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Abstract: Cooperative computing with barrier synchronization is a typical approach to the parallization
of a program involving dependency among its computations. Since traditional synchronization primitives
often cause excessive parallelism, Java provides CyclicBarrier and Phaser, which implements point-to-point
synchronization; they separate arrival at a barrier and release from a barrier. However, these primitives
degrade code modularity since synchronization code is spread over the program if it deals with higher-level
abstraction, for example, it is for agent simulation. Furthermore, if a program is for large-scale simulation,
these primitives do not help shorten the life time of each thread so that the number of waiting threads will not
be too many to cause excessive parallelism or too large memory footprint. Programmers have to manually
do that and hence the code modularity is further degraded. This paper proposes a new primitive for barrier
synchronization. Programmers can describe barrier synchronization with this primitive in a modular fashion.
The computations at arrival at a barrier is spread over the program but they are described at one place with
a condition expression on the state of objects. The proposed primitive performs bytecode translation at load
time so that the code necessary at arrival at a barrier is automatically inserted according to that condition
expression. Moreover, the proposed primitive splits a thread into two at barrier synchronization; the number
of waiting threads is thereby decreased without sacrificing modularity. This paper also presents the result of
the application of the proposed primitive to large-scale pedestrian simulation.
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1 class Agent {

> void update() {

3 preUpdate () ;

1 // moveCommit % i#Y)7 AT TERIUTS 2 WIEDH 5
moveCommit () ;

6 postUpdate () ;

7}

o public static void main() {

10 for (int i = 0; i < maxIteration; i++) {

11 agents.parallelStream() .forEach(a -> a.update());

12 }

13}

14}

2 BITHEL-V v FORBEE L L2 Ta ST A
Fig. 2 Simplified program of pedestrian agent’s procedure.

1 class Agent {

2 // preUpdate DFATITN T 23 7EPITIH 2

3 CountDownLatch latchl = new CountDownLatch(1);
i+ // moveCommit DIFEFTITHIT 2,3 7HIIICH 2

5  CountDownLatch latch2 = new CountDownLatch(1);

7 void update() {

8 preUpdate () ;

9 latchl.countDown();

10 if (!goOnSameStreet()) {

11 neighbors () .forEach(a -> a.latchl.await());
12 conflictings () .headSet (this)

13 .forEach(a -> a.latch2.await());
14 }

15 moveCommit () ;

16 latch2.countDown() ;

17 postUpdate() ;

18}

20 public static void main() {

21 for (int i = 0; i < maxIteration; i++) {

22 agents.parallelStream().forEach(a -> a.update());
23 i

214}

25 }

3 CountDownLatch % fl\27z Point-to-Point Bl /1) 7 [a] HAf]
Fig. 3 An example of Point-to-Point synchronization with

CountDownLatch.
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FHTH0, TV zr b EEBETAIEE CEE)
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preUpdate 7°EAT L# 2 5 F TR 2T NIER S5 w, L
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D FEHAHE %47 ) LB D 5.

Point-to-Point H1 %2 All-to-All B N TEIA T 1 7 F
VEHwa L, 20X BHENEDTODT—T 2 ¥
FZ Ly FEORBIHIE ZFRGICERET L LB TE
% . Point-to-Point BION) T [EEIZ 4 751D 12Th
% Java @ CountDownLatch | L7222 — Nl Z[X 3
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1 class Agent {

2 void update(CyclicBarrier barrier) {

3 preUpdate();

A barrier.await();

: // moveCommit 7% Y] 7 I CERFETT %720,

6 // L=z b)Y moveCommit % FEAT9 % EIC &K TRHIAZITH

7 agents.sort().forEach(agent -> {
8 if (agent == this) moveCommit();
9 barrier.await(); });

10 postUpdate () ;

1}

13 public static void main() {

14 CyclicBarrier barrier = new CyclicBarrier(agents.size());
15 for (int i = 0; i < maxIteration; i++) {

16 agents.parallelStream() .forEach(a -> a.update(barrier));
17 }

18}

19 }

4 CyclicBarrier % fiv:72 All-to-All Bl >3 7 [A] #]4)
Fig. 4 An example of All-to-All synchronization with

CyclicBarrier.
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1 class Agent {
void update(CyclicBarrier barrier) {

3 preUpdate () ;

4 await (barrier, 1, () -> {

5 agents.sort();

6 await(barrier, agents.headSet(this).size(), () -> {
moveCommit () ;

8 await(barrier, agents.tailSet(this).size(), () ->

9 postUpdate());

10 »;

