0. 2%

2 O2HEE=

BE 22| R E H|W-2AM5= A SHZ St =6t workload & Sequential, Thread, Process,
Hybrid, Pipeline 22 A&list, 2t 2Ro| Haty, Ash A7t speedup, efficiency, CPU utilization,
overhead € £45IYUCt & TE2HEO|M 2 2F S A L2 A A& A|Z22|0|8 50| Ot 2},
A

=2
ZEHA 2 #2295 20[E 245t7| ?let @& workload 2 AFEEICE

A

Z700l= T EE 22| 2RE 5t O 24S FULL, Z2HET} XIGHE|HM race condition, lock
contention, process Zt 21 &1, IPC H|&, queue synchronization, worker = 3710 -2 efficiency
A 2|7t EIZ| ATt 0|5 31257 | I3l thread 20| M= nosync, mutex, reduce &AIS H| W5t 1,
process +RO|M&= fork(), waitpid(), pipe IPC, shared memory IPC & #35tCt E£5F process 2t
thread & Z&3t hybrid 7222t TaskQueue, MergeQueue, condition variable 7|8t pipeline #+2&
271510 2G4A EE 2| 7HES FEA v & UEE SR

A2 AA Monte Carlo workload & 7|22 £8i5tict, 2 A% 272 120,000,000 trials,
steps=50, Zt case 5 3| BH20|0, 25 ZHA mode & valid=1, hist_sum=trials, checksum 2|5
OFZ50F AlS H| W CHALO 2 AFREIICH 22 ZDIO|A 4-worker 22 LR OF 92 5~94.0% £29]
efficiency € ER 1, worker & CPU utilization 2 2 99.2~99.8% £Z22 2JE(UCt Ol A4
workload M & 4 7 worker 7tA|= N-core E&0] &&5| 2332 2|0|StCt

Bt 8-worker 20| A= CPU utilization 2 &4 FA|=IAR|Ct efficiency = ZA5HUCEH Ol= CPUE
BIEA| ARSotes A Al A|ZH0| O|4H o2 U4ASH= 20| sYstA| Y2 00t HE 2| das2
CPU A2 S OFL 2t synchronization overhead, IPC overhead, queue overhead, merge overhead,
scheduling S&7tA| &2 112{3lOf STt W2t 2 Z2HEO| A2 E4 A 27t g4t 2[A40|2t=

el
20| ofzat, sYst CPU-bound workload 2t= 2 A Al 20| w2 &4, overhead,
scalability 7t &2tICt= Ho|C},



1. Al 2”1 72

1-1, Z2HE 2

£ T2HE= Monte Carlo 7|8t 22 2F 2™ A A= CPU-bound workload 2 AHESHY, 2|42
HH 2| FRE HW-2Met= A2 2H=Z St SYSt workload & Sequential, Thread, Process,
Hybrid, Pipeline t22 AM&listn, 2t 2Ro| H&HY, Al

overhead & 2d3tCt.

J

>

|ZF, speedup, efficiency, CPU utilization,

O] Z2HEQ| ZM2 A A AZYO|HE FLUSHA 18lct= AO| OfLCH X 2F & AL
SHA|A At LR E H| W5 | 5t A4S E workload O|CF SHA &AM CHAF2 child process, POSIX thread,
2 F=A[0ICt,

synchronization, IPC, queue, merge 27t & 2{2| M50 Slp=gis

HoIM elsti of

2| AAEIZ TS| 7t e R E 2= 20| ofL2t, 2F Ad 2V o™ =2
= HA valid, hist_sum,

o P .
overhead € 7tA=A| 24ste Ol 28 &H. TetM 2Z& ds

1-2. FA 18 B8

27| Ot0|C|0{= O|0| | HE| FZE 2{2| UL}, 0|0| | &= O[0|A| S SHEZ Li+0] process Lt thread 7t
He|d 4 U2 B2 HHPI 7HSSICE 22{Lt 0|0|2| 2{2[0f M= T 1/0, Bl 22| ¥ T, cache locality,
memory bandwidth 7t &3 A|ZH0| 37| S = 4 ULt 0] FF 2™ AIZH0] S0{SH2tE 1 |AeI0|
CPU B3} T2 1|, ofj22| HZO|Lt /0 EIR| F=s| 22|5t7| &Lt

O[of| &2t 2| = workload & Monte Carlo 7|8 2t 2F 2|8 ALte2 HEFSFIUCt Monte Carlo A2
2} trial O] SEAHoZ £ B2 At SHL 2 FEY 4 AT T2tM worker 5 %S ©f CPU-

bound E& *2| 21E B|115t7|0f A §StLt.

B2 DI 2HEO|M 2t trial 2 deterministic seed & 7|BIO 2 22 MELE d
ATH 2|2t YIBEE AlASICH A= histogram 2 checksum Off BFEEICEH O] 222 &= thread, process,
hybrid, pipeline 22 €l 22 4+ A1, A3 227t Hete 22 trial index £ €2 21E WHSIES

M 4 Uk,

-

1-3. Z2HE ZH

S uzydEc 2n

4E CHa2h 2Lt

rr

1

2

3. fork() 7|8t child process +2E F9ist IPC & Solf 2= dEtCt
4. pipe 2t shared memory &A19| IPC 22 E H|WGHC}

5. process 2} thread & 286t hybrid .

6. TaskQueue 2t MergeQueue 7|8t pipeline +2& T3 SICH

7. valid, hist_sum, checksum 22 2& &4 mode 2| H&H S ASTICL.



o

8. 1,2,4, 8 worker Z0|M speedup, efficiency, CPU utilization & 2A3tC},
9. CPU utilization 2} scaling efficiency 7} M2 C}2 2| BEQAUS EA15iCH

1-4, T2 E Ho} 0Hy

mRMEL 27| 00|CIO{o)A 2 A8 AL HAZOR SHEIC Y HEHs T §E Xz

T M “SF A ASl LR trade-off 2470 2 8HASH H0|Ct

CHA| T/ 8 A| HEY =4 A 4 grek
27| A= | O|0|R| e HH X2 I/0, Bl22] ¥Z, cache F&2 =2 CPU-bound workload
CPU ¥&E3t 21t 22| 0 S e
ek 2E | Monte Carlo 2t 2Z 218l | 24| 21 AlE2(0|8{= 20lE 4 OS B3 2| 2ME8
[Py AS workload 2 &2|
Z7t 338 | Sequential, Thread, thread 2t2 2= process, IPC 4H child process @} IPC 27}
nosync, mutex, reduce 2=
T2z &2 | Process, Shared Memory, process/thread & 2 H|w $HA| | process + pthread A&
Hybrid &7} |
Pipeline TaskQueue, MergeQueue, | final reduce 2t2 2 producer- queue 7|8t pipeline 731
Ev] Aggregator consumer 2 AH £=
2|Z 4= | A Monte Carlo workload | A3l A|ZI2tO 2 core &2 THCH CPU utilization, core &
scaling 24 o248 utilization &4 23
1-5. 2| AL FH L SAHSE
Z|E A2”HES CLI SHE Lutor A&l mode 2F workload 271& A5 &, Y Monte Carlo
workload & MEHE] M 2R 2 22|SHCH AHAHO| ZLIH mode & partial result € ¥Esty, valid,

[=]
hist_sum, checksum 22 AsHdS HAZGICH 0]F Al A|Zt speedup, efficiency, CPU utilization,
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Config Workload  (TOIZEfQl ] 247t e
4y ZH|
RERIET 1

B2 A

ot

SELE

]

-

oot

0z
fot
0x

J

o
Ol

© workload & 2|52/, Al3H= 2FA|A| 7HE2} overhead

Az Sy o3t %2 05 M4 24 mIE

Sequential JNE A AMAE | L LA SE speedup Al4t 7|&

Thread pthread 7|8t &3 thread, shared address space synchronization, local reduce
22|

Process child process 7|gt fork, waitpid, address space IPC, process isolation

g 22

Shared Memory
IPC

child Z2t 1

mmap, shared memory

copy overhead Zf4, slot A

Hybrid process + thread process group, pthread AEH HHst
P=)els
Pipeline queue 7|8 2 producer-consumer, mutex, gueue overhead, dynamic

=8

condition variable

scheduling




1-7. 2Hz2| 7tsd &4

2 DIZHEM HHSO|
thread, process, hybrid 22
operation 2 synchronization %= overhead 7 2l

0||

GHAL CY

A2 Monte Carlo trial A4HOICE 2t trial 2 SEACZ f3lz|B=2
LI=7| «ICt BHH histogram update, result merge, IPC, queue

4 9l R2OIC

CEtA 2|E A|AEIS trial AAMS 2 HEHS (422 S0 synchronization, IPC, merge, queue &
overhead 2M CiArO 2 B2|5iC} 0| FRE E5f| Tha A3 A|7HE OfL|2} A5 2{5te| A0IS & 2AIsH
4 Qe

