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A Study of Concurrent Path Selection Problem in Concurrent Java
Program

Student : Wei-Shiau Suen Advisor : Chyan-Goei Chung

Department of Computer Science and Information Engineering
College of Electrical Engineering and Computer Science
National Chiao Tung University

Abstract

In concurrent Java program, the main() method may create one or more threads
to execute the run() methods of active objects. Thus, the run() methods would be
executed parallel with the main() method. There are many different combinations of
paths that may be executed parallel, and a combination is named a concurrent path. In
order to ensure the correctness of the main().method, it is necessary to verify the
correctness of all different concurrent paths. In concurrent program testing, it is a very
important issue how we select the fewest concurrent paths to test. Unfortunately, there
is not a systematic measure to solve this problem. So this research is about to propose
one systematic measure to solve this'problem.

If we want to test all execution behaviors of a concurrent program with fewest
concurrent paths, we need to ensure every run() path and every inter-thread interaction
could be verified during testing. In this research, we propose that there might exist
data-flows between two paths belonging to different run() methods when they call the
same shared object’s functions. We also notice that a path may call different shared
objects’” functions. Thus one directly data-flow may affect another. This is so-called
indirectly data-flow. We can find all combinations of paths which have interactions by
using data-flows, and all combinations that have been found should to be tested.
These combinations and other paths without shared objects should to be tested.

The problem of finding the fewest path combinations is equivalent to the graph



coloring problem. It is impossible to find the optimal solution in polynomial time.
Thus, this research adopts the look-ahead policy of the Gaming Tree mechanism to
find the concurrent paths, and it has time complexity of O(N").

Via various examples, it shows that the proposed mechanism in this research can
find the optimal solution for this problem quickly and ensures the practicality and

validity.



—En\«
A1
-r,;n\:
F

F AR R A B HRi E

[ Sl S - f@ujﬁ%;&,’é@;ﬂi‘)‘@—}g L B BT R o A i A

FooR P E Sk RE B UR I

(4

<

RAALFLF E o fF LR ORE LR LEA T BRI E R TSR
FoB v REA 2 A o

HAEZRHELF W AAFFHBERY DY T B 2 npF T LGS
’;\‘%%m#]%'°lf Q@?ﬁ.ﬁiﬁ’!kﬂéfujﬁ\%ﬁ_‘ A ﬁ_pzil’i’
FE BN o

u%;}hif]- ’1?<-§ ’Bpj—'ﬂ-,—ﬂﬁ “?rﬁ‘ﬁ*f}?é} o gk ‘%\%@‘ﬂg@‘pg;ﬁi‘%i N
i G s FRESAoR B B EF S B A0 AR GRS A RGP enpE
i o AR ffaﬁjl‘#é_’éﬁf\?i}l*ﬁ R Aot o A g F;J G iin— A 2

f%ﬁwwﬂi’%%iﬁﬁﬁh%ﬂbﬁf%ﬁﬁo

B RHA RS R A VA R B AR I AR A end
AR F e A BRI e i -



E N - 1
1. 1 A B 1
L. 2 B . 2

B 2R R AR A T 3
2.1 A Java ARt chiRlE v L 3
2.2 FiT Java AR e T 9
2. 3 Concurrent Java Program B3R5 vE . 15

% 3% Concurrent Path erE B~ & . . .. 19
3.1 Paths B ik 5 B (a2 A 4T L 19
3.2 &Priopaths Wi mden= 2 . . 23
3.3 %’%E’ dependent path set i P~p|:#H =~ concurrent path........ 35
R 1 50

FAR Ul 54

D B . e 61

References. . ... ... il 63



P 4%

Bl2-1 Java = B2 A BB GATE ..o 4
R2-2 faR Javaf2ai bl oo 5
Bl2-3 Java Az 2 B4R W ..o 6
Bl 2-4 mainO¢Pexpanded path &l ... ... ..o o i 7
B2-0 REREEREY o T LR 7

B2-6 i

7 lavafesi o bl A I B AESL Lo 9

Bl2-7 Run £ path Bl o0 ..o e e e 10

M2-8 i
M2-9

®2-10
R2-11
B2-12
B2-13
B3-1 =

L ] - 11
Flavaf23 F 0l oo 12
T Java AR SRR L oo 13
I {7 Java #25% ¢ e P44 {7 e expanded paths 6. ... . L. 14
expanded path #2#2 = thread T £ B . ..., 15
{7 Java #4234 & 73 B~ shared object =%l ... .. .. .. L 17
ix path Al ¥ Bl % F 32— % shared object S1............. 20