11 3

12}

1 // nFHI LV ALy RN 7RMEZT 5 72, cont 2957 5
15 void await(CyclicBarrier barrier, int n, Runnable cont) {

16 if (n == 0) cont.run();
17 else {

18 new Thread(() -> {

19 1/ N TR EED 2 — FOIATIEH LV AL v FINTT)
20 barrier.await();
21 await(barrier, n - 1, cont);

}) .start(Q);

3 ¥

4}
25 }

5 AL Fop#lZir- 7z3e5Mt
Fig. 5 Parallelization with thread partitioning.
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HROBIHEHTE L. LHRE, 5= FF £ AT S
N, LEZEET— RPN, b a— FEBTHBFA S
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3.1 NUTRETVIF« T
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lessSet & barrier 2V v F&IEM4 2 (R 1). Waitless &
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THz7oaLr sz v ay (Set ) 755443 (Predicate
B) %723 F T, EITHFOAL v FAPFHRIELNA.
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& 1 Waitless ® API
Table 1 Waitless API.

Class WaitlessSet(T)

IYAMT 7% WaitlessSet(Set(T) set)

set D5 EHHE A& L CTETTREZIEFI T L 27 2 3 » WaitlessSet # /EH T %

WatilessStream  parallelStream()

WHIA ) — LT 72

D WaitlessStream % X3

Class WaitlessStream(T)

void forEach(BiConsumer (T, Waitless(T)) consumer)
barrier |2 & %31 TAIEAZIFON LW §EZ 2 — N consumer % WEHIICFEATT %

Class Waitless(T)

void barrier(Set(T) targets, Predicate(T) predicate)

EE targets DT RTOERNSE

13 predicate %729 F TR T %

| new WaitlessSet(all).parallelStream().forEach((item, w) -> {
2 foo(item);

w.barrier(targets, target -> baz(target))
:  bar(item);

51
6 Waitless |2 & %731 7D BH]

Fig. 6 An example of barrier synchronization with Waitless.

| #pragma omp parallel for ordered
2 for (int i = 0; i < 10; i++) {

3 A(i);

. // B(1), B(2), B(3)...
5  #pragma omp ordered

6 B(i);

7 C(i);

DIEFE TIN5

7 OpenMP O ordered 714 L7 747
Fig. 7 ordered directive of OpenMP.

1 // targets : fHiE L ZJHFE T
2 // seq: ERUIHa—F

3 // pred:seq ZFET L7 &9 »&NET 55K

1 void ordered(SortedSet<T> targets,

5 Predicate<T> pred, Runnable seq) {

6 SortedSet<T> head = targets.headSet(item);

7 /) BADEETROUEE, Ha X DHiORPNSRA 79 =7 bt
s // % pred &{mt’d‘i TS 5

9 if ('head.isEmpty()) barrier(head, pred);
10 seq.run();

11}

BRIAT L T4

8 barrier AV v F#& 272 ordered DL
Fig. 8 An example of ordered implementation with barrier
method.

3.2 barrier XV vy KERW/EHL/N) 7REA
Waitless @ barrier 2V v FEZH WA &, N 7 [FE %

Pk L7okk 4 e LB S Gl 5 2 AT & 5. oLz

iX, OpenMP TiZ, WH|FEITENE T 0y 7 NOFRE L7

I— F2BRETEIEL720OD ordered T4 L 7 T 4 TH

SN TS, orderd # IV 72RFILIIZR 7 O L 9
ZA() & C(i) 2RIEFNCFEAT SN B A, B(i) i for V— T &
BRFAT LR TIEN D T EDMREE S LS. barrier A
Vv K& HWT, OpenMP O ordered % 3225 L 7241 % X 8
RS . BRFEATHAT) 7V — T & NEFH & HEA targets T
5.z, ZOHTHG LD HO TR TOEZED BRI T —
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1 class Agent {
> int i; // ATV—YavEs
3
4 void update(Waitless w) {
preUpdate () ;
6 if (goOnSameStreet()) {
7 // EERBEL 2 0EEIERZ Y IS noveComnit #9273 %
8 moveCommit () ;
9 } else {
10 w.barrier(neighbors(), a -> a.nextPlaces[this.i] != null);
11 ordered(conflictings(),
12 a -> a.places[this.i] != null, () -> moveCommit());
13 X
14 postUpdate () ;
15}

17 public static void main() {

18 for (int i = 0; i < maxIteration; i++) {

19 agents.parallelStream()

) .forEach((agent, w) -> agent.update(w));

B 9 barrier/ordered X v FZFIH L7z CrowdWalk %]
Fig. 9 An example of CrowdWalk implementation with

barrier /ordered method.