H 3 HBA2| Jtsd & HIL 7|2
e 24 HAH3 7t F2 0|l AT "ot o1&

Monte Carlo == 241 2ot g thread, process, AlSH A|ZE

trial A& hybrid speedup

TTC/risk A4t == worker & ALt all worker modes compute time

Histogram update Fo|de shared result & mutex, reduce valid, checksum

Result merge A|ghA partial result E§ 5| reduce, pipeline merge time

IPC process OlA | A 27+ £2| pipe, shared IPC overhead

e memory

Queue scheduling U Its gueue/condvar pipeline final vs interactive

overhead

CPU core &2 2 oAt A core AHEE real workload CPU%,

Util/Worker

&=zp 7t =SS speedup At pre/post stage efficiency
1-8. 2|Z HIt A&

212 WoHe U AR AJZH0] oLz} Y 71| 7| E o 43I

MY, Zed 0| 2| 0{OF STt SAY, &3 A|7H0] YOtL ZA3H=2] =HQISHOF STt AR, worker 7 24|
CPU € OtL EE83M=2| SEaloF stct. YR, ds Aot/ Y4list < synchronization, IPC, merge
queue overhead & O Q10| U=A| 2AISHOF SHC,



et / Accuracy 4& / Performance
-S|lAEDM B - & A AIZH(T_total)
- {2 J - £ 34 (Speedup)
-984 - 824 (Efficiency)
data accuracy/integrity - CHAIE A3 A2t
J
cpuEg/ = H|E / -~
-CPUO|2E QEI - 5713t Q= X—>
- F0{H 0|8 & - IPC 2H3|=E /
consolidated -8 QEMIE bottleneck/delay
- 7 U=
J J
O8 2. 2|1F "ot X|& AA

1-9. A2 12 29f

neME

=2 + Monte Carlo 7|8t CPU-bound workload € 0|23l @I g&
A AAEIOICEH Thread T:RO|ME synchronization 242} reduce a2 YAIS 2M5t10, process
T20| M= child process 2+ IPC & £A15HCt Hybrid 22 process 2f thread 2| |24 2E8 B0 ZEH,
pipeline 2 & producer-consumer A1 queue synchronization overhead S 241 5tCt

2l ds Blle dEd0| HZE mode TF Tz L£3lStC ESH CPU utilization 2t
speedup/efficiency & &2|5t0] sHASICH CPU utilization € worker 7 CPU € OfL} HiseA|

AEHE=2|2 HojR 1, speedup 2t efficiency = 11 AFR0| AA| AlsH A|ZH 2t
HojEc

A2 Aot O[O =R

CHatM 2 ZR2AEO| 2 £ FZ stLirt g 71 t2ct= 2&0| ofL2h, sYst CPU-bound
workload 2t 2YAA| A3l 120 w2t Z=H, overhead, scalability 7t E2fRICH=s S Ad82o=z

gelstE A0t



2. 223 4

2-1. Trial &t ALt 72

2 m2HEo| A|2H0|42 24 Trial 0| SUHo 2 Mals|s

r
-4
Iy
mjn
N
2l
0
N
=
S
4
_{
5
=2
o
D
pas
N i

(=]

el deterministic seed S A4A5tC}, %"SEI seed &
2F MEIS LBIC}H O|F time step E2 22|t &S
OEE AAtst, 1 ADFE risk histogram Of] 1 8| B35}

1. Trial index 2. Seed MM 3. Z7| AElf 4
S - o>
el —

N —— :
4. 2IX|/A ALl 5. TTC A&t

112! 3. Monte Carlo trial LI AlAt SEE

2-2. Deterministic Checksum A2

ZE Trial 2 5822l index 7|2 seed & AHES
yMzoZ Satsls PCaln

22, A3H0] 2+0i5t= worker 7t 22| H2te S YUS
M

ZUE sttt ¥ o L 2HAA HE #2 (Process/Thread) 7t
Cl20ete 28422 Yt checksum O] =&E Tt T2t HE X2[9| &y 7|&2 22t H0|E{7t
LAME|Z] AUS S E5H= valid=1, & £ 314E 2|0|5t= hist_sum=trials, 12|11 #2} Asint S5t
checksum x| &2 HO|5ICt

ol

AS 12 H EM8 H| W3] sl CHYst workload 2AHE P4

:

to] &

oot
njo
™
o
ofi
o



H 4. Workload 271 3 2%

Workload / Profile =22 A
default Z|Z scaling 7|1& AlZ| Monte Carlo 7|2 22
uniform 5 workload static partition &2l
skewed &5 workload gueue scheduling 22} &9l
process_friendly 258 &Y Process coarse-grained
s =0l
thread_friendly g2 EMHE Z2 Thread local reduce 2!

2-4. Thread / Synchronization Mode

Thread mode = SHLt2| process LHEOIA 021 pthread & 48445t0] Monte Carlo trial A4S HEZ2
SiSt= LROICE 2} thread & AHAIOIA EHE trial range € AAtStD, AHA ZIE 2=
A} Thread = process 2F 22| 22 4 272 2Q5I22 Al H|E0| |1 27 G |0|E1 ’“JOI
2CH= &0l ACE 2Lt 042] thread 7 &2 shared result Off SA[0 H2S &+

C
synchronization #{2|7 Z 23|C},

0f21 thread 7t Z2 Result +24|0f| H25tH total_trials, collision_count, histogram, checksum 2}

o
22 3R G[O|E{7t SA|Of HAIE 4= QUCEH O|f 2t thread 7t 22 42 A1 £ 5t &| CHA| A& St= read-
modify-write 2} 0| A2|H L ypdate 7} £AE|= lost update 7+ gH4ist 4~ QICH 1 A} hist_sum O]

A trials £=2F Y2|5tR] %47 Lt checksum mismatch 71 E4list 4~ Q1o 0, 2|22 O 2 valid=0 22 ==
o O'Ef t2tAl thread mode Ol M= T3] trial A4S HEslel= A0t Of
AlI517| @It synchronization #A10| Z 35t}

el

49tk

Race condition & SE2 C}Sat 20| 2 N

02{ thread 7t 22 Result 24| ¥
— ZA|0| read-modify-write g4

— lost update 244

— hist_sum / checksum 22|
— valid=0

2 D2HE|ME thread 7|8 HE X{2(0lM S 4= U= synchronization 2HE &0I517| ¢
nosync, mutex, reduce M| 72| YAS B|WSIUCH M| YA shared result & AAlst= &

23 LM 2f0[7t UACt.



¥ 5. nosync / mutex / reduce A Bl

HiA] +Z et 45 E4 =z AE ofO|
nosync shared result 1% ZHAl W A HEH 2 4+~ AZ race condition
SOl Al At
mutex critical section 2 detst lock contention 244 synchronization 22
lock 02 85 s ZstA B2
reduce thread-local result & Hast lock overhead Zf4 Heot s 2
merge {5t 74 Al

nosync = H&=9| 7|3} 10| 0421 thread 7| shared result £ 2| HAI5H= &AI0|CH O YA lock 2
AF2SHA| 917 W20 ASH A|ZHO| B2A| B 4= Q1Z|8t valid=0 O|L} checksum mismatch 7t 2H445+H
SHIE 22 AT £ gICH TatM nosync & 2|&3F ¥Al0] otL|2t, synchronization O] SIS M race
condition Of Z¥gt 4~ QIS S E0{F= ATl Atal| 2 sl A{5iCt,

mutex A2 shared result & ZAAISHE  critical section 2 pthread_mutex_lock 2}
pthread_mutex_unlock 22 25 5t= 2HAI0|C} 5HLEQ| thread Bt 25 A1E £4 S 4 QL2 X|5t5H7|
) 20]| race condition 2 YX|5t1 A8t S E2st 4 QIC} 54| 8t 0f trial OFC} lock/unlock O] BHEE|™

02] thread 7 22 lock € 7|Ct2|= lock contention O] 2ARSICE O] AL CPU 7+ AA| HALECE lock
CHZ[0f A|ZHS § A H| |0 synchronization overhead 7 2718t 4= QIC}

reduce &Al2 Zt thread 7t shared result € 218 441512 @211, thread-local result O] tA10] 22 trial
2uE Aot LAO|CH 2= thread 2| A4H0] B §| main thread 7t 2} local result & ©F £10]|
merge 3t final result & SF=Ct O] 2Z&= hot loop QHOIIA shared result 22 H7H3IEZ lock

contention & Y = UL, SA0 2| B2te| Y&GE FAY + UL,

]

Reduce ¥4|o| 552 Ct32t ZCt.

