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ABSTRACT

Sorting is one of the fundamental problems in data analytics and many other
applications. At present, the amount of data is getting larger and larger. Thus, sorting
data consumes much longer time. This thesis proposes two Parallel Dual-Pivot
Partitioning Algorithms for C++ Standard Template Library (STL) Sort function on
multi-core/many-core computers, namely Hybrid Dual-Pivot Sort (HDPSort) and
Parallel Dual-Pivot Sort (PDPSort). In addition, they are compatible with STL Sort
function thus supporting a wide variety of data types and user-define compare
functions.

The HDPSort and PDPSort are developed and multithreaded by OpenMP library
such that the resulting shorter subarrays can be STL Sorted in parallel. In other
words, the smaller subarrays can be achieved sooner due to the proposed dual pivot
partitioning algorithms. The experiments are conducted on a 4-core HyperThread
Intel i7-2600, an 8-core AMD FX-8320 and a 16-thread AMD R7-1700 Ubuntu Linux
systems. The achievable maximum Speedups by PDPSort are 2.99, 3.54 and 6.13

times faster than the STL Sort function, respectively.
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2.1 Single Pivot QuickSort
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2.2 STL Sort

ﬁaﬁﬁﬂ%%mﬁmiﬁ;agﬂu Library : algorithm 11915§1u9890187 C++ L STL
Sort tugnoanuuulfanunsniniissteyalivarsein Tnedideuannsaimun Compare
function Isifuda STL sort dasiusa STL Sort Fsanunsavinaudangu lnsda Function

declaration ¥84 STL Sort A

template <class RandomAccessliterator, class Compare>

void sort (RandomAccessliterator first, RandomAccessiterator last, Compare comp);

lpaAu57wea STLSort Huvihauluusynsy (Sequential) & BigO asgﬁ O(nlogn) way

1T Stable sort

2.3 Multiple Pivot Quicksort
Multiple pivot Quicksort Aaa3ngasaiiltlnien Aws 2 Ardululunisyinaulie
Windszansnmlunislimiiondn Quick sort Aldlwieniiiesdafien Inadiegns Multiple

Pivot Quicksort MATiN1sHAILILAITUTIfDg19R9m UL

2.3.1 Dual-Pivot Quicksort algorithm (Vladimir Yaroslavskiy, 2009)
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gﬂ‘ﬁ 2.4 uaAINISWUIYBY Dual-Pivot Quicksort algorithm

1. ynsideniwienduun 2 1 Ae P1 waz P2 Iag P1 dasilAntaaninusawmingiu P2
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AUYIGAVDIDTE
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2.3.2 Multiple Pivot Sort (Solehria & Jadoon, 2011)
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Partition Phase with 3 Plvots (25 elements) P denotee a pivot
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l& 17 18 19 20 31 22 13 4

E'JI <

31]17; 2.5 LAAINISWUIVBY Multiple Pivot Sort
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Insertion sort A nHuéeteyalulivundavesenised
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2.3.3 Multi-Pivot Quicksort (Kushagra et al, 2014)
Multi-Pivot ~ Quicksort  [3]  tuldwinnisiAediuainyesnAeitnisulaayly
Recursive (3unansgngnuusvatuusaziitunauiiuand1sfenisiwdsuldlnendiuiu
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Dual-Pivot Quicksort algorithm (Vladimir Yaroslavskiy, 2009) Fldsuus K Tunnslawen
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27 Multiple Pivot QuickSort fivhnsAnuiunudndilifinisudauuruuegiag
LagisnsfAnwtuenfiarsaudadiihnisudsuvruldidesainisnstullannsaus
andlFannsavhausuurnuldndenty fafunuiseisaulaiosinsindusaresnuuy

Snswusn g lwananurunInnIMEeal L savinn Uk uuILule

2.4 OpenMP

OpenMP ulausn3 (Library) dwsunisiaunlusunsuiidosnisdinusyansamls
AN190YIULUUTaAMIA (Multithreading) vwpIesneuRinmesuiia Shared Memory
Multiprocessor 3awiiniainas (Multicore) SRR UV e den15a31s Thread
(Thread-base parallel programming) itel¥insavinuldBaszanniuuuifigresidainsg

OpenMP $895UNTAAIUITUTLATUAIBAIYT C, C++ LAz Fortran laganunsavingu
Srufumenlmandsingg Wi GCC, Intel C/Fortran Compiler Wudiu Wislilusunsuanuise
VTNwuuuizuwﬁﬁamﬁﬁwmmmsJ W Unix, Linux, Windows, Mac OS 1Jus

nsviaureslusunsuiilélausn3 OpenMP S5Uuuu Fork-join model Tnglugas
Runtime TUsunsuazisuduann Master thread e Thread Wienneu ndsantiu Master
Thread 2z@314 (Fork) Worker Thread $rununils Tudneiideanisliviauuuu Parallel ¥
dealudrufideanisiadaanysal Worker Thread fiadsdusnimanduazgn Master

Thread ¥ane (Join) Wé Master Thread agshanugndiiu Sequential selufsgudl 2.7

master thread 1 -
\ / : - -
;. _____ [ 2  EEEE . & . i threads A
. threads K
K . threads .
parallel region parallel region parallel region

g‘uﬁ 2.7 LAMINITYINIUVDY Thread LUy Fork-join



OpenMP HuaunsadslilusunsuyihausuuanulavaiesUiuumusnyz veany
wag A208198U N158919%1971 Nested parallel nanafea@1u1sadIIRiIIURUUIUIUY

aeldnmsiauniduruueguaingui 2.8

Sequential Parallel Sequential Parallel Sequential
Region Region Region Region Region
—— Worker Threads p— s Worker Threads —

Master Maslev__* _Mastpr s
Thread Thread Thread
~¥
Nested Nested

gﬂ‘f/’i 2.8 uAAINNYINIULUY Nested parallel

o
[y v a

mAteiFnauladentd OpenMP Wuduiivhliusunsuanunsavhauwuuawuled
hawsy OpenMP Hhudu APl Aideuieuarlidudeuiiowhnsdivandidunsimuals
auLUUILILREInsa UL UTTU I WANE199117 APl Bufifesiinisusenieaiig
Thread 93 Resource 81 Thread waz¥iane Thread Losviamun Snvis OpenMP Ju
AP Tlgsumnadsnannauiiannnsideulusunsunuvrnuisiiliamsandoyauas
Fnsiamndae OpenMP Tiie8nae uaz OpenMP W API AldFUMSTRILINBEN