Nseq #FAT LK B ETREEL T, HITD seq &K
T3562LT, Z7IVv—72KTRE L72IEE TERULHE %
FEHT LI ENTED.

Waitless @ barrier B X N ordered AV v FxfHwb &
I—Vx v PHEAIZEY 2= VL L7z CrowdWalk ([ 2)
&, BLFOGHER-o72FEE 9 DL ) IRARTES.
Point-to-Point T1> 2 — N (X 3) & Ii#kd 5 &, count-
Down() @ & 9 ZFE T — F LR, /) 7[R & bk
DI—V v NREZET LI -V MIRE L7zitil)s
WReE o TWwWA . BARMIZIE, 10fTHTE, &1—Y
v ME, EBEO I — Y =~ |k neighbors() 25, H & LA
7L —¥ 3 > this.i OXRIZES BT nextPlaces|this.i] % 714
L2 5 E TR EZITo T b, 114THTIE, oz —
Vv MNTEBIEZET ST — Y = b conflictings() 12
%t L C moveCommit % &K FEATT 5. /2, X3 D11-13
THOLE Y, MO -V 2y bV —FI2xF LT L
TAT)FFE T — P2l T 0 HL 2 2 5.

15



EHMMIPFSHYEE 7075324 Vol.8 No.3 11-21 (Sep. 2015)

I class Agent {
int 1i;

1 void update(Waitless w) {
preUpdate() ;

¢ if (goOnSameStreet()) {

7 moveCommit () ;

8 } else {

) // BEBET 550, o —Y 2 v b8
10 /] BOEFRUATL—ya v IiET 5 °RET 2
11 w.barrier(agents, a -> a.i >= this.i);

12 w.barrier(neighbors(), a -> a.nextPlaces[this.i] != null);
13 ordered(conflictings(),

14 a -> a.places[this.i] != null, () -> moveCommit());

15 }

16 postUpdate () ;

17}

19 public static void main() {

20 agents.parallelStream()

21 // AT L —% a3 VIEIC update & FE4T9 2 MBAAKICK LT
22 /] HFIT—Y =¥ b TUHIFITT S

23 .forEach((agent, w) -> {

24 for (int i = 0; i < maxIteration; i++) {
25 agent.update(w); }

26 B;

27}

o8 F

10 Waitless 12 & A CrowdWalk O 71 v & > 7 FEH:4]
Fig. 10 An example of CrowdWalk’s time-blocking implemen-
tation with Waitless.

Waitless Z WA &, SHICKER 7oy 7wy T
FEEBALTIHEILE ) L bW TH S (X 10).
M7y xrr7eld, FICATF YV IVEHE R BIZHW
LN, KT HROFEEITIN, KBEAROSATL -3
VEEBIEOTETTAI LT, FEHOETEOMLE L
DRAPHFELZWMOSTTETH L. BHE7oy > 72w
HTWI— KT, B4 7L —2a vy T&Il9_NTHLT—
Yz v MIX LT update 2V v FZWEHIETT L (K9
D 192047H) 7280, 47— 3 Y BIIZRGERAY 2 41k
TORPAIAAET A, BH7ay > Z7OFEE@EMT 5
LT, A7 Vb—a & E N5 TCupdate XAV v NS
SEFNCFETEINE (K10 @ 23 2447H) 7280, &ETO
N TRAE, HRESFEET A EEDOH LT = v b
WBREST S Z LA TE (64TH), FOBEICEEH) L 2w —
Vv MIAPERTIROA T L= 3 VITHEDL LT
WhReE 5.

3.3 Point-to-Point B A D%k

) 3E a2 — FHBFE AL X 5 Point-to-Ponint i~ 254
i, barrier 2V v FOZEGNIIHED Y — A T — FEFTIC
X 5 T4 9. barrier AV v FIZ5- 2 58 7FESLMT
i, WEAY Y FORAT—=TIWKRIND, Z070, &
BROBEBAESHH SN LETE, FHEXTT 78R T5
BEPEHENDLGEICRONS. 2721, 0—7 VES
i3, BIAL Y FRLEFENDL I ENR WD, JRET
BEBIIGLMHERNTERLTWSE 74—V FEHDOAT
HbhH. FUHRANTSBHELTWE 71—V FEHEEEL
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1 class Agent {
> void preUpdate() {

' nextPlaces[this.i] = calcNextPlace();
/) TNy PERED— FAEAT S
6 H

7}

8

9 void update(Waitless w) {

10 preUpdate () ;

11 el

12 w.barrier(neighbors(), a -> a.nextPlaces[this.i] != null);
13 o

11}

15

16 public static void main() {

17 agents.parallelStream() .forEach((agent, w) -> {
18 /] TIHhSENSE a7 —DhT

19 // N TEE— R AT XEET 2R 5

20 agent.update (w) ;

21 1))

22}

23 }

11 MOl & #3E a — PO ARG ORFE
Fig. 11 Analyzing conditional expression and looking up where

to insert barrier-arrival codes.