Thread 0 — local_result[0]
Thread 1 — local_result[1]
Thread 2 — local_result[2]
Thread 3 — local_result[3]
l
main thread merge

!

final result

t2tAl Thread / Synchronization mode & T3] 012 thread € AtEsH A&l A[Zt2 =0|l= 27t
OtL|2t, shared result 241 ghAl0f et Hetd ot 4 50| O{EH HetA[=3] &Qlsty| @[st A FL=x0(Tt
nosync = synchronization O] {2 I race condition 22 QI5H A7t M2 £ A8 E0F 10, mutex =

Yagd 2 2A512|2t lock contention 22 215t overhead 7t 248 4~ ISS EO{ &L} reduce £ thread-



local result 2 AFR3I0] 2L ClOjE IS HASEOZH HEMS LAISIPA synchronization

=

overhead & £0|&= WAl0|C},

2.5. Process Mode

Process mode = 2| A|2| child process 7H'E2 BtAsH7| Iof 35 A3 L20|Ct Thread = StLt2|
AB2 child 7t A4ts 2ot

OII

r

process USO0|A 22|E SR/SIA|2, process = SEE 4 s 7
parent H22|0j| Ht2 BtHE|X| Ok=C}. [t2}A] process mode Of| A= parent 7t fork()2 child process &
Mok, 2t child 7F 2O A ZSE trial range & A4St & IPC & Sdlf 221 parent Of| A AESHCY

Process mode 2| A3 S &2 Cts1t ZC}.

Parent process

— fork()

— Child process A4

— child & trial range 2|4t

— child-local Result 4°d

— pipe &= shared memory IPC 2 parent 0f
dg

— parent waitpid()

— parent result merge

— checksum / valid 243

H 6. Process Mode 2 0S 7i1g

0s 7id D2HE A
fork() child process A4
child process Z2! trial range A&
address space parent 2} child H|22| 22|
IPC child result A
waitpid() child Z& 3|%
merge parent 7t Z/Z result 4

2.6.IPCH#x

Process = SEE F4 37HS AFE5H7| W20 child process 2| A4t Z0HE parent 7+ 21H 828 4
oiCt. 0|2 3HZSH7| Yal 2 T2 HE | M= pipe IPC 2F shared memory IPC £ ARSI



Pipe IPC = child 7} Al4t5t Result & kernel buffer ol write()5t1, parent 7} O|& read()5t0] HES
gHAIO|ICE fRIb Ghestll parent-child ZH CIOJE] dY SE0| Y5HA|Q read/write 20|
overhead 7t 2445t}

=
1

Shared memory IPC &= anonymous mmap 7|t shared result table 2 Bt=1, parent 2t child 7t &
e = U= result slot 2 AlSot= HAIO|CH Zf child = AHOAH 2 El =& slot Of| 2 Z2HE A5t

parent = waitpid() 0|% & slot S 2 0f 2|Z Z1to]| HEHstCt

H 7. Pipe IPC 2} Shared Memory IPC H|u

sh= Pipe IPC Shared Memory IPC
e g kernel buffer read/write shared result slot
T2 Che slot 24 H2
SALHIE | U2 dHiHe= Hg
=7|5 read/write A 22| write/read &=A 22|
o|0| IPC overhead 22t process-friendly 2|3}
Fo|H descriptor 22| T slot 25 Yz2| €2

2.7. Hybrid Mode

Hybrid mode = process 2} thread & AlE4 22 Agst +L20|C}. Parent process & child process &
MAMSE, 2t child process WSO A= CHA| pthread worker & A8A4510] trial AlAHS 22 £8HSIHCH

Z process = =2 &Y 128 28511, thread = child LIRS ME trial range £ Y& x{2|stCt zt
thread Q| Z2t= child LHENM HA BEEtE| 1, child-local Result & pipe &= shared memory & E3l
parent Of|A| AEEICY

Hybrid mode 2| S22 C+22t 2T}

Parent process

— child process A

— child LHE pthread worker 44
— thread-local reduce

— child-local Result 4

— IPC 2 parent Of &

— parent final merge




Hybrid 7t process isolation 2} thread 2| lightweight @E4S & A2 S 4 QUC

|- o o PN

T12{Lt child process A4, pthread 4444 2! join, thread-local merge, IPC H| 0| 2% Z&z|02 X7}

=31 overhead = &7 37t 4= UCH

2.8. Process / Thread / Hybrid #+2& H|1!

B 8. Process / Thread / Hybrid 7+ H|W
2= 24 chy e o
Thread MY HE YE, 022 37 412 Race condition 75 22 2A Z7HL ME A AL
Process =8 4 3, A fork/IPC/waitpid a =2 2y
overhead

Hybrid ASH HEst Its TR B overhead 28 | 2 2 + UL HE3}

2.9. Pipeline Mode

Pipeline mode &= Monte Carlo trial AI4tZ batch Q|2 LH&1, 0| queue &
thread 0| M= SH= producer-consumer T+20|Ct YEHAQl thread mode 7} thread 82 11 E trial
range S LHE0] AlAtste #Al0|2HH, pipeline mode & A &S O] batch 2 &2/t &
TaskQueue Of 4 &st2, worker S0| queue OflA 2SS St 7147t Z{2|etCt. O &3l 21 4
AL B Y, HE HH S TAER LR0] 248 4 QUCH
1

Pipeline mode 2| 4| 2= CtS1t 2Tt

Preprocessor

— TaskQueue
— Worker Pool
— MergeQueue
— Aggregator
— Final Result




H 9. Pipeline mode /4242 A%t

FHeA qg
Preprocessor Monte Carlo trial € batch &2|2 44
TaskQueue el batch € A& st worker 0| A A
Worker Pool TaskQueue OflA batch & 7t 2t Monte Carlo A4t 424
MergeQueue worker 7t H|AFSE partial result & A
Aggregator MergeQueue 0| A partial result £ 4L &§
Final Result 2 20 43S iy

t. Worker Pool 2| 2t

Preprocessor & AlAFSE trial £ batch 22 AMH3510 TaskQueue 0 E=C
St1, AHl4HO] ELIH partial

worker thread &= TaskQueue OllA batch € 74U Monte Carlo AAFS 434
result 2 AMSHCH Ol HE ghAlof w2t worker 2| partial result = OFX|2o]| St £10f| HEHE| ALY,
SECH 2|34 ez FerEl Z1k= hist_sum, checksum, valid

=
S FAIStEA| St

MergeQueue £ £3l Aggregator Of|A|
2t2 E3l sequential baseline 2t S5t &

Pipeline mode 0{|A TaskQueue 2t MergeQueue & 024 thread
TaskQueue & producer 7t 4435t batch & worker oA HEst
worker 7} A48t partial result € aggregator 0| dEste &S SICtH & queue 25 WRZAHe=Z
buffer, head, tail, count, closed 2t Z2 37 AEiZ 72|7| W20]| 02] thread 7t SA|0f| 23S queue
SERZE 7N 4= QUCE Tt queue WR HEHE &5t 772 mutex 2 B350, queue 7t B|Of UALE
7= 2F A=0|M&= condition variable € AFESH0 thread & CHZ|AlZ|ALE THA| 7H2C

H 10. TaskQueue / MergeQueue 7|3} 2|2} a2 ghAl

<A o SHZ W4
queue Ei SA| E2 mutex 2 queue LS AEf ES
queue empty AEH not_empty condition variable AF2
gueue full AEf not_full condition variable A2
busy waiting &4 7+ pthread_cond_wait / pthread_cond_signal At&

=, mutex = 37 queue 2| HEIE QHASIH E3517| 2{et &2|0|12, condition variable 2 empty/full

MEHO|| 2t thread & E8ACZ T7|A1Z]| 22 THR7| LIt ZZ|0|Ct. queue 7t H|O| L™ consumer

thread = not_empty ZZ0|A 7|51, M2 2HI0|L} 227t SE0{2H signal 2 51 CHA| ASHEICT

B2 queue 7t 715 & 2B producer thread &= not_full ZZ0||A CH7|5t1, Z7H0| A47|H CHA|

ALt O] 22RE Edff 2URSH queue AEHE BHE &0I5H= busy waiting &
20

o
consumer L2 E HFH = L3S 4~ QIO

1

o
=
=

0|12, producer-



Pipeline mode O|Al= 21 g &Al©=Z Final Reduce 2t Interactive Merge € H|WstRICt. Final
Reduce = 2 worker 7} A4S ZWH §| OFR|2H0f| partial result & o Hoj| &&tet= 2HAl0|CH
Chestn £7F HEHS 25t ¥=9| aggregator thread Lt merge queue S2t0| LQ3IR| 947| W20
synchronization overhead 7} H|Im 2 Z{C}, UtH |nteractive Merge &= worker 7t batch AlAHS 24 Tfoict
partial result & MergeQueue Off dE35t11, BE9| aggregator thread 7} 0| 74U A&

e ots A 0lCH

[= g ey

H 11 Final Reduce 2} Interactive Merge #t2 H|

32 Final Reduce Interactive Merge
5 A|A DE workerZ2 ¥ ol F2t
2R Ofz|atoj| of &H HEH MergeQueue + Aggregator
s TRt HEst 5719 HIEO| A2 2|4 A2t monitoring O] 225t 2 &4
oA Al F S ZUE =I5 0121 | AlE BAIRE monitoring 0| st 2 2A
DZHE o0 Z|S 22 U5t batch 20l A& | 2/ A2 monitoring O] 2%t 72 F4