AOLLDILALINITINMEUNAILDE19M DL



U 3

Parallel Hybrid Dual Pivot Sorting Algorithm

3.1 #ANNITN9UY

Hybrid Dual Pivot Sorting (HDPSort) Aapinwesadivinnisidasslnienlunisuls
(Partition) warldnsutsdeds Hoare uazdd Lomuto suiu Tne HDP Hummuidieniw
C++ wayld OpenMP Wulausslunmswaunlvanunsavhaulauuuauuls lne HDPSort &

TuRBUNNTYINUAFUR 3.1

LR - Lomuto Plo PHi RL - Lomuto
-, -
|
#1 |
mid
| a[l<PLo | a[]>=PLo | a[]< P a[]>= PHj
I 1 |mrommmmmmmm s nmm e | """""""""""""""""" i
#2 : | l
iLMTL mid iLMTR
Hoare Hoare
#3 |
—kswap swapj
| <PlLo PLo <= a[] < PHj >= PH; |
| I
f | | 1
| | |
#4 | | |
iHoL mid iHOR

E‘Uﬁ 3.1 LA UIAALAZTURDUNITNIIUVEY HDPSort
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Notation Description

ali] Input data array of n elements

C Number of CPU Cores

i J Left and right loop indices

iHoy, Left Hoare index

iHogp Right Hoare index

iLMT,, Left Lomuto Index

ILMTRr Right Lomuto Index

iPo, Pio The low pivot index and value
iPy;, Py; The hight pivot index and value
k Number of Processor Sockets

K 103 elements

M 10° elements

N Workload or Data Size (Elements)
S Speed up

Thap Run Time of Hybrid Dual Pivot Sort (Seconds)
Tsu Run Time of STLSort (Seconds)
Ugy STLSort Cutoff size (elements)
Ugr Depth-First Cutoff size (elements)

A19799 3.1 uansdyanwalildluuni 3

o
Y

PUNDUNITVINUVDY HDPSort
1. yinisutsdeyasenidu 2 dauwingdu lasdmuals mid 1@udumiafsnans
mﬂﬁ?uv‘hﬂ']immlmamiuﬂ’ml,ﬂﬂﬂEJ‘vami?jmmﬁ'ﬁuﬁﬁ%ﬁﬂmLﬁuvl,m@w 1n8IN159A7 p
Twaem 2 fn fie PLg uae Py 10w Py > P, 91ntuviuisuuusuiundeniuneneouazan
Tnel4 OpenMP Task vas OpenMP Tunnsvinau Taeilsdeasld P, WHulwien wazld
LeftRight-Lomuto (LR-Lmt) Tun1suis wag He9919214 Py tdulnienuas Rightleft
Lomuto (RL-Lmt) TumiLLﬂﬂ,ma%umauﬁazmaﬁugﬂﬁ 3.1 w0 1
2. v¥sndumeul 1 azusdeyaoeniduesd 3 daumugud 3.1 unadl 2 fio
l.a[] <P, 8gnemude

2. P, < a[] < Py; 8gnsenans
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3.a[] = Py 8gn1enuum

3. Lﬁaamﬂmwéﬁagmmmﬁaﬁaw%ﬁ@hﬂ'ﬂaaﬂdﬁ P, WarAIfifiAuInng Py
UzUuegluonsdnssnansdauinainnisuislnenisuuanss Fou SanesTiudesins ulmse
nanstiulngld Hoare partition Tngveuwwnlunisudedie iILMT, Taudls iLMTg Wusiuay
doans feil

ALY P, Wulwien lumsuts devhnsudaesaduarly iHo, Wusumauys
95

B. 14 Py; ulmevilunisuts evihnsuvaadeduayld iHog Wusumauda
95y

Fovhmsudssananaadaiousosudaazlfuadnsmusui 3.1 uadil 4

a. ¥nsi3enldi HDPSort wuu Recursive Auasefivhnsulads Tnedenldiuuy
Recursive lagaz@nduld Breadth first (BF) Aald OpenMp Task @319 Thread Tnigunite
711974 HDP Sort figni38nuuy Recursive 1138 Depthfirst (DF) Aold Thread 1dslunns
1191 PDPSort f1gni3enuuy Recursive lagnisldvuinvesensdidusidmunisnns
Scheduling Fwnnuuiavesanseiiaunnnin Uge 9514 Scheduling wuu Breadth first (BF)
uselilagvinsi3enly Depth-first (DF)

5. nsafivhnsEenldan HDPSort ¢ HDPSort 9¢¥MInTIRADUTLIATEY DLTE
MNivuntdesnin Uy, viselimnilvuiatlesnitazyinnisisenld STLSort ¥1nN1nnd1vinng
T 1saute 1 89 4

Tng HDPSort tusinseanuuuliil Uy dunniuidesannudeanldviinisdne
L‘ﬁsnﬁ’umiv‘hmmwwmuwudwzﬁﬂssﬁw%mwL‘fjaﬁnmuﬁu%’agaﬁﬁmmfﬂimgmﬂ6] wsiile
v‘mmﬁ’u%’agaﬁﬁ%mmiﬂmﬁu’mLLé’aﬁ]gﬁﬂizﬁm%mWﬁaami'n,ﬁ'aLﬁsm AUNITYIIULUY
53500 Fauieldeanuuuly HDPSort uilen Uy wilel HDPSort idendlazldnisvinau
LUUTNUEBUUUSTIUAAUTURdayafifeanisvinnsdaE sy an

Tughuwesnseenuuuliiia Uy funnduilosminnsanwnisldau OpenMP uay
AMSINULUVTNLLEIMUT Eavhnnsadns Thread Jusnlusfuniadussansamly
AM5¥ETY uslerfinsuau Thread %umma%uﬁaaﬂﬂizﬁw%mwmiﬁwmamm
Fatusalgeenuuu HDPSort TiiAn Uy siniudeulalunisadna Thread Tnsiguanlunns
e dieldiiiAanisa$is Thread wniusndudeasinliuszansnineias wie ass

Thread FunnanuiutostAuluvinlilansnens Thread taliidudszansnn



;J‘U‘i'?'i 3.2 1L@n3 Pseudo code ¥84 HDPSort
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3.2 N1INNADY

Parameters Values
Data type Unsigned Int 32
Distribution Random

Workload Size n (M)

100, 200, 300, 400, 500

Threads t 4,8, 16, 32
Usu(K) 200, 400, 600, 800
Ugs (W) 1,2,4,6,8
Optimization 02

