FAHY] IS qu Fa Yt

b‘ril‘/} sum2 22 7 f-oll&= vf-¢ v eA 5713}
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[Z VI]Multi-threaded Multi-core Simple Scalar w/o barrier

[ host core H 1 [ 2 [ 3 4
array | time(s) 69 53 45 39
KIPS 159 207 244 281
improvement 1.000000000 | 1.301886792 | 1.534591195 | 1.767295597
work | time(s) 108 90 74 67
queue | KIPS 156 187 228 251
improvement 1.000000000 | 1.198717949 | 1.461538462 | 1.608974359
suml | time(s) 21 16 13 11
KIPS 157 206 254 300
improvement 1.000000000 | 1.312101911 | 1.617834395 | 1.910828025
sum2 | time(s) 33 27 23 21
KIPS 155 189 222 243
improvement 1.000000000 | 1.219354839 | 1.432258065 | 1.567741935
avg. KIPS 156.75 197.25 237 268.75
avg. improvement 1.000000000 | 1.258373206 | 1.511961722 | 1.714513557
time(s) KPS
0 300 ¢ 24
120
100 108 — ——ar gg -’hﬁ’_ %.% ——
20 W _— Wi
B0 *e = o sum 150 | =188 sum 1
10 T, o 100
g§ o - = sum?2 5 sum?2
0 L | P
0 : : : ! 0 : : '
2 4 g 1 2 4 g
[T & 11] Multi-threaded Multi-core Simple Scalar w/o barrier
[Z VH]Multi-threaded Multi-core Simple Scalar w/ barrier on shared variable
[ host core H 1 [ 2 [ 3 4
array | time(s) 7 63 52 47
KIPS 140 171 207 229
improvement 1.000000000 | 1.221428571 | 1.478571429 | 1.635714286
work | time(s) 118 101 91 89
queue | KIPS 139 162 180 184
improvement 1.000000000 | 1.165467626 | 1.294964029 | 1.323741007
suml | time(s) 21 16 14 12
KIPS 147 193 221 258
improvement 1.000000000 1.31292517 | 1.503401361 | 1.755102041
sum2 | time(s) 35 30 26 23
KIPS 142 166 192 217
improvement 1.000000000 | 1.169014085 | 1.352112676 | 1.528169014
avg. KIPS 142 173 200 222
avg. improvement 1.000000000 | 1.218309859 | 1.408450704 | 1.563380282
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time{s) KPS
140 300 ¢
120 —=t oR0 R 24
100 161 ——ar _ 49 [——an
s 9 89 wa || % 184 | -3 g
o Hﬁ"““@——.—' e =um 1 ::? = -1@! sum 1
40 J515) 30 % o suma 5 sum2
20— =21 et i +
0 - : : - 0
1 2 4 2 1 2 4 g

[32& 12] Multi-threaded Multi-core Simple Scalar w/ barrier on shared variable

b7 e A A B 8L G oA ATt ZASHA FAL ok EA shebulE ghe ut
@) o A7k A LA Fopr ] oFF 488 oItk A AT T Y
of o}/l 8 A A B ClE L shite] 228 HolmE T BE ZeAAA o &
3] olMES WA IS B £ATE AP she WA O R 7188 W]
. B EE o] kA2 3}i}e] 4%/‘1]/‘101]/‘1 EE HE IS /\]Eﬂﬂol"ﬂ s of Atk A
Stk wekA 71 WA thalo] 7 2ol & erfe] 2a o T cI2 ) 2=
A FA 218 AN FoEA A5 AUAAE AFE E £AA £H5
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