Interactive Merge & producer-consumer SE3 27+ A0 He A S HO{E 4 UCHH= 20| UR|BEH
MergeQueue &2, mutex lock/unlock, condition variable wait/signal, aggregator thread A& H|- 20|
ZIHEICE 2tM Pipeline mode &= thes| 3l A[ZFS S0|7| /st L2217 2Lt queue 7[8F 21 262t
synchronization overhead & £445}7| 2|8t 22 0|C}. Final Reduce & ot QHE QI et 7|22 =2
AEY £ UL, Interactive Merge & 2l &7+ E&0| 7tsst SIHAQl pipeline 12& 20 FECt
lteractive Merge 7} Final Reduce 2Ct =2|A| S| C2te AIi2 SiAM5HR| fn, S7H A3 YA 7|52
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3. 32 A3 U Test Vector 4|

3.1 Sequential Mode

—_

Sequential mode &= &2 process RO S M3l SES= 2= Monte Carlo trial & &=2t422
xe|st= EAIOICH O] 2EQ| AdH A|Zt2 HE Mall 1R9| H5 &2 HItste &< S (speedup) 2
284 (efficiency) Al4te| 7|Z4f(baseline)2 =2 AHEEICH Speedup 2 T_seq / T_parallel 2 AAHE|O,

Efficiency &= @ speedup € worker £2 L= 392 E=3iC}

3-2. Thread / Synchronization Test Vector

Thread / Synchronization Test Vector = thread 7|8t & X{2|0|AM shared result Z4Al grAlo)| w2t

Fedut 40| ofEAH Z2tR|=A| B3| fls H45HRACE Thread mode Ol A= 02 pthread 7t €2
FA SUE SFSIEZ histogram, collision_count, checksum 2t 22 Z2f G|0|E{0]| A0 H2e
UCH T2t Thes| Al A|2H0] Z2| 8 &01St= A0| OfL2f, 2 40| sequential baseline 2t &&st
ZUE RA5H=2| & 2HlsHof Shct,

S 7|22 hist_sum == trials, checksum 22| 018, valid 2f22 MHZ3IFCt. hist_sum O] trials 2}
U2|5tH 2E trial O] F2F 10| AHAE[ACID 2 4 UL, checksum O] sequential baseline 2t Yx|5tH
MEl A2 Fete SUSHAILM 27T RA| | ASS 2|0[SHCt valid 2f2 0]2{8t 2HE SToto] Z4 A
HEE HESHE 71222 AFESHRIL

=2 D 2HE0|A= synchronization YA10]| [2 nosync, mutex, reduce £ test vector 2 7445t CH.
ynchronization §10| 042{ thread 7} shared result & 2| & 44I5k= ZZ0|C}. O] test vector 2
A= 20| ofLet, s7137F 2 W shared result 241 T+ 0|A race condition O]
USS &QUSH= AO[C wetM nosync 7t WEE2A| 20| 2tE valid=0 O|Lt checksum
% A2 s A tCt.
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mutex = shared result & Z4AI5+= critical section € lock 22 ES5t=
lock 2 A23E T race condition O] || 11, valid 2 checksum O] &
CI2t mutex = &S 225 A Of trial OICt lock/unlock O] ghAlist £ Qo0 =2 |ock

contention 22 QI3 synchronization overhead & &7 &HQI5H|0F SHC}

Z10|C}, 0] test vector M=
Aoz RAT|=2| ERITHT}

o

reduce = 2f thread 7} shared result & 2% £&5tA| %1 thread-local result Off A4t Z2HE *&st
&, 2= thread 7t S2E = main thread 7t 8t 0| Hast= ZAOICE O test vector Of|A= shared
result 822 2US M= 2= 22V} sequential baseline 2F Yz|5=2| 2QIGICE reduce YA hot
loop OM shared write & A|75t7] W20 race condition & YA|SHHM mutex #4A19| lock

contention 2 ¢ & Y= 1R = A3t



H 12. Thread / Synchronization Test Vector 242 2H

SHo|
=/ -

Test Vector = A3 71= Z3} i
nosync race condition &4 & hist_sum, checksum, valid | valid=0 == checksum
2ol mismatch 2Hd A|

synchronization 224 &0l

mutex lock 7|8t Z&hd &l hist_sum == trials, g2 3= LA lock

checksum match, valid=1 contention overhead 24

ts

reduce thread-local result 7|8t 2§M | hist_sum == trials, shared write & 0] &4}

checksum match, valid=1

458 e ge

240 ofL|2}, thread HE 22|0|A

Hahy 230 synchromzatlon overhead AfOIOI trade off & &QI5t= AOICE nosync = =222
QtAMsSIZ| ot2 H|WFO|H, mutex 2t reduce & 21 J&HS s|E5t7| st aflZ2 HAlo|Ct z2[E
MU M= Al A|ZHEDEOFL 2} valid 2F checksum Z2HE )| 7|22 2 AFR ST
3-3. Process / Hybrid Test Vector
Process / IPC / Hybrid 2 22| AA S22 AZ3517| @I58l process 42t process-thread Z &S BISHA|7 |0
HHSIUCE ES 7|1E2 hist_sum 0| trials &t YZ|5H=2A|, valid 0] 1 @1Z|, checksum O] sequential
7|22t Az[SH=2A]0|C,
H 13. Process / Hybrid Test Vector
Test Vector A Al =2A 7|cq Zxt
Process 1 =l child process overhead 9! process=1 valid=1, hist_sum=trials
Process 2 multi-process &g} &9l process=2 valid=1, hist_sum=trials
Process 4 process scaling 29l process=4 valid=1, hist_sum=trials
Hybrid 2x2 process + thread Z2& 4= process=2, valid=1, hist_sum=trials
thread=2
Hybrid 2x4 child i thread 7} 21} 801 process=2, valid=1, hist_sum=trials
thread=4
Hybrid 4x2 | process £ 272t W& thread ZE &9l process=4, valid=1, hist_sum=trials
thread=2
Process IPC ghAle AL ZMEHH|W process=4, valid=1, checksum match
pipe/shm ipc=pipe/shm




£3] process mode O|M= pipe 2 shared memory IPC & 25% &9Q15104, child result 7t parent Of A|
Moz MEE|=2|2f IPC eAlOf HE 2}0|E &7 HSoIALE.

3-4. Pipeline Test Vector

Pipeline Test Vector = queue 7|8F 2} 282t 22 Heh LAI0| oMo 2 5= AS5t7| 25k
T5tYCE Pipeline mode OfM+= Monte Carlo trial 0] batch T2 L2, worker thread 7t
TaskQueue 0| A batch & 7447} A Akst & partial result £ 444 SICt. W2tA] O] test vector Ol A& T3]
2|E ALt Zatet &0Ist= 40| OfL2t, batch 7F 2 §10] worker O|A| ME%[=A|, worker 7t A 4Ft
partial result 7t d&&o2 Hetk[=4|, 22|11 2|F A2V} sequential baseline 2t YX|5t=AE &
SOl RACE.

AZ 7|22 hist_sum == trials, checksum x| O{&, valid 2t22 MA3IUCE hist_sum O] trials 2F
U5l 2E trial O 2 ¢10] H|LH=| AL & 4= AL, checksum Of sequential baseline 1t 22|52
ote S AA 2E7t QASIASS OOJFICH valid 22 0|23 AZ 2712 ZersI0] Y4

= °"
AlSH O] E DTl 7|2 O 2 ARSI

= DTZHEN A< Pipeline mode 2 g &AIS Final Reduce 2t Interactive Merge 2 LSO
BS3IUCE Final Reduce test vector & 2 worker 7t Al4HE 2'H & OF|2H0]| partial result £ St #HOj|
Heste 20Tt O] ZAO|ME TaskQueue & S5l batch 7t Aoz 2T, worker & partial
result 7t =2k ¢10| 2[Z Z1t0f| BtH | =Z|E EQISHT. Final Reduce & 7t&7} Eh5t7| 20| Pipeline
mode 2| 7|2 Bl 7|E2 2 ARZStRACE

Interactive Merge test vector = worker 7} 2|4kt partial result & A&l Z7H0| MergeQueue 2
&5t41, aggregator thread 7t 0| 74U 2|Z Result O E&ste R0ICH Of ZAUOAM= ALt Zoto|
%*i“é%.i OtL|2t, MergeQueue & AFE3H=E producer-consumer 8 1H40| QHXGHA| S2t6h=R| 2
BOISHCE worker 2+ aggregator 7t Z2 MergeQueue & 3R3StE2 queue 9| buffer, head, tail,
count 2F Z2 AEf7} mutex 2 EZE|0{0F 5H0H, empty/full AEHOM=
thread 7} Ci 7|52 CHA| 7HO{LOF STt

ru
ol

condition variable 2 S35l

Pipeline Test Vector Of|A] &/deh &~ = 22 ZA|= batch £+ partial result 7t 2= AL, queue
AER7E 2R BAZ|0f 2| At sequential baseline 2} &2ix[& ZO0ICt 0|5 &R|5H7| 2I5H
TaskQueue 2} MergeQueue O|M= mutex 2 queue LHE AEE 2551, not_empty 2t not_full
condition variable 2 AFE3t0 empty/full AEHE *{2|5tCt. O] 7|&2 2+E5HH batch U2} partial
result Hef0| d4H o2 £alE Aoz MESIRACE