BI3-2 Al & Bl £ I 55 SIS 7 i oo 21
F3-3 % MaAp b eh ol e 22

B3-4 =

i paths B enB AR . .. oo o o 22

Bl 3-5 shared object FALGHARB . ... oo 25

B3-6 %

# data-flow FHEHEFRW T b0 25

R AT ST FUR TR i — I 26

B3-8 %

B3-9 ¥

®3-10
B3-11
B3-12
®3-13
B3-14
B3-15
B3-16
B3-17
®3-18
B3-19
®3-20
B3-21
B3-22
®3-23

B R TR Z M P 27
IR B AR 27
TR AT Rl 28
path ® e P BEFHRBHF LM ... 29
FALUR P TS HEFLF. ... 29
R CESFRRAA 31

r oz s k5 dependent path set. ... Ll 32
52 Y%ra dependent path set #.m & Z M. ... .. 33
W82 T &35 dependent path sets.......ooovviiiii.L. 34
partial concurrent path AIBl B2 C2 % & .. ... ... ........ 36
gamming tree & BBl . oot 38
P2 P2 Pl GHITEET 8RB 39
partial concurrent path ™ s|= ;N REF .. ... L. 40
FREELAZ B LS NEACHH BT LR ..o 41

DIMACSBA) ¥ ¢ IR 2B 2 22 v ... 53

Vi



“path Bl } &7 %5 i 1 Bl ehE &AL £

..................................................... 59

VII



Ay 1 2 s
55 1 ==N ﬂ\:EfFrﬂJ
1. 1 AT

g AT B S S 3 Ik Jo 8 % I (7 55 42 5 (coneurrent
program)rz A A % p R AR TRk AJEAF R AT ¢ 4 P MR A AR £
®FHIT .

Java £ - B EE eSS FT 0 B3 BT REFNEFT P2
multithreading s # > ¥ ¥ B B2 TR T EHBRF[L)[2] > ew pELR
@Al Java 7 KB F dic# p F 3 ¢ 53§ Java % 7 P 22 e multithreading 1%
#1 0 HE B F {7 5542 5% (concurrent program) { = i - Flet g kg § nF AR E
#JavaiF s KB -

B EESM O A RADREERR R R L F A 3 R -
W0 F L F O R B ok (testease) ) @ R & TR TEH ol N % 0 RIS E

BRIR R % - — 3T FRARN D IR ER TR AT o

=t

FE Java AR AR A ROTERTRMIEL b > @ g EE

=

B LR e (B e R (AP T MR 2 TR el S R S PR

Bl B AR B - R FARS 0 E - B e T BN R -
WP o LA BM- FRE AT R RMREBRSREHL - F
FEREC WA TR E BRE BT G EREA PSR R0 23T
I TR A2 AR EFE S o

BBWREene B k0 7 RE BT L FREK AL BIEEE R

\

HRGHHE - L FRARKFPIEBR - F R - FT FRIEDEBHRGEBR
PR TER IR HEEks it 2k BPETF Java 25N 542 - T &
BRI FAFEETR

A ip|E Bk BB B b B 9 E R AR Rl A

SER g1 A A H e o



5P BH R R GAFR 0 X T Java AR X (TRACHECD Peid H e o Aok
BB TERCEREE R A - B2EY IR (T 0 e RIS E K
AP AT TR E N - BE] S RPRE A RRBRROR
ﬁﬁ’iﬁﬁJwaﬁﬁﬂ%ﬂiﬁﬁﬂﬁ’Bﬁﬂiﬁpiﬁ%%%i—iﬁ

CH U IPE SR (P - W2 A N E 3 A

1.2847/
AmTREEEELT > F AL SR AEHAS Java B ORRERG LT

73 7V Java fi}\‘ T f‘r%}ﬁfp" Ivk’ﬁi‘\ s]:?_ o 5”;}3“}5 H1¥ {7 Java 7@_} IPJF:}‘—Q i o