A1519% 3.2 WAAS Parameter NYINN15VAABDY

14

System 17-2600 FX-8320
Machine Bare Metal Bare Metal
Code Name Sandy Bride Piledriver
Clock (GHz) 3.40 3.50
Cores (c) q 8
HyperThread (tyax) Yes (8) No (8)
RAM (GB) 32 32
Technology DDR3-1333 DDR3-1866
L1 I-Cache 4 x 32KB 8-way 4 x 64KB 2-way
L1 D-Cache 4 x 32KB 8-way 8 x 16KB 4-way
L2 Cache 4 x 256KB 8-way 4 x 2MB  16-way

L3 Cache (Kig)

8MB 16-way

8MB 64-way

3.2.1 AN15NMa99

P o 4 Ao
191997 3.3 LEAITDHAUBIATBIVIVIINITNAGDY

1. YINN15VRa9dnLse9se HDPSort Inavinnisvnaaadlagly Parameter Tunisnaass

Mun13199 3.2 Ielunsasganisveasstiuagyinsmaass 5 asalagldlusunsy Perf [4] &4

Julusunsuildlumsiiudeyaves Hardware/Software wazldAnadsannisnaaeslung

A1INAAB
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2. YN15NAE9IRLTERIY STLSort 1gvinN1SMARBIuEYANITNARDIYLIA 100M -
500M GadugaiedufuiineassiniFesiae HOPSort IngvihnsnaassusazyanIsma@es 5
pdilneldTusunsy Perf Safulusunsudildluniafiudoyavos Hardware/Software uagld
AadsanmsvaaeLdunansnaaed

6

3. 1NAN1SVNA9URd HDPSort wag STLSort 1MvNn1sIkAsIe
3.2.2 AU sInusEansnn

3.2.2.1 Run Time T: feAnanadsainnismaass 5 asslunisiinisdndeasae
STLSort Fefifie T,y wavAmIaNRdsINNIIMAan 5 asslun1sviinisdaises HOPSort Fef
A Thap

3.2.2.2 Speedup: AeAriaUsyanEnMsEwinsdessane3fiu TneArtidunisuanin
HDPsort fivharuwuuanuiuinuldiEninduimiaves STLSort fidu Sequential Tne

o b4 1 Y 1 a 1 T
gnansamunlaaine Ty AU Thap 1n8A Speed up anunsafnlaan S = TL“

hdp
3.2.2.3 Instructions: g §1U3U Instruction Ngnldn1sdnteatayanigduiy t

thread ULYANIINARDIVWIA 1 613 IABTIUIU Instruction Mvinsinduagldlusunsuiivedn

Perf FaiulusunsulgiAvadfinisvinaruees software tay hardware

3.2.2.4 Branch Loads B and Branch Load Misses B’ Aa USu1aunsiin Branch
Loads B wag Branch Load Misses B’ #atJusiiinuszansninvesdanasiuing

UseanSanuniesiiiedle
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3.3 NALAZNISAATIZHNANITNAADY

3.3.1 Best Run Time vs Speedup

5Ufl 3.3 n3iuans Run Time vs Speedup 1ngld Ugy = 800K, Ugr = 1M , t = 8
ULLATDY FX-8320

g‘U‘ﬁ 3.4 n3WLERe Run Time vs Speedup lagld Ugy = 800K, Uge = IM , t = 8
uuASas 17-2600
911307 3.3 Fadunsmluansianisnaaes3euifiou Run Time Anfigaifisuiu
Speed up gaaAUULATEY FX-8320 Taunu X AevuinvessuudeyaiifiosihnsdniFedy

YUIARILA 100 — 500 A1UAT BATLNY Y LEUANIRUALNEDIA M UNITYINNNS IS kAT LAY
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Al Speed up 1aw Speed up Iumiﬁﬂmuqqqmzagj‘ﬁﬂizmm 3.0 Windlaieu
fiu STL Sort LLazLﬁaﬁwamiwmamﬁma%ﬂﬁ Linear Regression LLﬁUﬁ'UIﬁﬁMﬂﬁiLﬂu

Y = 3.0272x19519 {qafid R? = 0.99993 #39nauns Liner Regression Huaenndosiu
A1 nlogn Badu BigO ¥es QuickSort Wiy 3UT 3.4 Fadunsmuanimanisnaass
W3guiiieyu Run Time fiRfigaifisudy Speed up geaauuLA3es 17-2600 Mirxan 1snAaes
118579 Linear Regression 9z l@aunisie Y = 2.1x19685 {peilan R? = 0.99989 Fsan

IINAUNTUUARAARBATUA nlog n wuriu Favilaguledn BigO ves HDPSort Ao nlogn

3.3.2 Speedup vs Sorting CutOff Ugy

g‘d‘ﬁ 3.5 n9uans Speedup vs Sorting Cutoff Ugy taels Uge = 1M, t = 8,
n = 400M UuLATad FX-8320
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g‘dﬁ 3.6 NTMULERS Speedup vs Sorting Cutoff Ugy tagls Uge = 2M, t = 8,
n = 400M ULLATeN 17-2600

mﬂgﬂﬁ 3.5 WWunsm3euniou Speed up fu Sorting Cutoff Ugy UuiA3ed FX-
8320 Tneld Ugy Tuaunn 200K — 800K 1uddaudsiivinnisildsuudasen dsa1nwanis
npastuaziuIudevnsfinvun Uy Gﬁuﬁ?uﬁﬂﬁnmﬁiﬂumﬁﬂL%‘mamaqimagié’aﬂﬂ
Eudindudeinld speed up ﬁ?uqﬁummsw\lum miutﬁmﬁ’ugﬂﬁ 3.6 Mduns
\Wasuiieu Speed up U Sorting Cutoff ULLA3Y 17-2600 71 Speed up ﬁLLuﬂﬁuqﬂsﬁuLﬁa
yhnsiinun Ugy Seilisannsaasuléin HOPSort Shufuunltufiesiauldiddude
Wiuwuaves Ugy ?iuﬁ@mﬂmﬁmL’%&q%’au“aﬁmuﬁmsqm%'agaﬁﬁmuwmhﬂmgmmﬁ?ums%’mL’%EN

LUUSTIUAITUY1ulaEIndtvulutiesanludesinn1sa$1e Thread nay

Synchronization



3.3.3 Speedup vs Scheduling CutOff U g¢

gﬂﬁ 3.7 n5muans Speedup VS Depth first Cutoff Uge Wnald Ugy = 800 K, t = 8,
n = G00M ULA3E FX-8320