Pipeline Test Vector = Ct2 2 U2 S402 ASSIYCT



Test Vector =2 A4S 71 A1} i

Pipeline Final batch 22}t 2/Z HEt hist_sum == trials, worker & partial result 7}
Reduce A 52 &9l checksum match, valid=1 Feth glo] 2= 21| Bt
Pipeline MergeQueue 2} Aggregator 7|8t hist_sum == trials, producer-consumer &gt

Interactive Z7t &5t 5ol checksum match, valid=1 HHo| HA e
Merge
Queue batch T2l 52 2t¢ 24 &l AlaH A|2E valid, checksum queue overhead 2} load

scheduling balancing g&k2 | £AM

v

—

etM Pipeline Test Vector 2] 5242 O o 2HAI0| SHA O Hi2CH= 223 LH7|

Final Reduce 2t Interactive Merge 7t 25 A&ty 7|&2 RHEst=2| &Qlstn, HE gAlof w2t ghilst
4 Q= overhead € 0|F g5 2A10|M si{Adst7| 28+ Z0|Ct Final Reduce & thestl Y401 a3t
7|22 AEE|D, Interactive Merge & A3 S7F E3H0| 7ts8t producer-consumer +2E ASSHe

ZZHO|C}, Interactive Merge 7 “2| A 2 &|G2te ATHZ A5HA| 9411, queue 2} condition variable,

aggregator thread & A2 35H= pipeline +29| synchronization overhead 2 {44 StC},
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4-2. Main Strong Scaling 24

Z Workload 2| 37| 183t Worker £=8F= #3tA|7|= Strong Scaling #4222

Bs &
-1 4" =g
H 15 49 Y =+
o= U
Al =k Docker Desktop 7|2t Ubuntu 22.04 Linux VM
Architecture aarché4
Docker &% CPU 10
Compiler GCC. -02, POSIX pthread
CPUZH GNU /user/bin/time -v
Core & =3 mpstat -P ALL 1
debg 71E Valid, hist_sum, checksum
o, Docker Desktop 2 Linux VM I0|M H=22 dHE &t LHE0|M| &4l ds Bluols
QEBILE 012 native Linux 830] ZOHH! 45 4312 Yare 4= it
;H%H:}

H 16. Strong Scaling 28 =24 & AS A
o= U
Trials 120,000,000
Steps 50
Profile default
Pre/Post work 0/0
Worker 4= 1,2,4,8
gt 2t case 5 3
Affinity M5t




4-3,

ox
Jon

FAQ H'Vél 7|

o

N

‘ds Bl H0|E{=Z ABE|7| QM= TS 2 S 25 SN0k Sttt
- valid=1
- hist_sum = trials
- checksum = sequential checksum
- Bt Al D& checksum_count = 1

4-4. Y AR
B17. 224558 AR
Metric o|o|
time_total end-to-end wall-clock A|Zt
time_compute worker AgH 27t
speedup 7|1& A2t CHH| ©= B2 (Tyeq / Tparaiter )
efficiency worker & speedup £ (speedup / workers)
CPU% A worker CPU 28
Util/Worker CPU% / worker &=
Max RSS GNU time 0| &3t 2[CH resident memory

time_sync &= 0{2{ worker 2| Ci7| A|Zt =24 20|22 2& stage #4= Gl = time_total 2t Y 2[5HX|

4 9uct,

ore
s =



4.0
L 0.9
3.54
3.0 1 0.8
L 0.7 B
2.0
1.5 L 0.6
1.0 A
. : : : 0.5
1 2 4 8
Number of Threads
22 4. Thread Mode 2| Worker £=0f| 2 Speedup & Efficiency E3}
(I2HAY ALM: 7|2 AIZHCHE] & 314 HIS, W7HA 24 Worker & B84, 4-worker 0|3 Efficiency 7t S2oHe A4S stolt 4 9ict)
H 18. MA| Monte Carlo Strong Scaling Z1}
Case Workers | Avg Time Stdev Speedup Efficiency CPU/Worker
seq 1 12.111s 0.366s 1.000x 100.00% 99.0%
thread_2_reduce 2 6.148s 0.173s 1.970x 98.50% 99.5%
thread_4_reduce 4 3.236s 0.016s 3.743x 93.60% 99.7%
process_4 _shm 4 3.222s 0.014s 3.759x 94.00% 99.5%
hybrid_2x2_shm 4 3.222s 0.031s 3.758x 94.00% 99.5%
pipeline_4 final 4 3.275s 0.137s 3.698x 92.50% 99.8%
thread_8_reduce 8 2.390s 0.045s 5.068x 63.30% 95.7%
pipeline_8_final 8 2.177s 0.058s 5.564x 69.60% 99.7%




0.14 - T_pre (Sequential)
T_compute (Parallel)
T_sync (Overhead)
0.12 - T_merge
Emm T_post (Sequential)
0.10 1
m
2
S 0.08 1
[
)
g
= 0.06
0.04 1
0.02
0.00

Number of Threads

12l 5. Thread Mode 2] Worker 4=0f| T2 CHAIH AlSH A|ZHStage Time) B3}

(Gh=AY ofth: A HE A 121 T_compute. Worker £:7t S7t24-5F A4k A[ZH0] EHEE[R|QF 4-worker Ofl A 8-worker 2 HOIZ = &= £0| 3 Et=ls XS &g 4 ULt

A B 2-worker EE2 Ao 0|40l &4 (T1/2)0| =F5tRUCt. 4-worker 88 HA| =2 HH
—Z(thread, process, hybrid, pipeline) 25 A Monte Carlo workload Of|M 92.5~94. O%OI
efficiency & €45t N-core scaling O] 45| 2&st 2115 =
I Process T+ZLt Hybrid & HA| Thread 7£22t £&5| Y 7ts5t Qﬂ,%% EOﬂEf gHH 8- vvorker
SHE0ME CPU AHHE Al SHROF AFE RO = 27151 efficiency 7t Z4SIRICE Ol= ZO0{E HHEE A
S 2|5t04 CPU utilization € =0|= A3}, 7|3 & IPC LHE||= 0| MA| AdH Al ZHspeedup)0| MEo 2
ChEklz A2 sYet A/ H7} OfHS AlAFSICE,

—~

5-2. Core & CPU Utilization
H 19. 4-Worker 22 Core & CPU E2E&

Case CPU% | Util/Worker Core 8 ™ Min Core |Stdev| Max RSS

thread_4_reduce|398% | 99.50% |100.0[100.0/100.0[100.0/100.00%| 0 |1,292 KB

process_4_shm [398% | 99.50% |100.0/100.0/100.0[100.0/100.00%| 0O |1,212 KB

hybrid_2x2_shm [397% | 99.20% | 100.0/99.7/100.0[100.0 | 99.70% | 0.16 {1,220 KB

pipeline_4_final {399% | 99.80% |100.0[100.0/100.0/100.0{100.00%| 0O 1,472 KB

4-worker CHE 72 &0 A worker & B CPU 2282 99.2~99.8% =2 %’SEIO“Z
Ho| HLStA 100%0 Z2HSHA AFRED 0|, A|AHI0| SEE T AYS =8 2—19§ Z5}
AtEll(saturation) 2 B0 228 0I5}

='2
o
o
rlJlrI
i=)



5.3 Process-Friendly / Thread-Friendly 1z} H| 1t

H 20. Workload Profile .z} H|

Profile / Case Workers Avg Time Speedup Efficiency
process-friendly seq 1 0.8620s 1.000x 100.00%
process-friendly process 4 shm 4 0.2404s 3.586x 89.60%
process-friendly thread 4 reduce 4 0.2412s 3.573x 89.30%
thread-friendly seq 1 0.0338s 1.000x 100.00%
thread-friendly thread 4 reduce 4 0.0098s 3.431x 85.80%
thread-friendly process 4 shm 4 0.0104s 3.236x 80.90%

CH 1Z2It & SHHOM 25t A2 OFLCE process-friendly ZZ0AM= 2t 37|7f 28235] A
process, thread, hybrid 7t 7to| A& 2l0|7} O|O|SHRIC} BHH thread-friendly ZZ0M= &2 E4AI
H|2 S&0|| thread-local reduce € &8¢t &AI0| R2[stAH SHE[RUCH Ol= workload | S0 w2t
Z| Mol 2GA|A| Ml L2 Z MEHSHOF &S 2|0}