2

o~

At E T Java RN FRWE Fl LR Ea F 2 kg M %

Ji
e

PGB EHFF PR ERRT E I A PR 5

mﬁ

— AL PE e B S D iRap il R T B GRSS F R F A U F S T
FRAZA 2o 5w 33/ D RMFF MRS E AT FETH A2

AT F LN - F RS FRALTENF RS X FRIT
RURHRBEDREF AT A EER R - AR EDIET RFRFE R

L%Fﬁéﬁf%@%ﬁv%&ﬁﬂjé%@ﬁﬁﬁﬁé:&ﬁJ\ LB L

5 R
NP-Completed £ 38 » &2 f5 "ULpF @ p 43 A i f2 5 AF7 7 & 1) 14 gaming tree

2_ look-ahead vz k & 4 & > I

\_
_j
o
"
.
‘.» X
=
&
E-D
W
B
=
i
Kl
W
¥
[
[
S
=y
.“;
=

¥ 5B A e Javadeiiis o FIME L REfE I EETE



HoE ﬁfﬂi{%&%ﬁlgﬁ@m

AFR2.1 &N LHA Javafet 2 BES 20 2.2 8 4 BT (7 Java AR5 b
HEEH] 0 B ¥ F Java 4258 034 7 H < concurrent path 97 2 o 2.3 & 4
Zp w7 Java AR eplE S 2 > TP F) A BT 7 endd (7 B 48 )75 P~ shared
object @ & # 3 # > g FRIFEATH T A e concurrent paths 12 % 7 & B 1 7 Java
#23% enit FE o i 245 shared object s B33 0 3 I B JRIREIR (> e concurrent
paths T ¥ ;& F % £ edd (7 §2) o s A #7 7 3 ) 7 4 47 shared object e7% B~ 525 »

% ik 7> iR 3# eh concurrent paths shfic® 0 B & ¥ 7 Java 425N cpliE e o

2.1 /’I{E/"l?’:Java %J;C;gif/gg//ﬂ_—-}#[ 1%

v

Java 42.;% & % Java application £& Java applet = #& - Java application £+ i =
7 eofes o applet Pl &3 SR F EEFEEN 2 “,f & PR E
BBNA R 2 S A LB SRR BORIRE S 2 A Rap ke o Bl kAT
% 12 Java application 3 #£3t%F %
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CA java:
package A;
import B.*;

interface IA extends IB {...}

class CB implements IA {...}
class CC extends CE implements IB {...

public class CA {
public static void main(String args

CB cb = new CB();

CC cc = new CC();

CD cd = new CD();

}

}
IB.java:
package B;
public interface IB {...}
interface IC {...}
interface ID {...}

interface IE extends IB,

CE.java:

package B;

public class CE {...}

CD.java:
package B;
import C.*;

public class CD implements ID,

public void foo() {

CE
IG
CX
Cv

ig;
cx;

cv =

ce=new CE();

new CV();

switch(I) |

case 1:
case 2:

}

switch(I) {

case 1:
case 2:
}

cv.fee(cx,

ig = new
ig = new
cx = new
cx = new
ig);

Cs():
CT()s
CX()s
CY();

IC

{...}

IE {

break;
breaky;

break;
break;

[

{

CV java:
package C;
public class CV {
public void fee (CX cx, IG ig) { cx.ml (ig); }
}

1G.java:

package C;

public interface IG {...}
interface IF extends IG {...}

CS.java:

package C;
public class CS implements IF {...}

CT.java:

package C;
public class CT implements IG{...}

CX.java:
package C;
public class CX {
public void ml(IG ig) {...}
}

CY.java:

package C;