%, TOEKIT L TCEERAAZT>T0AI— %, i
Flav s ya /T 08r6MmESTLIET, NYT
FEI—-FEFATRNEENEZFETE L. &7 T AD
T4 =V FRAY Y T 7 AHPEIIHEE L TWDY
&, BN TSR I N D LR EOLEBPEHF INLE
rid, O—RF& A 2l2a—=)v7a—%/34 ks a— FEH$
HIETHETEL, 7221, M11 0 1247HD &)
12, Agent 7 9 AD 7 4 — )V N nextPlaces & Z 9 5 514
XTlE, WHar sy a oxtd 2805 CTH S Agent 7 7
A D update XV v F2bIEFEZ UG, preUpdate XV v K
NTD nextPlaces ~DfLATL (41T7H) 12, /N THLES
PEDSili 72 SN AR D D 2 EHAH 5 &b, N T
FEI-FOWFAEIT =T A LIATIH, 74—V FE
BPERET A 7T )L > THEFSNLLER, &KX
PFBMEDEFDAA T 14 T Ay FOEYEIHAET 53
&, O— K& A4 LD, ha— FEBREEE RV, &
BT Java OLEWICIE L TH 7B IvDOERE S
DICEID R VWAL H 5.

3.4 ZLv KHE

Waitless Tld, /N 7HEZHENZLTAL Yy Fa—F
FHETHE T LICLY, BV 2T T4 REREL
T E, AR LREFULEEHT L. Ffla—- F2HENIZL
TAL Y Fa—Fan5Ed52L T, ALy FIEOWLEK
HEPBRT A EDWEEE 2D, ZHIZX Y, N 7REE
*HWIAL Yy Na— N2 ETTLHE6TH, ALy N
T=VEHHTALZEDREE Y, ALy NORIFEST
BE—FIHZ 6N, AT EELETERIET % [\
LI EINTEA.

Waitless Tlt, AL v Fa— FooEl2EHT 5720,

16
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g2 A Pa— FERRTIHAZI NS Waitless D API
Table 2 Waitless API inserted automatically by bytecode transformation.

Class Waitless(T)

static ThreadLocal(Waitless)  current

WIAESIE R O Waitless 1 Y A8 Y A RGET H72ODAL Yy RO —=H VR AT T4 v 7KK

void checkArrived()

HH L TREZ AT > T a3 TR ZRER L, Aol & SEF-0W L2479

UTFIRTUEZAT) /200D ha—FEua— K% A
LIHAT B, FF, N TREEEICI-VAY v 2 LA
U— D VERABREL, ALy FART S5, Z0H%,
TRTORPE G SR Ll Lok, ) THOLE
T H0IHT LA Ly FEBEETT 5. 20
B RAE L2 a— VA Y Y 2 k78 S, O—h )V
Bainxl, FATEADT— Pl goto TAF v 795,

4. Waitless &3 0— RZE#

4.1 Point-to-Point 2 ADZE#

N 7 EE T — PO HEF AL X S Point-to-Point B~
DLW FER T 57280, Waitless (&34 » T — FEIET A
77D ASM #HWT, O—F& f A28 f ha— &
Ha479 . F9 Waitless & JHW72 710 75 4 Tld, W42
L 7 ¥ 3 ¥ WaitlessSet DFIH ST\ 2 &I S,
barrier XV v FOEHEADITEINL. fi\ T, WFaL
7y a AT AEER S EN S a7 —NT, &
KTSBHELTVD 7 4 — )V FERIH L CHZAAEIT-
TWALNA ba— PP EINDL. MET LN ha—F
WEAE 7 4 — b FITHT % putfield a5 5%, 74—V N&
BSELH OB, aastore iy TH 4. ik, BRLE
EZAH T — FDOETLIZ Waitless 7 7 A D checkArrived £
VR (FR2) MU LAYHA SIS, checkArrived AV v
NIZETROWHI I L 7 ¥ 3 Y OEFITH LT/NY 7R
B0 TWAEREMZEL, N TRPOSM LG L,
BEOWEIZIE ) THEEEZ MO . BIEFEATH OS] 2
k) — A Waitless 4 ~ A ¥ » A& Waitless.current & W
JAL Y FU—ANGERY T4y 7 EBIRFLTVS T
®, checkArrived |3 current ZEHFEHCTHEITT 5. 11 ®
I— N2k LT, checkArrived 2 AT 5 LXK 12 D L9
7% 5. 72721, HEOEETE, &l LThzon
% Predicate FIDZEE D test AV v N F OfFHT L 2247
7w, FERNOTa 7T AIEAY Yy REHWD S
EWSTEY, BREEHETORMIAT LI ENTES.