5-4. Synchronization 21 24
Synchronization Z2} £A0|AM= shared result 2 Z4AI5H= YAlo) w2} HEH0 450 O{EHA

etz =2] 2RIt MS2 Docker Desktop 7|8F Ubuntu 22.04 Linux VM EHE0fIM £8E(QO T,
Hil= SYsH 8HF QH0f|A synchronization fHAIE ACH 20| E H| W57 | st 4522 S A5HRUCH Docker
Desktop £ Linux VM Q{0f|M AJME|B 2 ST £~2|& native Linux 2| A0 dso2 UBSI5HR| k=Lt

HA nosync = shared result & E& 51| 10 042] thread 7t SA|
synchronization A&0{|A hybrid_2x2_nosync_shm & T+ AlsH A|
U2 00|AD 5 3| BtE B5E checksum O M2 Ux|SHZ| QAQUCH e A|ZtTF B H=H B 4~ Q2|0
7=|J_I_|. 7¢|§|-A'|O| 7]H147| [[H_l?_oﬂ Qljl-g AI%OH 7—'lj_|.§ I-_g_

race condition & A&i5t7| 26t ATH Al2d|O|CY,

H 21. nosync race condition Z1}

Case Avg Time | Valid | Checksum 4AtEj Sl A

hybrid_2x2_nosync_shm | 0.0312s 0 53 25 22| | race condition 22
Zop7H 47 AT AL

0] Z1}t9| 2ol2 0f2] thread 7} &2 shared result Of CH3l SA|0| read-modify-write
}=Z0|C}. O] S0 & thread 7t &2 histogram ¢ 2 & 242 S7HAZ|H, A 2= &
St= 2f0| &t O B =l £~ QICtH 0|28t lost update 7t +Z &P hist_sum O] trials 2F 23|

—

_O.E rE i



checksum O[ sequential baseline 2t &2t2| 12, 2|42 = valid=0 O| &I}, T2tA] synchronization 22t
M0 = A AIZHECE HA valid 2F checksum = EQIsHOF Tt

mutex YHAI2 shared result A1 A72tS lock 22 E5510] ZEANHS 3|25ICt J2LE 2E trial Of| A
2 shared result lock 2 &53H0F 3t22 lock contention O] 2H435HCt Thread 2-worker A& 0f| M
thread_2_mutex = valid=1 2 A3 X|0t " A&l A|ZE2 0.1794s, B+t sync time = 0.1077s, lock
count = 1,000,000 22 LIEFGTt BHH thread_2_reduce = "ot A&l A|ZH0.0509s, sync time = 42|
Os, lock count & 0 22 =YLt Of= mutex FAI0A lock Ci7| A|Zt0] 4| &0 2 FL=2 & =&

UASE BN EL.

E 22. mutex 2} reduce 2| lock contention Bl

Case Avg Avg Lock Valid oA
Time SyncTime Count
thread_2_mutex | 0.1794s 0.1077s 1,000,000 1 trial OICt lock & AFESHY lock

contention O] 2

thread_2_reduce | 0.0509s 2k Qs 1 1 hot loop 0| A shared write 2} lock &
|7

ORR|22 2 reduce YA 2t worker 7t S&AQ! local result & AAH5t1, worker Z& 0|F & ot
merge St= EHAIOICH Hybrid 2x2 ZZO|A hybrid_2x2_mutex_shm & T A3 A|ZF 0.0563s,
speedup 1.866x, efficiency 46.7% 2 ZZE[QUCt BHH hybrid_2x2_reduce_shm 2 T Al A|Zt
0.0288s, speedup 3.643x, efficiency 91.1% 2 ZZEJAD, T LA 2% valid 2f2 1 O|UCH &2
HE S RAIGHHM reduce ZAI0| mutex 2Lt QF 1.95x 2| LIEHF Zi0|Ct,

H 23. Hybrid synchronization Al A1} H|w

Case Avg Speedup | Efficiency Valid A
Time
hybrid_2x2_mutex_shm | 0.0563s | 1.866x 46.7% 1 Yebd g 2ot ot

lock contention overhead 7} 2

hybrid_2x2_reduce_shm | 0.0288s | 3.643x 91.1% 1 local reduce 2

eI NS B g

ZIH 22 Synchronization & theol O 2HAI0| 7+ HHEX|Z &Qlst?| 2|5t 20| ofL2t, HH
{2[0f| M HEd2t synchronization overhead AtO|2] trade-off & &4{5t7| |8t A &OIC}. nosync &=
W22 22 4 Q0| = valid=0 2 checksum mismatch 7+ 245t 2 ALES 4 QICH mutex = Z2HS
22| 0F trial T+2| lock contention & Qlaf S 57t LHA#EH 4~ QIC} reduce = thread-local
result £ AFHZ5t0] hot loop Ol shared write & HA3t12, join O|F §F 0| merge 82N FEHYS
22|5tH A synchronization overhead & Z0|= HHAIO|CH Mf2tM 2 T2HEO|AS nosync € race



condition 2] 272, mutex & A& g|&E YAIOZ reduce & 712 A82AQI synchronization si1Z&

Ao = oA SHRACE
5-5. Process / IPC 22} &4

Process mode = child process & 0|23l Monte Carlo trial range & £& x{2|5tCt. A& A2} process
mode = A4 20| valid=1 2} checksum match & BHZ3510], child process 7} AlAteH A7t

E= shared memory IPCE S35l parent process 2 A4t HYE|D 2|Z merge 7t SHI2H| £HES
FOISHALCE.

|_r1

Jor

Process ‘452 workload 27|2} IPC overhead 2| &2 &7 BH=C}. process_1 2 sequential £Ct
L2l & =g, Ol HA gEst 0|5 ¢io] fork, IPC, waitpid, result merge H|&0| Z7t%|7| WjZ0|C},

Ct2t process 7t &4 thread EC} WEECED ASHA= OF EICt Thread = &2 T4 872t2 375l7|
j20f 22} ML H|E0| 2|2t process & ST F4 372 AFRSIE2 IPC StCt. h2tA process
mode 2| 2|0j& Cthe M £ Agdo=z e0lsk= O

ULt

s}
<0

o N

or

2217t ot 2}, process isolation 2t IPC overhea

Pipe IPC 2} shared memory IPC = MZ Ct2 EMS 71ZIC}H Pipe= F+27} thadtd HA|Z QI read/write
SE28 20{F2|2 kernel buffer & S5t 1Y H| 80| UL} Shared memory = copy overhead & £ 4
[2]BF, child & slot 2|2t P2 & A7 B25IT & Z2HE|ME= shared memory mode 01| A

child ¥ =2} slot € AF25}1 parent 7t waitpid() O|= read StE2 510 25 7tsAS2 =L}

;O

2|Al A2 Monte Carlo strong scaling Z20l|A process_4_shm 2 4-worker ZH0|AM B 3.222s,
speedup 3.759x, efficiency 94.0%E 7|235I%Ct Ol fork 2F IPC overhead 7t ZA5tH2tE

UASE 20Tt

Cot process_4_shm It thread_4 reduce 2| W A|ZF 20| = O 22282 process 7t 2= EHZ 0] A
thread EC} W2CtD UBISIsHAM S OF EICH 2 Zat= £ Docker Desktop Linux VM SO A ALK
Monte Carlo workload £ 7|&22 &t A4TH H|w Z2t2 3lA{50f ST

5-6. Hybrid 22} A

Hybrid mode = process 2t thread & Z&et A1&4 EZ 712 0|C}. Parent process = child process &
MASED, 2} child process LHEO0lA= pthread worker S0 trial range & LH+0{ A AFSICt O|F child
LHEO| A thread-local result £ child-local Result 2 H&t5t1, 0|2 pipe &= shared memory IPC 2
&olf parent Of| A MEstCt.



Hybrid T#2= process 2t thread 2| Aeh2 E&5| 22| tCt. Process & 2 2 A& L1, thread =
child process 22| ME AHAtS H&ESIEICH 0|8 E3f process isolation It thread 2 lightweight
HEHLE SA0] AHES 4 ULt

2Lt Hybrid mode = 27+ 223ICH child process 444 H|&, child W& thread 44 2! join B2
thread-local result merge H|€, IPC H|£0| 25 Z5tg|7| W 20|Ct. W2tA] hybrid 7} 2.E RAHOA 7+
2 Lxetn 2ASHE A4S FsiCt il 2235 2 workload 0|A process 2F thread 2| &

= g 22lE
=ofl Bt 2E 2E

£ 9len], 05 i 4Y20| =2 &2 LR 2 siAl5Hs 40| HAs|Ct,

H 24. 4-Worker 22 A3l 12 M5 H|W
Case Workers | Avg Time | Speedup | Efficiency i
seq 1 12.111s 1.000x 100.0% 7|2 M2
thread_4_reduce 4 3.236s 3.743x 93.6% thread-local reduce 7|8t H| Wz
process_4_shm 4 3.222s 3.759x | 94.0% 2 =2 200 shm 21 HEZ =2
2E
hybrid_2x2_shm 4 3.222s 3.758x | 94.0% | process L& pthread & Zglot A&
L
pipeline_4_final 4 3.275s 3.698x | 92.5% queue 7|8t 12 H| W&