;sﬂﬁ 3.8 n3MUans Speedup VS Depth first Cutoff Uge Wneld Ugy = 800 K, t = 8,
n = 400M ULASES 17-2600
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gﬂﬁ?‘i 3.7 WunsmfiiUSeudieu Speed up U Depth first Cutoff Ugs ULLA3ea FX-
8320 Tagld Ugr vunn 1M — oM Jushudsiivinisiddeuudasdn dsarnnanisnaassiiy
wansliiuingiavmsiiuvuaves Uy Wavunaitlna@unanilélunishnsinsosild
nauuTuLasyilg Speedup anad Lﬁzimamﬁugﬂ‘ﬁ' 3.8 M uns1uans Speedup Vs
Depth first Cutoff Uge U39 17-2600 Tidlovinisifinaun Uy IﬁﬁmuwmiwmﬁuLLﬁaﬁw
Tnanildlunsindeaiiviuuas Speedup anas Tnainanidlosun Ugs fvunalugiu
vlinsi3enld Depth first schedule Ratudavilvsana3fiuads Task vieldsurudos
AL Task Weniseam Uy Iiauadnnin daileadns Task tddessiliin Thread

ey lldudseansanlalalfud

3.3.4 Speedup vs Other Ratios:

n S(x) Ihap/ Lsu Bhap/ Bsu B'hap/ B'su
100M | 3.02 293 3.22 1.02
200M | 299 3.00 3.29 1.04
300M | 3.08 3.03 3.34 1.02
a00M | 3.01 3.10 3.40 1.02
500M | 3.04 3,08 3.40 1.01

A19199 3.4 uansnsilsuiisumdmndsuseansnmitvinnisvaaedagld Ugy = 800K,

Ugr = IM, t = 8 U303 FX-8320

N S(x) Ihap/ Lsu Bhap/ Bsu B'hap/ B'su
100M | 262 3.10 3.22 1.02
200M | 2.54 3.12 3.29 1.04
300M | 2.79 3.14 3.34 1.02
a00M | 2.59 3.21 3.40 1.02
500M | 2.54 3.23 3.40 1.01

A19199 3.5 uansnsiSeuiisuadndsuseansamivinnisnaaeslagld Ugy = 800K,

Ugs = IM, t = 8 ULLASDS 17-2600
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MM 3.4 waganseit 3.5 ﬁLi‘JumiwLLam“i’fa;ﬂa Speedup, Instruction Ratio
Ihap/ Isa » Branch Loads Ratio Bygp/ Bsy #8% Branch Loads misses Raito B'hqp/ B'su
fldnnnismanesihnisuugadoyaruindaus 100M - 500 M uuiATeq FX-8320 uay I7-
2600 Auddiu Tnsanuantsmaaesiu Speed up thuiuurltulumaieatuen Instruction
Ratio a1 Branch Loads Ratio ufiawle Instruction Ratio #3® Branch Loads Ratio &
ﬂ'Wqqﬁﬁuﬁu%ﬁﬂﬁmmmﬁwmLL‘U‘U Parallel lﬁqﬁu 9819l5AMUA1 Branch Loads misses
Raito fAnagjUszanail 1.00 uuades i7-2600 #2 HDPSort HufiAa1u$agendn STLSort
Uszanas 300% HDPSort tiuilen Branch Misprediction Ratio Lﬁwﬁuayjinq 1-4 % Fadu
A17iH 0971015 Tradeoff viield HOPSort Fefuidunns Tradeoff fivousuldiiioviia

UszanSanlrauisavinanuwuusunule

3.4 @3Unan1Imvaasg
HDPSort 1uslA Speed up agjﬁﬂizmm 3,00 Wiawieuiu STLSort TnesuUsifing

U HDPSort fimasaluil

v
1 =<

1. Ugy Wovinisiiinaunnves Ugy WillAgau HOPSort tuazyinanulisitun e

y
n3UTl 3.5 Adlafivvuinves Uy awilidndedlfifiuiafnnnnisdndesyadoyad
mm@lﬂmﬁmnﬁumﬁmL%‘ENLLUUﬁismmwﬁuﬁﬂqwuﬁﬁamfwwamu esnnlideswinis
@314 Thread Wag Synchronization

2.Ugs Hlovnsanuuinves Uy liidiaanas HDPSort 5uazﬁwqwuiﬁL%a%u@15awn

sUN 3.7 Mdleanaunnuas Uge agsinlvinsdmses lasdulaaiinaindlaaunn Uge Saunn

Y
i

Tngtuazyinlivinnasld Depth first schedule tAnduisavinlilianuisaasne Task 1o

Thread ladnuluunnuindun1siy Uge Saurnidnnin fadleasns Task lateasinliin

Thread 13Uyl seansanlaluifun
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Parallel Dual-Pivot Quick Sort Algorithm

4.1 ¥anNI5¥INeU

Parallel Dual-Pivot QuickSort (PDPSort) Liudanediiufitmunlagldndnnisuus
LU Lomuto 39n15utsuuy Lomuto tuanunsaldau Cache 147 Taosuil 4.1 uansuuifdn
LazdunauNSaIuYes PDPSort way 15197 4.1 uansdydnuwelflduni lnetuneunis
yhamuwes PDPSort HulndiAesiu HDPSort uwiumnssfulun1sdnnisenseiiegasanandlng
PDPSort 91438115 Lomuto @31 HDPSort 9¥1438n15 Hoare lngsivazidenazeiuigly
Fupounisvhan

PDPSort Hugnitmundieniu C++ lapanunsng Pseudo code ldaingud 4.2 Tu

dauveansisenlyanu PDPSort LUy Recursive Huagly OpenMP Task 1io@319 Thread

Tumaun15vineuves PDPSort
1. inswuadeyasamdu 2 drwwigdulaefinuali mid Wudumiainans
gnduvhnsilmenlunisuidlaevhnisdumdunianaziundulnen laeinismln
v A g.J/ o I b4 % g.// v
799 2 §7 Ao P, wae Py; 08 Py > Py 9 ntuyiuusiuuvuundauiuieiiewasy
Ineld OpenMP Task ¥83 OpenMP Tuntsvinau Tneflsdneagld P, Wulwaen wagld
LeftRight-Lomuto (LR-Lmt) Tun1suuse wazileninagld Py \Julnien way Rightleft-