public class CY extends CX {
"mpublic void ml (IG ig) (...}
}

lﬁl 2-9 f’ﬁfi'» Java A=V AT




Package A Package B Package C
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1A public > public
cB cc > public ID IE
L CE
\/ public
K|
public .| public public
CA CD cs /
AN =
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o main() 3 st R B e e MR ehdn 4 0 E RS v I &
- i 8 dp 4 A2 & main() a3 2 =0k pathe Bl G iR HETE @ A2V TR ey
£ - B main() 338 ¥ e Sk paths s ==k 345 7 5 — i path 43 7 - main()
Sl - iF path Vit @ 7 A2 FBGRE AR eI R B 2 bl ad £ R
da 4 PEE T HIREAS D A 2 St - B 2SR ERE T retum 4y 4
FER G ffApath BESHEFR EHEFHY - ik pathe - FiEam s TG
A BvHEdeel g vt atahdy 40 Flpt Lk - B main() g ;¢ 5 expanded
path % — main() & ;% eh— 1% path 223 {7 )¢ path pF Flet v H 0 35 2 558 @ 4 (7 e
“F paths ek & o { 2-4 % 77 — ¥ main() 3 - i% path 4= 5] main() - path
rbed g 2 01 ehml() S N de 2 02 em2() S 3N 0w 02.m2()4k 4, {7 < path x =
#1033 ehm3() s o BRI Y ik L3 7 R TSI PR A 4p £ T 5 main()
&3¢ eh- B expanded path » & main()£r & B ALeE e G030 Y RN AR
% > P] main() = expanded path =+ d main() e path £2 g e® v eh3 3¢ e paths =& 12

e dd e
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02.1m2 () ; 03.m3()

i 7 return

vy
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X - B Java 4250 0 T L 7 main() S ;¢ - 0% expanded path o #77
dgrjava SV @ 7 s (TRJT T i * B 3L procedure-oriented JplzE 3 2 K3y Ao
& main() g2 & 4k es o chid 3 3 Benigpath A 4 chie £ 45F A5 4 — i% expanded
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50 E EPIEEATH chexpanded path 2o 48R 5 (L)48 383 4 BF 2 F 5 &0 8 4 4538
H_ B vR— st P wR— i path ¢ 0 (2)- B 305V P Ap e copath 7 A € ARRIGE S
= o

main() 3 ;% 5h— % expanded path ¢ 7z 7 - % main() 5% &0 path 22 i%i% path
“red el i 3 e paths » FAR e e B 38 paths 38 @ LRIGESRE T R 0 g RIG
iz % expanded path > 2 % % % 7 & f/& > B - 2 4_%& main() & ;% chpath 2 24 4535 -
R BIEL > BRER AR T AR B PIARIFEARRE * s B % Bl

Faltz f6 0 FRGFEA -

Ryp2 v AT g A > 7 LA Java 4250 ¢ A RIGEE A 0
g Hv e Gl E AR RIS AR O Dlp SR R ] o ¥
A ] o RIRRI R BTN F R S AT T e e QHE RSN o 5 T AR AR
S S BAENF A B RRRER Y AP N R B g 0 TR
stub kR U # * Bl A ARSRFELE AR B e BRI S E LS bottom-up JRI3E
+ ;2 [11][22] -

- Bagsl? 27 FBSGNEE S - BENT g SN R
bottom-up PE 4 > o R A BIEA T e RS 3t o F - B Fer el v e B
SV G PF o TRt Gl (AL G I m«‘fp» » F TSN F et iRty 3
Bl F ~ ¥ enpaths ¢ o - BV ¥ue 7 5 0% pathss 47— B S5t e vd € i
Y54 2k i (object state > it & F e anE TS il ) oS e o B Rk
Ao g pathy ¥ A 2 Rrende BRI R SN B B R BRSE FA R
¥7i% 0% path .3 & AZo sk iBliE— B3N 2 4 & — i path 2 & P32 B % (test case)
R ERE S IR BRI R RIS A AL By ERF
Lo M BEFE T E path (Al Frd o
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Java B3t B ir- BARN G 4 B thread b pF a2 7 - § — B Java A2\ B
bl TP Java BRI B € p B A 4 - B thread k44 7 main() 3 ;¢ - main() ¢
L iFiEALY Fe¥el— B Thread # 2 ehstart() ;¢ - Java BB EE p A 4 ¥ -
thread % 3% {73% Thread 4 i* 2 run()& 3¢ - 7 2 & 4 thread ¢ & > ff£2 5 1 #

#p %] (active class) - 75/ Java 423% 5 — i thread » @ AT {7 Java #2.;" @

!
=

A A EFRE o 5 7 B thread o PFL (T > BT A B eniEgE o

A Java * o - Bagw x E (1) %K p javalang.Thread g %] & (2)F i*

java.lang.Runnable /i & » R 5 2 #2555 o 4oB] 2-6 #7T o
class SensorThread extends Thread { class SensorThread implements Runnable ({
long time; long time;
SensorThread (long time) { SensorThread (long time) {
this.time = time; this.time = time;
} ¥
public void run() { public void run() {
// check the sensor status every / /. check the sensor status every
// time mini-second // tiMe mini-second
} }
} }
public class Main { public. class Main {
public static void main(Strings argv[]) #{ public static void main(String argv[]) {
SensorThread st = new SensorThtead (1000)7 SensorThread st = new SensorThread (1000) ;
st.start () ; newl/ Thread (st) .start () ;
} }
} }