2| Z3t= Docker Desktop Ubuntu 22.04 Linux VM Ol A& Monte Carlo workload & Tj&e 2
trials=120,000,000, steps=50, 2} case 5 3| BH2 o2 =St ADNO|Ct T2tM £%|&= native
Linux o] Hth 522 UBKS}et7|2Ct, ST Docker Desktop Linux VM SHZEOIIA A3l FLRH ATy
210|& |t 212 siiAMGtCt,

Z|Al AZ| Monte Carlo strong scaling Z2}0|A hybrid_2x2_shm & 4-worker ZZHO|A H 3.222s,
speedup 3.758x, efficiency 94.0%Z 7|232CH O|= child process LEO|A pthread worker &
AESH= A2 HH 1271 2 835] 2 workload M e &0t o2 S5 4~ /28 HOj&L},

T2t} hybrid_2x2_shm, process_4_shm, thread_4_reduce | H# A|Zt 2}0|= YO hetA
hybrid 7} StAk 2|Z0|2t1 S§A5H7|ECH=, process isolation 2t thread HE M-S AgIt T2 A trade-
off & E0{F = A3 mode 2 MYH5t= 20| HA3IC}

5-7. Pipeline Z1 A

Pipeline 21t 2AM0jA= queue 7|8t 2 2bfet el &Al0 et st overhead 7F O{EH
getzl=2] 2olstAt. 2|F de 242 Docker Desktop 7|8 Ubuntu 22.04 Linux VM OflAf &4
Monte Carlo workload £ Cjde=z2 £ast vty =34 ZIUE 7|22 oI A8 RS

trials=120,000,000, steps=50, profile=default, pre_work=0, post_work=0, 2} case 5 3| YrH=20|0,



CPU affinity & &435}5H AFEHOI| A 2Z5194Ct 0] Z1H= native Linux o Zth M50z Ubtststy| 2L,
S5t Docker Desktop Linux VM £& Qt0f|Af Pipeline mode 2| 2441t queue overhead & H| 157
Q|5 4o 2 HAIBIALCE.

H 25. Pipeline strong scaling Z}

Case Workers | Avg Time | Stdev Speedup Efficiency CPU% | Util/Worker
pipeline_4_final 4 3.275s 0.137% 3.698% 92.5% 399.0% 99 8%
pipeline_8_final 8 2.177s 0.058s 5.564% 69.6% 797.6% 99.7%

pipeline_4_final 2 M A3l A|ZF 3.275s, speedup 3.698x, efficiency 92.5% 2 ZZE|UCE
worker @ CPU utilization &= 99.8% 2 LtEtLE, 4-worker 20X pipeline 7£27t A Monte Carlo
workload & =5 §E2 2|51 JUSS &Y 4= UCH Of8t Z2 4-worker £ 722} B|wstH
pipeline 2 22 queue & AF23I22 queue scheduling 2F worker 22| H|- 20| Z7t=ICt T2tA pipeline
71 e 2R E 27| 25t 0] otL|2t, queue 7|8t 2+ 287 451t overhead Off O
ERISHY| 2ot Bit2 Sl AdslOf SHef,

pipeline_8_final 2 ™o+ AlgH A|2t2.177s, speedup 5.564x, efficiency 69.6% 2 2H%|UCtH CPU% =
797.6%, worker & utilization 2 99.7 % = 01 =4I LIEFGR| 2t efficiency & 4-worker RAECE I
daotRICt Ol= CPU utilization O] =Ch= AMHO| 2 O|4&Ql scaling & 20|t |= %=
BOoZCt 2E worker 7} CPU € A5t AE2tE, queue &2|, scheduling, worker 70| T2
overhead 7t AA|H HEHA|ZtE T1/N Off H|2|slf 20{SZ| 42 4 UCH.

e ds

Final Reduce 2t Interactive Merge = &8 &412| 50| Ct2C}, Final Reduce = 2= worker 7t Al4tS
2 S| OpR|9tof oF Biof| Helsts 20|22 st =72t H|E0| 2Tt Bt&H Interactive Merge =
worker 7} 44435t partial result & MergeQueue 0l &3t aggregator thread 7t A& S740]| Eatst=
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+20|82, d& F partial result E AL AL £ UACt 2Lt O] 2tHOA queue EZ, mutex

H,

lock/unlock, condition variable wait/signal, aggregator thread A3 H| 20| £7}=IC},

H 26. Final Reduce 2} Interactive Merge Z2} 5|

YA 4 H|& 2ot ot A3t s
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Reduce H|& 22 = o 25t batch J|Z2o=2 AtR
2t
g
Interactive Al 2 partial queue, lock, 2|4 A2t
Merge result A 75 | condition variable, | monitoring 0] | L2|A £Z=|0{= A7t ofL2t
aggregator H|£ Tes 2y 7|51t overhead 9| trade-off

HAIHOZ Pipeline A& Interactive Merge 7} Final Reduce £C} &H4f W2CH= A4S H0|7| |5t
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opA
Al&0| OFLCt, Pipeline mode 2] SHAl2 batch Q| 2t &£8l, producer-consumer 7tZ, queue
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et 2 T2 HMEO| M Pipeline 22HE T ds &217t 0tL 2}, producer-consumer +20{| M queue
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= 2t HEfZ 2I3E 20| ot 2t FLoiit ATS PESHEA el
= A& &5t YAlo 2 &S . 27]0j= Monte Carlo trial € 021 worker 2 LH=0{ A|AtSt= T
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=2 AoME Z2HE RIS F 0I5t A2 Q11 o 2 Jek SA o= Fa2|FICt
H27. 2A 2 2ol 0td 20f
23 ol S et 2| E uyg AR
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Aoz s Was AlSh AZHO R AL

thread 2t 2= 0OS process, IPC, address space child process T+ 27t | Process mode

7HE 4HO| Aot 20| &M 27t

024 thread 2| 38 shared result Of| Ci$t race nosync, mutex, reduce | Synchronization modes

23 AL ZH| condition H|x

mutex AFE Al H& trial OFCt lock/unlock 2444 thread-local result & Reduce Al

Aot HEt

process 21t &7 24| | parent 2} child o] F4 Z2t IPC ghAl 27} pipe, shared memory
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TR 27t Hybrid mode

final reduce 222

Al Z partial result @8 2 | queue 7|8t producer- Pipeline mode
pipeline 2 4% 2= | gi&
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CPUEZEE ZH EZ A2t 2 core EE CPU%, Util/Worker, Jusr/bin/time -v,

Al
o o212 core & utilization 2% | mpstat




8-worker efficiency worker £710] T2 speedup 2t CPU Strong scaling &4
AN scheduling, queue, merge utilization 2 22|54

overhead 37t 2

6-2. 27| Workload M4 242} &

27| FA|l= 0|0|R| e HAH *2|RUCt 0[|0|Z| LE{= O|0|R|E 2 2} HiZ=2 &1 FH
2 Q282 thread Lt process 7|8t HEHSHIt 7HsolCh d2{U 2HAA & 22| 2
workload 2& StAH| 7t ATt

HE 2 2AHle L A
0|0|Z| Biof| E25t= Hl22| H|Z, cache locality, memory bandwidth 7t 24| 450 &2 FC}. O]
A% worker &5 538 ©f M3l A|7H0| ZAstHEte, 1 Q10| CPU B3t ME QA b2 2 IHEH

=
=
W22 FetstA 22|t ofFLt.

|2tof| 621 2210] HIttE HOICt. 0|0|2] 22|0|ME TYS S & 1/0 HIE,

Mo

Nl

0|2 alZ3517| 2I5H 2|2 workload & Monte Carlo 7|8t 22k 2Z Q& AAto2 HAFIACE O]
workload = 2t trial 0| SEXdo 2 AsHig| 1 HtE i SMo= JAMEICH S35t trial range € thread,
process, hybrid, pipeline 22 LI+=7| €110, A= hist_sum, checksum, valid 2 2428 4 QIC}

]

t2kA Monte Carlo 2t £F 91 Al 2| 28 Al22|0|E1E Z Lot L8i5t7| 2|8 20| OfL2f,
2YAA 2 F28 HE 22| 2HE H|WsH| 2|8 CPU-bound && workload 2 AE LY.