Lomuto (RL-Lmt) Tun1suus Inedumeuilaznsesiugun 4.1 uadi 1



23

LR - Lomuto Plo PHi RL - Lomuto
|
#1 I
mid
a[]<PLo a[]>=PLo al]< PHj a[]>=PHj
: | T —— |
#2 | | l
iL mid iR
swap
LR - Lomuto \
=
#3 ‘
iL mid iR
| <PLo PLo <= a[] < PHj >= PH; |
|
I | 1
|
“ | | |
Omp task L R
PDP(beq, i)
| <PLo Plo <=a[] < PHi >= PHj |
| I
I | | 1
| |
# |
Omp task i Omp task iR Omp task
PDP(beg, i) PDP(iL, ir+1) PDP(ig+1, end)

E‘Uﬁ 4.1 LEAILUIAALAZTUNDUNITVINNIUYBY PDPSort
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Notation Description

ali] Input data array of n elements

C Number of CPU Cores

i J Left and right loop indices

1L, Left Lomuto index

IR Right Lomuto index

P, Po The low pivot index and value
1Py, Py; The hight pivot index and value
k Number of Processor Sockets

K 103 elements

M 10° elements

N Workload or Data Size (Elements)
S Speed up

Tpdp Run Time of Dual Pivot QuickSort (Seconds)
Ty Run Time of STLSort (Seconds)
T Number of Hardware Threads
Tmax Maximum Hardware Threads
Ugy STLSort Cutoff size (elements)
Udf Depth-First Cutoff size (elements)
chu CPU Utilization (non-ldle) <= 1.00

AN999 4.1 uansdyanwallgluund 4
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2. viandunoudl 1 asuisdeyanonduensd 3 drumuguil 4.1 umi 2 fio
l.a[] < P, 8gneaudg
2. P, < a[] < Py; agnsanans
3.a[] = Py ognnasum
3 nsusiegnsananaiiedredfifianiosnin Py, AdsUrlueglusnsdnsanans
Tasnsldf B, ulmwaen uagld LeftRight-Lomuto (LR-Lmt) lunisutalagyinnisizugnady
funiafl mid p1ugU 4.1 wendl 3 ndudlevinisudaataudadundsdidenndt iy du
ali] < P, mmgﬂﬁ 4.1 uend 4
a, ‘v‘hmiLlfu'\ﬁmLiéﬁasgjmqnamﬁaé’wmﬁﬁmmmdﬂ Py; ﬁﬂzﬂuagﬂuaméma
naslaen1sld Py; 1ulwien waz RightLeft-Lomuto (RL-Lmt) Tunsuusdadieriinis wus

¥

@SR IUNUNNINNIT ig WU afi] = Py; wardumisifiaminniwindu i wagies

NIWANAY ig iR P, < ali] < Py mu3Ua 4.1 waddl 5 wazvugifginuansdned
b4 ¥ o’.JJ -] a k4 d‘ o [ a 1 }% d‘ dl
Aueduansaiinisisentd PDPSort Wevinn1sdniseelalagnugui 4.1 uain 4 lag
9295UN15480N071 Breadth first(BF) wazliuu Depth-first (DF) Tududnaly
5.11m19i3enld PDPSort 1BY1N153AL3890 158 TINANA D NTEAUYIT ANUFUN
4.1 w029 5 lengludumeousunly PDPSort wuU Recursive Tudumouil 4 uay 5 Uuls1ay

v a

#nauld Breadth first (BF) Aold OpenMP Task @314 Thread Tnsiuyiiiesinanu PDPSort

a

figni3enuuy Recursive 130 Depth-first (DF) Asld Thread @alunisvinetu PDOPSort ign
Funuuy Recursive  Taenislduunnvesenisd Sunnvuiavesensdiidnuinnit Uy asld
Breadth first (BF) usicnliagvinn1si3enld Depth-first (DF)

6. nnAsfiviin1sBenlda PDPSort 1 PDPSort 989N19ATI9A8UTLIATBI8NIE
Nivuntesnin Uy viselimndauintiesninagyinnisisenld STLSort 1ANInAI191INIT

1935n1591u09 1 D9 5

AM5¥9Ues PDPSort Slfuneunisiineuadendaiu HOPSort wALAnsafunsadi
HDPSort Juld3an1sdanisensdnsenarslaenisldnisuus wuu Hoare us PDPSort 14
donldy LefRight-Lomuto way RightLeft-Lomuto IWs1E1#&931nn15911 LeftRight-Lomuto
waduansald OpenMP Task i1n135enld PDPSort sialdiaslifaanisein RishtLeft-
Lomuto #9uAne13991n HDPSort Aigiee¥innisld Hoare 2 Aaifiodnnisudsnssnansly
Seudesnoudazionld HOPSort wuy Recursive 18 TneftuAlunuuiAwsizdoanisii

AL lUNNFIAS 91nNNTVINURUUTUNUR lFaase livin NS U senanslitasavianay



g‘U‘ﬁ 4.2 1. @739 Pseudo code ¥84 PDPSort
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4.2 N1INAADY
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Parameters Values
Data type Unsigned Int 32
Distribution Random

Workload Size n (M)

100, 200, 300, 400, 500

Threads T 8, 16, 32
Ust1(K) 400, 600, 800
Ugs W) 1,2,4
Optimization 02

A15199 4.2 @AY Parameterlunisnnasy

System Name I7-2600 FX-8320 R7-1700
Sandy Bridge Piledriver Ryzen
Clock (GHz) 3.40 3.50 3.00
Cores (c) q 8 8
SMT (tmax) Yes(8) No(8) Yes(16)
RAM (GB) 32 32 32
Technology DDR3-1333 DDR3-1866 DDR4-2133
L1 I-Cache 4 x 32KB 8-way 4 x 64KB 2-way 8 x 64KB 4-way
L1 D-Cache 4 x 32KB 8-way 8 x 16KB 4-way 8 x 32KB 8-way
L2 Cache 4 x 256KB 8-way 4 x 2MB 16-way 8 x 512KB 8-way
L3 Cache 8MB 64-way 8MB 64-way

2 x 8MB 16-way

AN519% 4.3 wansaantnenssy CPU wag RAM 7ldlunisnaass
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4.3 NAUAZAATIZHNANITNAADY

HAN1INARRRNEITUUTEAVEAINYRY PDPSort auandluguuedsieg daselull

4.3.1 PDPSort vs HDPSort

TunsiUSeulisy Speedup we9 PDPSort iU HDPSort %ai%ﬁmi’faagauumﬁmﬁu
Tnevnassdauduin 100M — 500M uazuu FX8320 and 17-2600 lnenanisnaaaiuay
Wi PDPSort U FX8320 va1uléianin STLSort 3.3 &4 3.5 i1 §a§and1 HDPSort &4
aulimsanga STLSort 2.9 fia 3.1 W1 wayuu 17-2600 PDPSort fvingula@nin HDPSort
Fagléangudt 4.3 Tnewmmadl POPSort vhanilfidaniitmsslusunounisinmauisense
pnanwes PDPSort Huld Lomuto partition Ingvinsiiuadunssqensnanavinlifan
smnumsieuiiovaddsuounis  SnvsensdmeiudneivinstaeSaudranansold