& 512, Waitless (3731 7 [@ ] D 4 - D FFAMif SR D A
EALE 479 728, equals & hashCode * ¥V v N2V EFR SN
TWRWEFRZ 72 LT, HEIWIZAY v FE#EE
B A. B130kH 2, WFlaLy v a LT 5%
Eowc, 745X (31TH) REANE 7 7 2 (5-81TH)
FHOWTERHER 252554, a2y a v OKER
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v /7 ZEE

2 void preUpdate() {

3 nextPlaces[this.i] = calcNextPlace();
1}

s /1 2k

6 void preUpdate() {

7 nextPlaces[this.i] = calcNextPlace();
s Waitless.current.get().checkArrived();

o}
12 FFEa— FifA

Fig. 12 Insertion of barrier-arrival code.

1 /7 M

> new WaitlessSet(agents).parallelStream().forEach((a, w) -> {
3 w.barrier(neighbors(), _a -> _a.nextPlaces[a.i] != null);
VAR Y¢S

w.barrier (neighbors(), new Predicate<Agent> {
6 public boolean test(Agent _a) {
7 return _a.nextPlaces[a.i] != null; }
s B
9 1)
10
11 /] 2R
12 new WaitlessSet(agents).parallelStream().forEach((a, w) -> {
13 w.barrier(neighbors(), new CheckNextPlace(a.i));
14 3);
15
16 class CheckNextPlace implements Predicate<Agent> {
17 private Integer i;
18

19 CheckNextPlace(Integer i) { this.i = i; }

21 public boolean test(Agent _a) {
22 return _a.nextPlaces[i] != null; }

21 public boolean equals(Object o) {

25 if (o instanceof CheckNextPlace) {

26 return ((CheckNextPlace) o).i.equals(i);
27 } else {

28 return false;

29 }

30 }

32 public int hashCode() {

33 return CheckNextPlace.class.hashCode() ~ i.hashCode();
54}

35 }

13 N 7O 543 T % equals & hashCode # V' v K
DffiA

Fig. 13 Insertion equals and hashCode methods to the class

expressing conditional expression of barrier synchro-

nization.

TECHOETR T TV 27 MR ENA. FD2D

JIAET A=V EPRECEHAA T 27 M LT,
F UAJICRHii L7236 Ch, fREBAMATSZ LT
&9, MBKZRETESAET S, Waitless 1%, ThzBil7z
W, 7I7ART 4 =) FOEHRE S &IZ, barrier £V v R

17
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DR 7 AL T, 7Y 27 b OREEOFHII
JAWSN D equals AV v F (2447H) & hashCode £V v
F (3217H) ZHBIWIZERT 5.

4.2 Al vy FREIDEE

Waitless (& Quasar [4] £\29) 7477V EHWTAL Y
F5#E %479 . Quasar (X Java D72 DFEEAL v K
Fiber Z#2flt L, U— N % 1 4|2 co.paralleluniverse.fibers.
instrument.JavaAgent 7 7 A ® premain & FETT 5 &
T, 34 fiTilkR72 L) Hu— A IVEROBE#ECHEILR &
DILER A /NA b3 — FEMIZX VIFAT S, barrier XV v
RIZ& 0N T2 Tt A &, Waitless 13 Fiber.park
Ay REIFOHL, u—7 V5% B4 L, SuspendEx-
ecution &\ ) BISNEHIFH LT, HAEETHOAL v
FAEIET 5. 2D, checkArrived 2V v FIZX YN
TEENATHNSL &, Waitless | Fiber.unpark XV v N %
AT, BTlE Fiber.park * >/ v ROSEN 723500 ¥ CH4T
ZAXyTL, D= NVEREHEITTL, LEOKEE 217 .