6-3. Thread EE3} 242} 512

Thread mode 0| A= 0f2] pthread worker 7} 5tLt2] process LIS 0iA AHEICEH O L2= 4/ HIEO|
2t Z2te =A 27t2 29502 A 20| H2CH= 20| QICH J2{Lt 02 thread 7 22 Result

—
TRAE SA|0f HAISHH race condition O] B4 4~ /T,

0|& S0 0{2{ thread 7} total_trials, collision_count, histogram, checksum € S A|0f| ZAAISHH read-
of

modify-write 20| Z& 4 ATt 0] F2 Y2 update 7t &HE|0] hist_sum O| 2 trials 2 Y2|5}2|
Q7L checksum mismatch 7t 2H445HCE T2kM thread mode Ofl M= A3 A|2H0] 22| B SHQIsHA =

OF |1, BEEA| valid, hist_sum, checksum S &4 &9Q15H0} St}

0|& AS517| lah nosync, mutex, reduce Al 7H2| &AIE HI WL nosync & S7|38F ¢10| shared

tE = HAC 2 race condition 8 E0{F= A} ARHO|Ct mutex & critical section &
lock 22 E55t0 ZotdS 2ASHA| 2, trial Ot lock/unlock Of BHEE|H lock contention Of A SHC,
reduce & 2f thread 7} thread-local result £ Al4tst1l, 2& thread 7t 2 E F main thread 7t &t 0]

rr

222 thread mode O|M S 25 7|M W2
shared write € A|Mst= Z{0|Ct. Reduce YAI2
synchronization overhead & £0|= 722 ALEE|RACH.

THe3| lock 2 F7fst= 20| OfL|2t, hot loop Of|Af
o

B OOl B2 20 YHYS KIS



6-4. Process 2} IPC #+& 27t 0|&

Thread R 2= S2IAA| Z2HENM 2+75t= child process, S8 &4 87t IPC A2E £&279|
AHst7| {ELt. Thread & 22 process LHF0[A AL B2 0 22| E AHAY A SF5HAIRL, process &
Z21%| address space & AFRSIC} W2tA child process 7t HlAFeH A= parent process 2| O 22|0f|
Atso 2 BtEL| 2| Qi=C}

0| 24| E sl Z5t7| 2I5lf process mode & 7t5tRALt. Process mode 0| A= parent process 7t fork()2
child process & MA5t10, Zt child 7} S trial range & AAMSICEH AHAHO| Lt child = AtE
parent 0| Al ZE5H0F 3122 pipe IPC %= shared memory IPC 7 Z 235}C},

Pipe IPC = child 7} A4St Result £ pipe Of write()5t22 parent 7} O|S read()3t0] & &t5t= L& 0|C},
O] YA HA|R| G S 20| HESHR|2F kernel buffer & £t read/write overhead 7+ 2445t} Shared
memory IPC = anonymous mmap() 7|8t shared result table & AF23t12, 2t child 7t 27| slot Off Z22HE
7|25t= WAI0|C}, Parent & waitpid() O|F 2t slot S 210f 2|Z Zntof Y&t

tetM process mode 2| A2 the=5| Aall A|7HS £0|= Z40] OtL|2t, child process 2| =& 4 572t1}
|PC HlRO Alo-|2-|0§ _QF?_%l»E E” OI|:_|>‘

6-5. Hybrid +2& 27} 0|

Process mode 2t thread mode € 22t {185t F0)|= ©Y 712 H|wO| SHA|7} LTt Thread &
lightweight g &3l 22| 387t Z&0| 2|2t race condition 2|7t AT} Process = S &A1} oA 0|
20| 2|8 IPC overhead 7t QICH WRtM & 22 02 H|@5H= A0 2= process 9 thread £ 31|
AtEot= A& ¥WE 1R E dYst7| &Lt

oS 1 o2 4= 2o

)

O|E aliZ5t7| 2I5Hl hybrid mode € £7t5t¥Ct. Hybrid mode 0| M= parent process 7} child process £
M5t 2t child process LHEOIA] CHA| pthread worker A STt Process = 2 21 182 L+,
thread = child iF0AM MIF trial range & E&Z *{2|5tC}. 0% child LS Ol|lA thread-local result &
child-local result 2 Hgfst, parent 0|2 IPC & Ssll AdEstCt.

Hybrid mode = process isolation 2 thread parallelism 2 &7 20{Z 4= UCH= &&E0| ACH 2Lt
child process 48, pthread 444 3! join, child-local merge, IPC H| 80| 25 T stg|8 2 2 I 224510
overhead & 2718t 2 QIC}H W2tA hybrid = SHAF 742 2 127t OfL 2}, process @F thread o <45t
222 B0F= 54 ¥y 1R 2 sfMste 20| dHsict

6-6. Pipeline +& &7t 0| &
7|2 thread reduce &Al2 Thedtd 222 0|Ct J2{Lt 2= worker 7t Al4tES EH F OFZ |40
ohe 20|22, MA| A|ARIOAM 17 S25HE producer-consumer 22 A5 |0l 2510t
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2|3l pipeline mode € #7585t Ct. Pipeline mode OlA&= preprocessor 7t trial € batch H|2
1 TaskQueue Off ‘E+=C}. Worker thread & TaskQueue 0|A| batch & 7L Monte Carlo AAFHS
I, A final reduce YAl 2 HEH5EHLE MergeQueue £ S35l aggregator Of| A4 st}

o

o o
A=
_I_OOH

[e]]]

TaskQueue 2 MergeQueue = 2] thread 7t &7 &dZ25t= &5 queue O[T}, T2tM queue LE2Q
buffer, head, tail, count, closed 2 Z+2 AEf= mutex 2 E356{0F SHCH E5 queue 7t H|0] YAHLE IS
2t AL busy waiting 2 I|5t7| 28l condition variable 2 AFE3SICE

2 O

Pipeline mode 9| 5242 g4t 71 WE 25 Bt=+= 20| OtL[C}. Final Reduce = #+27t st
= 7|3} H| 20| 2t2|0F AlGH 2 partial result £ &HQI51H7| 2Lt Interactive Merge = A3 2 partial result
A7t 7535HA|8F MergeQueue, condition variable, aggregator thread overhead 7t 2 fi“if. I
pipeline Z2H= producer-consumer +20|A queue scheduling 2t merge overhead 7t &4-50f o™
e FeAl 20iF= Y22 SHAISHC}

6-7. CPU Utilization % %7} 0|

40

27| e Hue 2 A4 AZHL} speedup S22 RIYE[QUCE 2Lt A3l A2t 2= A CPU
core 7t HOtLt AFEE[UA=A] 2HRISEY| OfFLE OlE SO 23 A[Zt0] SO0ISA| EUCH siAl CPU 7t
AR %2 A2 Oy, BIHZ CPU utilization O] L1 A &3l A[ZH0] O|HC 2 S0E= AT

ofLct.

Ol &Qlsty| 2ol 2[& AEo|M= CPU%, Util/Worker, core & utilization 2 &7 £33t%Ct
CPU%= A worker 7t A% CPU S HUEHL, Util/Worker = 0|F worker =2 L= 240|
core 8 utilization 2 HA|2 2} core 7t L3I AFBEIU=AIE &QISH7| 2/ AL SHCE

P

2|Z 20| M 4-worker 2 2= worker & CPU utilization 0] 2F99 .2~

Ol= 4-worker ZZ0{|M 2+ worker 7t CPU-bound workload € £&79| s3ist USZ 2|0|
8-worker Z0|M= CPU utilization 2 =4 FA|=IUR|Ct efficiency = ZA5tRUCE 0 22t
HEEA| AbESHe Aot A3l A|Zt0] O|4H o2 Ziast= 20| M2 CHE BAIYE

= Z2HEO| i Y2 thed| 7|sS /et 0| ofL2t, 2FA|A HE X2|0|A Llst= 2HE

oISt Ol HEY £ Us #ZERE F7ist 2E0|Ct. Thread mode O|M= race condition it

synchronization overhead £ A 35t¥Ct Process mode 0| A= child process 2} IPC 12 & M5t Ct
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gz &

consumer 7tZ2} queue synchronization overhea

ZE2Ho=2 B I2HE = 52U CPU-bound workload & 0f2] 2GA|A| A3 222 2|51, Z&HY,
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AL IPC A, queue 7120]| T2t 453t overhead 7t H2f2ICH= HO|CH
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pipeline queue overhead, CPU utilization 2 L2 M 5tLIe| 202 HAHSIYUCH 0|2 E5f 2t 7| 50|

o =
thes| 271 20| ofL2f, ZA| 2AIE siZ25H7| 2ol &A= HS 2YSHAC.

LHAE YoM E HH =5
=, A2 Fd, 24 71 2Ry, 2 2, (S

SASHAUL.

= B2AEo| Z7t YRS WEHSHH 27| A|AH HA HiZ2t Monte Carlo EE3t 229 EIFEE
HESIHRILE 0]2F TI=0, Trial ©+2(2| deterministic seed A4t 22} checksum AS HAHE O|242o=2
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BAISHACH +=HLR|E S0 2 SHACE
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, pipe IPC 2} shared memory IPC H|1, hybrid mode 2|



£t process mode 2F hybrid mode 2| Als ATME HIEFO 2 child process 7t AlAFst A1
parent process & MY, 2[2H 2= merge 2 checksum validation 0] £&%|= 72 E A2|5% LY
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make clean && make

make test

/usr/bin/time -v ./sim --mode thread --threads 4 --trials 120000000 --steps 50 --sync reduce
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results/csv/real_montecarlo_scaling_2026_06_06_5repeat/real_scaling_summary.csv

results/csv/real_montecarlo_utilization_2026_06_06/real_utilization_summary.csv