OpenMP Task vsulundensunisdnnisuusonssivdels

5Ufl 4.3 n3miuans PDPSort vs HDPSort Tagld N=100M-500M, Ugy= 800K, T= 8,
Ugs = 1 M Ump309 FX-8320 wag i7-2600
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4.3.2 Speedup S vs CPU Utilization Vp,

lunsi3euiigudn Speedup S fiu CPU Utilization Vepy PNRANTVAABITINAaD
Ul FX8320 naenigyatoyaru1n 100M - 500M , Tt = 16, Ug = 1M, Ugy = 800K
TngnuantsaaesmuiiAs Lt eyaiid1undual Speedup Afidngedu 3niteen CPU
Utilization fiifiutuann 78% U8y 84% dasinlwaguldiuiionr CPU Utilization A

Speedup fazgluseAIguT 4.4

gﬂﬁ 4.4 n519luans Speedup vs %V, 08ld N=100M-500M, T = 16,
Ugs = 1M, Uy = 800K U4A309 FX-8320

4.3.3. Speedup S vs Software Threads T
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1394 Tae R7-1700 ik Speed up GG 7 T fF1 16 way 32 Fa1nN30 to,, 3981 8 Cores
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910 Perf WAINUIINITIAY Software thread foliiAn Cache miss waz Data TLB store
misses nTUEaAnaIN Software thread ¥hmsldau CPU $auiy viliiin Page Table

access kg Page faults
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Speed up vs Ustl
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Abstract—Sorting is one of the common problems in Com-
puter Science and data analytics. This paper presents empirical
results of parallel Hybrid Dual Pivot Sort (HDPSort) for
multicore/manycore CPU systems. H DPSort makes use of both
classic Lomuto and Hoare partioning algorithms with two pivot
values in parallel. It is developed in C++ with OpenMP 3.0 or
better. H D PSort is benchmarked with the sequential ST'LSort
in terms of run time, instruction count and branch load. The
Speedups of HH DPSort are up to 3.02x and 2.79 x faster than the
ST LSort on 8-core AMD FX-8320 and 4-core Intel i7-2600 Linux
systems, respectively. An indepth analysis shows that HDPSort
gains the Speedup by 300% over ST LSort at the expense of
1%-4% of branch mispredictions.

Keywords-Hoare, Lomuto, OpenMP, Multicore, STL Sort,
Partition

I. INTRODUCTION

The most basic computing problem is to sort a very
large number of data as fast as possible. It has become very
significant for scientific, large-scale biological, social-network
applications and so on. Among all sorting algorithms, Divide
and Conquer (D&Q) principle is applicable to handle this
problem effectively. Examples of D&Q Sorting algorithms are
QuickSort [1], [2], MergeSort, etc.

Although QuickSort has been invented since 1962, it is
still exciting to enhance parallel D&Q sorting algorithms in
terms of performance and efficiency. These challenges are due
to single-pivot data partitioning, unbalanced pivot value, and
recursive nature of the algorithm. Furthermore, the bottlenecks
of parallel D&Q sort should be tackled with dual pivot values
along with various hardware characteristics such as intruction
counts, branch mispredictions, etc.

In this paper, we have proposed and implemented a par-
allel Hybrid Dual Pivot Sort (H DP Sort) for various multi-
core/manycore CPUs. Our major contributions are summarized
as the following.

1) A parallel dual pivot QuickSort with hybrid Lomuto’s
and Hoare’s partition algorithms is proposed and
linked with the well-known OpenMP library.

2)  The proposed HDPSort algorithm is fully compat-
ible with the Standard Template Library ST'LSort
achieving up to 3.04 x faster than ST LSort on an 8-
core AMD FX-8320 and 4-core Intel i7-2600 Linux
machines.

The rest of our paper is organized as follows. Section 2
provides some background and related work to I DPSort.
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Section 3 explains how H D P Sort is implemented. The exper-
iment setups and results are presented and discussed in Section
4. Finally, Section 5 concludes and suggests future work.

II. BACKGROUND AND RELATED WORK
A. Single-Pivot QuickSort Algorithms

QuickSort [1] is the most well-known algorithm based on
divide (partition) and conquer concept. The partition algorithm
is named after Hoare. Several parallel single-pivot QuickSort
based algorithms have been proposed since 1990 by Heidel-
berger et al. [3]. Most of them are based on Hoare’s algorithm
including PPMQsort [4] and MSTSort [5].

Another partition algorithm is called Lomuto algorithm [6]
after Nico Lomuto. Lomuto’s is quite cache friendly but weak
for worst-case input data. However, it can be applied as a
parallel multi-pivot partition algorithm.

B. Multi-Pivot QuickSort Algorithms

Most of multi-pivot QuickSort algorithms [7], [8], [9] are
sequential and in-place algorithms except Mahafzah’s [10]
which is parallel but needs extra space. Yaroslavskiy [7]
introduced and implemented a dual-pivot QuickSort in Java in
2009. The partitioning algorithm was based on Lomuto’s. He
also roughly estimated the number of comparisons and swaps
to be multiple of nInn where n is the number of data to be
sorted. Solehria and Jadoon [8] presented empirical results of
their Dual Pivot sorting with random Integers and Strings. The
results include number of operations: comparisons and moves
and sorting time. In 2013, Mahafzah [10] splitted the input
array with multi-pivot/threads into partitions using extra space
and then sort them in parallel with 8 software threads. One
year later, Kushagra et al. [9] tried and compared their 3-pivot
QuickSort with the single-pivot classic one. They reported
that the 3-pivot algorithm is better than the classic one while
incurring lower number of comparisons and cache misses.

C. Standard Template Library Sort (STLSort)

The Standard Template Library (ST L)Sort is an outstand-
ingly useful function for sorting any data types with a user-
defined comparison function. It is implemented in C++ and
also provided as a built-in function for several C++ compilers.
Its function prototype is declared in < algorithm > directive
as follows.

void sort(RandomAccesslterator first, RandomAccessltera-
tor last);
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The arguments first and last are pointers to the first and
the last positions, respectively.

III. HYBRID DUAL P1voT SORT (HDPSORT)

Hoare Hoars

Fig. 1: Basic idea of HDPSort (Note that the figure is not
drawn to scale.)