5. [HERERF

Waitless 12 & 280 7RO ERE % RS 5 729012,
CrowdWalk @V — A 32— K& ZZ|IRIEOKITHE &
Ra—LbyarolgeERELLY 72y M LT,
Waitless ®/N1) 7RI 2 548 UERBR L7, A& LTI,
R&2°10m T, WERIIA 5 ND#EHD S % 51RO
<~y 7E52, 300m ERTIT—VEREL, BEIEEN
1-10m/s DET—T = ¥ M & —FRICER L, WHIME IR D
NIV HELCGESEAL. A 7Lb—Y a3 r& 100
BOBETYIalb—2arz 10MFETL, KAKERINE
Bz 8 [MOFH DR RFERFFEIT AL v M, AT VM
w, FATHREMZHE L7,
EERIIU T OBEE Tl o 72,
e CPU : Intel(R) Xeon(R) CPU E5-2687W 0
@ 3.10GHz Gw#la 7% :16)
e Memory . 64 GB
e JavaVM : Java(TM) SE Runtime Environment
(build 1.8.0-20-b26) Java HotSpot(TM) 64-Bit Server
VM (build 25.20-b23, mixed mode)
e VM Option : -Xmb6g -Xmx56g -XX:4+UseG1GC
-XX:InitiatingHeapOccupancyPercent=0
EBRTIE, TTBRETEAT-725EL, All-to-All Y
® CyclicBarrier T THEE T %54, Point-to-Point
O Phaser - Waitless TR % % IR L 72356 & VErgatHii L
72. CyclicBarrier ZFI/H L7z 2 — FIZIX] 4 ZH V>, Phaser
& Waitless 1 [7] U Point-to-Point FIDK 3 # & & 12 L7
I—FThs. 14, 15, 16 &, T Eth T —
TVIr D% 200 25 20,000 FTEAL I L EDK
KAV g, X EVfHHE, ETKRHTH 5. 14
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R % FEIT WCyclicBarrier Phaser 2*Waitless

25000

20000

15000

R b g

<~ 10000

B h._._'/

200 2000 20000

BITES

S

14 ZV—70N) TEP L7258 ORKERFET AL v M
Fig. 14 The maximum number of concurrent threads when

using group barrier synchronization.

- FREIT “®CyclicBarrier Phaser —~“Waitless
20

18
16

14

£ Wi T =

Z //

200 2000 20000
HRITE

15 70— T7EPLGE0XE) HHE
Fig. 15 The memory usage when using group barrier synchro-

nization.

——ZREIT = CyclicBarrier Phaser “*Waitless

60

50

40

(s) 30

20

10

200 2000 20000
HBITE

B 16 7 N— T30 TR L 736 O EITRER
Fig. 16 The execution time when using group barrier synchro-

nization.

18



EHMMIPFSHYEE 7075324 Vol.8 No.3 11-21 (Sep. 2015)

1 class Agent {

> public static void main() {

3 for (int i = 0; i < maxIteration; i++) {

4 agents.parallelStream() .forEach(a -> a.preUpdate());
agents.forEach(a -> a.moveUpdate());

6 agents.parallelStream() .forEach(a -> a.postUpdate());

7 }

s}

9}

17 update XV v F=FEGE L, Java BHEDIFIA ) — 4

% v 7-ie 514t
Fig. 17 Partitioning update method manually and parallelizing

with Java standard parallel stream.

5, All-to-All Bl ) 7RI A W CiEgifb L7z & &, &
Ly FEPRARTHEITE L IFIER U2 T FEECES> T
HZEDGmA. FNIZEL RV, K16 006, HRITED
BAVNRBE OB A2, EonN) TEBEZHWTL, 5
FATIC & o THERFEAT L0 b FATRER & JUHECT X 7225, &
TTEEDT 11,246 22 72 2505, All-to-All FlodsN)
7 A & W72 3B 5 b o FEATRENIE B L L2, S
(& LT, Waitless # HHWCRIT A -2 = > M2 iflR
ThHE, T—Y x>y b20,000 D& &, FKFFFEAT A
Ly ¥z 20,002 265 1,170 ICHIRC &, #RU2L D, 2
EVMHAED ARICHIE S I, S SICFETRRZ 34%12
R A ENTE. F72, Waitless Z WA TH
Phaser & [FZ&DHRETIFILTE 5 2 & HFER T & 7.
KIZ, ALy FHENZ LB ALy FEEREORE %2 %
T4z, I1TOLH -T2y NNOME I — N %
B & 1253E] L C, preUpdate 2 v N & postUpdate XV v
K% Java EEHEDIEHI A N 1) — 4 & v TFh2hityb
L7za L, 9 ® X 912 Waitless & VTN 7 [H A
SHROFREFH L) 2T, NA ba— FERICE SR
Ly ROE ORI Z e CEBY -7, ALy R
E 7 L O Waitless 1$, WEFEBEOZDICHELZDL D
THY, /N 7REIE Phaser 2 FIH L 7. 18, X 19,
X 20 I AHBETESY I 2L —3 3 VST 25 LD
PERERHI 2 47 9 720, HATEO K% 2,000 5 200,000 F
TEALS G EDORKEAIRFEITA L v M, 2D
B, EIAEETH L. K14 205, ALy FoEIZ21Tw,
ALy RT7=NVEHWSZ ET, H478 %% 200,000 £ T
KRBT E, RRFERFETAL Y Fz 11,456 25 29
ICHIR T 2 2 e TE. BITEHDKBEIC R o T b
720, ALy FEEIMNCX A AE) FlOF —3~y Fid
XN E o TV D b DD, FEATHRIE 46% 12454
SN, YIalb—TaroRBEIZHzo THHEELR
TR TWHIL 2 T2 722 £ 0 5. F72, Waitless =
AnwsbZeT, EBRICHERTLIIZ -V FO IV — T
TiEF)IZ moveCommit # BRFETTE B LI %5720,
moveCommit &L — Y = » b THERFETENSL 17 12
xf U CHEATHFR % S8WICHIIR T A Z L AT & /2.