B2-6 257 Java RHSNE] > P82 BH]

— i# Thread 4= i+ srstart() 3% ¥ sy A ef v — =t > Thread 4~ 2. start() & 3% 4%
eE el 15 € Frds run() i3S 36T o e forun() S0 sV 46T A g LA £ e e it Thread
P 12 costart() 3¢ > B € i3 = lllegal ThreadStateException - & 3% thread @ (544 i+
2 4 {50 3% Thread 4 i costart() 0 58 £ =tk e¥ e?> B2 € £ 22 = thread k44 7 run()
S3¢ o — & thread At fede o 3o thread § - £ 7 E I run() & U AR 7= & F
stop() i VAR FL {7 5 2k o

& ip thread # & 3L FARFeafl (7 B > &) - & THHEFEA Java 2
FAREERE o AR Y B UE AT o 7 BARAE S Rune ¥ (7 Java A2
¢ AEFABUIDORUN A BEYFA S LA EA ek - B RUNALS
RunA > ¥ RunB - & g4 o & - B Run F]% S AR - 7 A Java
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AR50 iRl Rk 45 O B R Rl chpaths » F1& B Run ¥ 3 % % paths > path ™ Run

LALY A 4 BT ML L > 4o Run A s - i% path 3 ALy ¥ i3 A2
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28 H R olheT S o

Run A

Al| A2| A3

qa',' 2-7 Run=E path ﬁ%‘ﬁ?’]

wldava @ o iE threads 7 s A2 R 70y Vit 3 AT R Z A3 #0 50
(1)i% i8 stop() ~ suspend()£2 resume() i ;¢ ¥ ok ~ BB A M ¥ — B thread » (2) 14
join()dn;* % F X B thread A 722 > Q)L - BF 2SN G R
o B ostop() N T oA E s sEerde Bk G » @ o suspend() 2 resume() ¥ st
€ ERr2agFd > Fla Java e # ki ¥ S350 o

Java srithread #& & 7 join()nzt % — 1 thread =* = 5 — i Thread 4~ i c7join()
g 38 FAker el g Thread 47 & ehthread $4 7 run() & &< % & > B =f ¢ ehthread &
JEE e enthread 34 7 2 £ 2 18 A & BFRF 5 Fakrtedan Thread #+ i 2
run()di st e H 7z & > plered join()di ;N e thread # F & F o b 3 6 2 U LR
threads s34 7L ("B 5 » e threads 2. B 7 ¢ T AR5 % - ¥ kKA Java
A2V P3RS 2 BE 2 B Run o

Java #2118 B u3F 4 B thread & 78 {7 - izt thread = * - (> % b s (il
Z R F S B thread 7 v € vf el o - B i hdi s KUk 0 €44 5 B thread
fe pFes e & % e 2 4 % shared object o

% # F enthread e pFef v9 — 13 shared object #7338 » §_17 interleaving =7~ 3%
HEARTe md s Fo SRR TSR R EFRGETERL TR

@ A4 - ek % o Targ ehrace condition R AE o % T F & race condition
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4 oJavaAeNF T & E T monitor IFERFE A2 Benk b4 T - ER
P - B EET R E L monitor w4 A o AP E % Jock (LA kR
Java #7# &0 monitor 4] > A& Java BRI B 5 - B2 - B KD

lock » fn 3% 7 2 PFE 4 1 synchronized BE 43 > B2t S 3SR A 5 9 S5t

lm

(synchronized method) > — i thread 4 7 — B4 & e H G0 38 w0 & JE B (B pt 4 12
1 lock o 4% ¢t lock @ 4L H is e thread P~17 > B[t thread #-7 € 34 {7 o4 I 3 3
0 B 3Bt g i enlock s thread 417 2 - B4 2 e G038 TR H S5V E
WP e A en lock vk o Java It B R B G - B
thread .34 i shared object » = # & 3% - #F ¢ race condition F® £ o