Hybrid Dual Pivot Sort (HDPSort) is a dual pivot partition
based QuickSort. Its partition algorithm is hybrid between
Lomuto’s and Hoare’s algorithms. Fig. 1 depicts the concept
of HDPSort. Notations used in this paper are listed in Table I.

In line #1 of Fig. 1, two pivot values, Pp; and Pp,,
are randomly selected. The lower pivot value is applied in
Left-Right Lomuto (LR-Lmt) function. On the other hand, the
higher pivot value is applied in Right-Left Lomuto (RL-Lmt)
partition function. Both functions can be executed in parallel
resulting in four partitions, a[-| < Ppro, a[-] > PrLe, a-] < P
and a[-] > Py; as line #2 of Fig. 1.

Both a[-] > Pr, and a[-] < Pg; form the undecided middle
subarray. The next step (line #3 of Fig. 1) is to apply Hoare’s
algorithm twice to achieve Pr, < a[| < Py as the middle
subarray. The resulting three subarrays (line #4 of Fig. 1)
shall be divided further recursively until the subarray is finally
shorter than Uy elements and then sorted by STLSort.

In details, HDPSort can also be expressed as a pseudocode
in Algorithm 1 and developed using C++ language. We make
use of the OpenMP Task construct as software threads and
schedule them with breadth-first (BF) as default and with
depth-first (DF) algorithm once the subarrays are shorter than
Uqs elements.

IV. EXPERIMENTS AND DISCUSSIONS
A. Experiment Setup

The empirical results reported in this paper are based on
a multicore CPU, AMD FX-8320 Piledriver and Intel i7-
2600 sandy Bridge. Table II provides FX-8320 architectural
summary. Both HDPSort and STLSort are evaluated on
the systems listed in Table II running 64-bit Ubuntu Linux
14.04 kernel 3.13 LTS. H D P Sort is compiled with GCC 4.8.4

378

ALGORITHM 1: Pseudocode of H DPSort Algorithm

1 Function Main ()

2 | HDPSort(a,0,N —1)

3 EndFunction

4 Function HDPSort (a,beg, end)

if end — beg + 1 < Ugy then
OpenMP Task
STLSort(a,beg, end)
return

end

10 mid = (beg + end)/2

11 iPLo, iPr; = Sample(a,beg, end)

12 swap(a, iPry, mid — 1),swap(a,iPrg;,mid + 1)

13 iPro = mid — 1, Pr, = a[iPr,)

14 1P = mid+ 1, Py = ll[’iP[”]

15 OpenMP Task

16 tLMTyp=LR_Lnt (a,beg,iPr, — 1, Pr,)

17 OpenMP Task

18 tLMTR=RL_Lnt (a,iP; + 1,end, Py;)

19 OpenMP Taskwait

20 swap(a, iLMTy,,iPre),swap(a,iLMTg,1Py;)

21 iHop=Hoare (a,iLMTy,,iLMTg, Pr,,)

22 iHog=Hoare (a,iLMTy,iLMT g, Pr;)

23 if end — beg + 1 > Uy then

// Call STLSort

& ® N wm

24 OpenMP Task

25 HDPSort (a,beg,iHoy,-1) // left
26 OpenMP Task

27 HDPSort (a,iHoy,iHog-1) // middle
28 OpenMP Task

29 HDPSort (a,iHog,end) // right
30 end

31 else

32 HDPSort (a,beg,iHor-1) // left
33 HDPSort (a,iHor,iHogr-1) // middle
34 HDPSort (a,iHop,end) // right
35 end

36 EndFunction

37 Function Hoare (a, bb, ee, p)
38 i=0bb,j=ece

39 while i < j do

40 while a[i]| < p do
41 | i+

42 end

43 while a[j] > p do
44 | 5—-

45 end

46 swap(a,i,j)

47 end

48 return j

49 EndFunction
50 Function LR_Imt (a, bb, ee, p)
51 for i = j = bb;i < ee;i++ do

52 if afi] < p then

53 | swap(a,i, j++)
54 end

55 end

56 return j

57 EndFunction
58 Function RL_Lnt (a, bb, ee, p)

59 for i = j = ee;i > bb;i — — do
60 if a[i] > p then

61 | swap(a,i,j——)

62 end

63 end

64 return j

65 EndFunction
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Abstract—Sorting is one of the basic problems in computer
Science and big data analytics. This paper presents a parallel
Dual Pivot QuickSort (PDPSort) for manycore CPU systems.
PDPSort makes use of the classic Lomuto partioning algorithm
with two pivot values in parallel. It is developed in C++ and linked
with OpenMP 4.5. PDPSort is compatible with the Standard
Template Library sort (STLSort). The comparison includes run
time, Speedup over STLSort and CPU utilization. PD PSort is
faster than STLSort by 6.13x, 3.54x and 2.99x on an 8-core
16-thread AMD R7-1700, an 8-core 8-thread AMD FX-8320 and
a 4-core Intel i7-2600 Linux systems, respectively.

Keywords-Lomuto, Partition,
OpenMP

multi-pivot, QuickSort,

I. INTRODUCTION

The most fundamental computing problem is sorting a
number of data as fast as possible. The applications include
large-scale biological, scientific, social-network and many oth-
ers. Among all sorting algorithms, STLSort and its parallel
modes are applicable to handle this problem effectively. All of
them are based on the original QuickSort algorithms [1], [2].

Although QuickSort has been invented since 1962, only
single pivot value is recognized. Several multi-pivot QuickSort
algorithms have been proposed [3] since 2009. Most of them
work in sequential mode.

In this paper, we have implemented a parallel Dual Pivot
STLSort (PDPSort) as an alternative on manycore CPUs.
Our major contributions are summarized as the following.

1) A multithreaded dual pivot STLSort is proposed and
based on a simple yet powerful Lomuto partition
algorithm.

2)  The proposed PDPSort algorithm is fully compat-
ible with the Standard Template Library STLSort
achieving up to 6.13x faster than STLSort on an 8-
core 16-thread AMD R7-1700.

Our paper is organized as the following. Section 2 provides
some background of multi-pivot QuickSort and related work to
PDPSort. Section 3 explains how PDPSort is developed.
Experiment results are presented and discussed in Section 4.
Eventually, Section 5 concludes and suggests future work.
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II. BACKGROUND AND RELATED WORK

This section reviews some multi-pivot QuickSort algo-
rithms as well as the STLSort and its parallel functions.