RIZ, AT —I )T 1 OFiEFT) 720, THEAN
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“Waitless(AL v F43EI72L)  B-Waitless(AL v K43 &lH1)
14000

JavaS8-ParallelStream

12000

10000

8000

e TN F I A A
2
3

4000

2000

2000 20000 200000

BITEY
M 18 AL v FREILAgEDNRAKAL Y FE
Fig. 18 The maximum number of concurrent threads when

partioning thread codes.

“Waitless(AL v F43EI72L)  B-Waitless(AL v K43 &lH1)
25

JavaS8-ParallelStream

20

2000 20000 200000
HITE

X 19 ALy FGELLED AT ) fFHE

Fig. 19 The memory usage when partioning thread codes.

——Waitless(AL-wR43#El72L)  -=Waitless(AL K43 #IdH0)
120

Java8-ParallelStream

100

80

s} &0

40

20

2000 20000 200000
BITEE

20 ALy FREIL723E D FATREH

Fig. 20 The execution time when partioning thread codes.

42 CPU @274 % taskset I~ >~ FIZ & o TE(LE
HCHEBREIT-72. T 3 IIHFITHEOKE 10,000 & L7z &
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R 3 aTHELLSELL EOFETHR (7))

Table 3 The elapsed time of the simulation while changing the number of cores (s).

a 7% CyclicBarrier

Java8-ParallelStream  Waitless (AL v F53EdH 1))

1 1,887 108.5
2 401.0 59.66
4 414.3 31.87
8 411.2 18.67
16 324.3 13.6

119.3
60.32
31.28
16.46
10.00

K4 N)TEAMOAZFETTHY I 2L —T gy OFETRMH

Table 4 The elapsed time of the simulation only performing barrier sychronization(s)

changing the number of cores (s).

a7%  CyclicBarrier

Java8-ParallelStream

Waitless (AL v F3&EH 1)

1 3,069.5
2 214.3 0.2301
4 233.9
8 231.6
16 262.4 0.1121

0.2189

0.1045
0.1023

7.278
4.072
2.087
1.158
0.8601

1 // CyclicBarrier

2 void update(CyclicBarrier barrier) {
3 i++;

4 barrier.await();

5}

6

7 // Java8-ParallelStream

s void update() {

9 i++;

10 }

11

12 // Waitless

13 void update(Waitless w) {

14 it++;

15 w.barrier(agents, a -> a.i >= this.i);

16}
21 N TEHEROI A P EWET H0DT—F
Fig. 21 The update methods to measure each barrier synchro-

nization cost.

12, Java 70E AN TS CPU a7 8% 1, 2, 3, 4,
8, 16 LZALIE /Y EDETHM TH 5. CyclicBarrier
EHWGE, ALy FEROF =N~y NI2L), a7
Bammseoma Tt ot BRiRkeBoninro
7z, AR LT, Waitless # W 2356, I 78 % 16 18
FTCHIMEEL LT, a7 1V AEOEAIZIETIHELT
e 2 8.4% I ZHMi 5 2 LAV T &7z,

R, NY T EHBEOME R IR MR MET 5720,
ATV =23 YOI TRAOARIZR S L 91
update XV v N7 5 preUpdate & moveCommit, postUp-
date DIFOH L # BB L, update XV v FNTIL, 47
L=y arFE50L 20 XY b ERPET)LBEOLD
a—F (K 21) TEREIT-72. ]| 413, BITEHEOKE
10,000 & L7-& &2, Java 70t A3 4 CPU 2
THEE 1, 2, 3, 4, 8, 16 LELS LY EDOFATRR T
H5. FEHTAL v N8 % i L 72 Javas8-ParalllelStream
EHART, Waitless & W 7284 TLEN ) 7 RIEILER % 47
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)72 DEE (K21 D 161TH) 2 LEET 5720, FEAT
BEREEEINS 2. LA L, 322V b=
B TOIWHETORRT, a2 7% 16 L THEmMSEIE
NYTREAO I A NHEATr =V L, a7 1 OB
THEATREM Z 11.8% MM T 5 Z &S TE 2.