A. Multi-Pivot QuickSort Algorithms

QuickSort [1] is based on the so-called Hoare’s partition
algorithm. Another simple yet effective partition algorithm is
named Lomuto algorithm [4] after Nico Lomuto. Lomuto’s is
quite cache friendly and can be applied to partition the data
array from left to right and right to left independently in two
threads. As a result, it can be applied as a parallel dual-pivot
QuickSort algorithm.

Most of multi-pivot QuickSort algorithms [3], [5], [6]
are sequential and in-place algorithms except Mahafzah’s [7]
which is parallel but needs extra space. In 2009, Yaroslavskiy
[3] introduced and implemented a dual-pivot QuickSort in
Java. The partitioning algorithm is based on Lomuto’s. He
also roughly estimated the number of comparisons and swaps
to be multiple of nlnn where n is the number of data to be
sorted. Solehria and Jadoon [5] presented empirical results of
their Dual Pivot sorting with random Integers and Strings in
2011. Their results include number of comparisons and moves
as well as sorting time. Mahafzah [7] splitted the input array
with multi-pivot/threads into partitions with extra space and
then sort them in parallel with 8 software threads in 2013.
A year after, Kushagra et al. [6] reported that their 3-pivot
algorithm is better than the single-pivot one while incurring
lower number of comparisons and cache misses.

B. Standard Template Library Sort (STLSort)

The Standard Template Library (ST'L)Sort is a
comparison-based sorting function for any data type.
The user can define his/her own comparison function. It is
provided in C++ language and available in all C++ compilers.
Its function prototype is declared in < algorithm > directive
as follows.

void sort(RandomAccesslterator first, RandomAccessltera-
tor last);

The arguments first and last are pointers to the first and
the last positions, respectively. The GNU libstdc++ parallel
mode, namely Balanced QuickSort[8] is a parallel QuickSort
function with single-pivot partition algorithm.



TABLE I: Notations used in this paper in alphabetical order

Notation Description
ali]  Input data array of N clements
¢ Number of CPU Cores
i,j  Left and right loop indices
iy, Left Lomuto index
ir  Right Lomuto index
2 PrioyPris The low pivot index and value
iPmi, Pai The high pivot index and value
k Number of Processor Sockets
K 10° elements
M 10° elements
N Workload or Data Size (elements)
S Speedup
Tpap Run Time of Dual Pivot QuickSort (Seconds)
Tst1 Run Time of STLSort (Seconds)
7 Number of Hardware Threads
Tz Maximum Hardware Threads
Usu STLSort Cutoff size (elements)
Jaf Depth-First Cutoff size (elements)
Ve CPU Utilization (non-Idle) < 1.00
LR - Lomuto RL - Lomuto
|
&1 L;
mid

RL-Lomuto
| —

1
|
“ | \ I

omp ek
POP{beg, |)

<P, Pie<=all <Py =P,

rotetes -
Fig. 1: Basic concept of P D P Sort (Note that the figure is not
drawn to scale.)

I1I. PARALLEL DUAL PIVOT QUICKSORT (PDPSORT)

The proposed PDPSort’s dual pivot partition is based
on Lomuto’s partition only due to its simplicity and cache
friendliness. Fig. 1 shows the concept of PDPSort. PDPSort
is similar to HDPSort in [9]. However, we remove Hoare’s
partition because it is not as flexible as Lomuto’s. Further
details will be discussed soon. Notations used in this paper
are listed in Table I.

Although PDPSort is developed in C++, it can also be
pseudocoded as listed in Algorithm 1. Due to its recursive
nature, OpenMP Task construct is applied as a software thread.
Therefore, two scheduling algorithms of choice are breadth-
first (BF) as default and depth-first (DF) once the subarrays
are shorter than Uy elements.

In line #1 of Fig. 1, two pivot values, Py; and P, are
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randomly selected. The lower pivot value is applied in Left-
Right Lomuto (LR-Lmt) function as an OpenMP task. On the
other hand, the higher pivot value is applied in Right-Left
Lomuto (RL-Lmt) partition function as well. Both tasks can
be executed in parallel resulting in four partitions, a[-] < Pr,,
al-] > Pre, a[-] < Py; and a[-] > Py, as line #2 of Fig. 1.

The middle subarrays correspond to a[-] > P, and a[-] <
Ppri. The next step (line #3 of Fig. 1) is to apply Left to Right
Lomuto’s algorithm again from the mid position to achieve the
final a[-] < P, partition. Once the left-most partition (a[-] <
Pr,) is finally obtained, the next recursive call is invoked in
either line 24 or 27 of Alg. 1. Unlike [9], we remove Hoare’s
partition algorithm to save the number of operations based on
this modified Lomuto’s as shown in line 45 of Alg. 1. That
is because Hoare’s algorithm needs to scan from both sides.
Lomuto’s can be modified such that it starts scanning from
any desired locaiton.

The Right to Left Lomuto’s (line 29 of Alg. 1) results in
two partitions the middle subarray (Pr, < a[] < Ppg;) and
the right-most one (a[-] > Pyy; partition). These two subarrays
(line #5 of Fig. 1) shall be divided further recursively until the
subarray is subsequently shorter than Uy elements and then
STLSorted.

IV. EXPERIMENTS AND DISCUSSIONS

This section describes how the experiments are set up.
Leter on, results are shown and discussed based on key
performance metrics.

A. Experiment Setup

Both PDPSort and STLSort are evaluated on the systems
listed in Table III running 64-bit Ubuntu Linux 17.04 kernel
4.10.0-26. PDPSort is compiled with GCC 6.3.4 and linked
with OpenMP 4.5 library under -fopenmp option. The mea-
surement tool, Perf [10] version 4.10.17 is invoked by perf
stat -r 5 -e to profile every algorithm for 5 times. Preliminary
results reported in this paper are based on the following CPUs,
4-core 8-thread Intel sandy Bridge i7-2600, 8-core 8-thread
AMD FX-8320 and 8-core 16-thread AMD Ryzen R7-1700.
Table III provides their architectural summary.

B. Performance Metrics

In order to investigate the characteristics of PDPSort on
manycore CPUs, the following metrics should be measured.

1) CPU Utilization (Vpy): The metric can be obtained
from the contents of /proc/stat file which keeps track of
statistics of all HyperThread or physical hardware thread. The
contents can be divided into columns: user, system, idle and
so on. The non-idle CPU Utilization can be computed from

1

t .
1 max
V cpu; ( 1 )

chu =

tnza:L‘ =i

where ¢4, denotes maximum hardware threads and V.,
denotes non-idle CPU Ultilization of hardware thread i. The
higher CPU Utilization, the shorter parallel CPU Time is.
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