6. BIEMZR

N TR ERERT 57207 7u—F IS s
TETHBY, A ZEFIGHAOIZA 77 )27 0773
VUEHETERHINTWS, U 2 E ) BRIEEYIFHE o it
B D 1 2CTdH S OpenMP [2] 1Z barrier X ordered & 25
LAY RN LTBY, IXAYNRTAL T4
TEHWTESWIZRAT A LT, Hnwa— FETNY
TR EAT)WH S A7 2k TE L. L2 L, OpenMP
O barrier ZFFIZFITENTWDLTRTOAL v FiZH
LTz & 5720, AAAL v FEEEDO V-T2
ABHZENHEEL V., S ) BEEHIFHE ORI O 1
D TdHA MPI[3] Td, [HIC MPl barrier &\ N1 7
FMEELMATBY, 33227 —% 2 AL THEEL
27 A TNV =TT AR EIT) 2 EATRETH
A, B LNV TR Z SR — L TWw5D X10[5)
b Clocks & VTN 7D RETH 0, X10 DifF) %
A7 TdH A Activity DILEOHTFE U Clock = 73 = 7 b
PHEE SN TV ABMD Activity & [FHI$ 2 Z L 2SITHETH
. TNHONY THIIIEFEERO AL v FMES 2B
IR ECT& L7720, FIEAL Y FRHIRT 5 2 L AT EE7
25, FHEICE D 257 2 7 134 RTHEICFE 24T 72
%, FEFRL AR EETH 5. Clocks % 2 T THIAL
7z CyclicBarrier 1233 LT, X0 ¥k TRIEAZITZ 5
ML L C Phaser [1] £ W) RRBEDIRE SN TH Y, Java
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7 @ java.util.concurrent T Java DIEHET 4 75 1) & LT
BASN TS, Phaser @\ % & Clocks X CyclicBarrier
TIEIARTEETH - IR WIS RE % 9 2, FEATH D
AEFN R 7 B 5 A 7V — TN OB 70 B 5 R B 250 B
Thb. L»L, Phaser TIEIEH & A 7 % EATT B HTIZ[E
7N =TI ENTwEZEEZHELTBY, Kifze
D& HIZHFNE 27 NH SEIICFRIIIN RO Y 27 7V —
THEREERT A2 L IZRETH 5.

HJ [6] % X10, Chapel &\ 572535 T, fork-join 4
PHWLNTWAES, ALy Fa7uy 793562 87%L
FHIE 5 2 EATURER 720, KD B\WiEFIEAS]RE & 2
%. L2 L, fature[7] % barrier, Phaser ® X ) ([ #f]iE
ZA Ly R 7ay 7 SnLEEE#E, ALy F7T—b
EHWDLZENTE R0z, ALy FIERSPEFE AT,
AT XFANARA T VTR EDITAMDPFEET L0,
R CHTULT 2 2 DM L v, T &) e FEHIEEIE
ALy Fp#l&dT) 28T, ALy ORI ZITV,
MR WHNFEIT AT S LA EETH S [8]. RIFE[9] %
Javaflow [10], Kilim [11] ® & 912, Java 710 7 7 L Ok
AFR—PFF2T7L -T2 L EEEN TV,

7. FEO

A7 T, HHEEDOE W All-to-All BIOEEE T, Point-
to-Point T2 I\ 28k 7 AR AT 8E 7 Java [A)1F/N1) 7
[ Z 4 77 1) Waitless Z#2% L 7. Waitless 134 7Y =
7 b OIRREAETNIH$ 2 5L LTy 7R 2 Gk &
THIET, METAHIET - FELEMHROBICENTE
5. i, u— Ny A LTS, LEREEDT -
RNA ba— FEBCHBIFASNS. 512N TH
OO LE#T, ALy Fa— FOEBSE %2479 2
ETC, EVaTV T4 RMEELIE S, AT TR
b a FIHT 5. AL TR T 4 75 1) Waitless
PHATEY I 2L —va I LTEAL, Y32l —
arH A XPEMLTYH, FEATUREERTIELI LR
{, WHHLTE-2 L 2RER L.
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