Z 23 (7 Java AR G HCE T f R BAE SR OB o @ g chip]

&8 F o — i3 shared object & %_¢€ 12 S ficen™ NG IEF| A S ¢ o0 Ft Ak Java

AR e LA TRE > F U g A 45 0 ¢ A 4 “shared object i 3 % (shared

class) - &.3%1‘#%?‘}]}3%] PO S g RS iR L R R o
Class Class
name name
=N * 3 AE

R 2-8 = PRI H SR
Yol 2-9 hf 17 Java AR B B A 1TF oWl 2-1 0 B el E -

Cljava C2.java
package A; package B;
class GC1 { class GC2 {
public void ml1() { ... } public void ml1() { ... }
} public void m2() { ... }
class Al extends Thread { public void m3() { ... }
private GCl gcl; }
Al() { gcl = new GC1(); } class A3 extends Thread {
Public void run() { gcl.ml(); } private GC2 gc2l;
} A3 () { gc2l = new GC2(); }
class S1 { public void run() { gc2l.ml(); }
public synchronized ml() { ... } }
public synchronized m2() { ... } class A4 extends Thread {
public synchronized m3() { ... } private GC2 gc22;
} A4 () { gc22 = new GC2(); }
class A2 extends Thread { public void run() { gc22.m2(); }
private S1 sl; }
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A2(S1 s) { sl = s; }
public void run() {
if( ...)
sl.ml();
else
sl.m2();

}
}
public class Cl {
private Al al;
private A2 a2l;
private A2 a22;
private S1 sl;
private C2 c2;
private C3 c3;
Cc1() {
al = new Al (
sl = new S1(
a2l = new A2
2
(
(

i

)

)i
(s1);

a22 = new A2(sl);
c2 = new C2
c3 = new C3

}

public void main(String argvI[]) {
al.start();
a2l.start();
a22.start ()
sl.m3();
c2.ml();
c3.ml();

)
).

;

7

public class C2 {
private A3 a3;
private A4 a4;
private GC2 gc23;

c2() |
a3 = new A3();
a4 = new Ad();
gc23 = new GC2();

}
public void ml () {
a3.start();
ad.start();
gc23.m3 () ;
}
}

C3.java

package C;

class S2 {
public synchronized ml () {
public synchronized m2 () {
public synchronized m3() {

}
class A5 extends Thread {
private S2 s21;
A3(S2 s) { s21 = s; }
public void run() { s21.ml();
}
class A6 extends Thread {
private S2 s22;
A3(S2 s) { s22 = s; }
public void run() { s22.m2();
).
public class
private A3
private, Ad
“ priyvates®s?2
0 2y -
s23 = new S2();
a3!= new A3(s23);
a4 = new A4 (s23);
] £ !
publicsvoid ml () |
ad.start();
ad.start();
s23.m3();
}
}

C3 |
a3;
a4;
s23;

}

}

Eﬁl 2-9 5 Java FHAHIf
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package A package B package C
- N L N L )
GC1 S1 GC2 S2
A
Al A2 A3 A4 A5 A6
public C1 » public C2 public C3
N 2N N\ J

f2-10 2% Java g B A5 (5]
% - BT Java B AT Java mERS EE p B A 4 - B thread

k44 7 main() 3 ;¢ - i% expanded path < ie % expanded path iZ 5 = e 3 #5 5

8

w e start() & ;¢ 0 BiE % expanded path--A—# Jg A+ R (Fehdg £ chiE &> 7 F 0
B Java A2.3% eipliR = JE pE o

% main() 3 ;% e expanded path @ 3 = ¢ Thread # ©* & start() & 3% ehdg £ >
# - I start()e ¢ ¢ 2= = - i% thread k#4 {7 ® Thread # i run()dn ;¢ - if
expanded path>run() & 3¢ ® 7 expanded path = # F]e¥ 4 %] 5 Thread 4 # 7 start()
Sz faE 2 - if thread > 4 74k =E e? e Thread 4 i run() ;% h— i expanded
path - main() & ;3% £ expanded path £ H v 4:& * & threads - expanded paths ¢ &
PE ek AP T 0 v AT el & LS main()sh- % concurrent path[6] -

ME2-11 564 - BT Java #4235 e 7 FR > main() & ;N s path & B
v et 5 Thread 4 # TOL1 ~ TO2 ¥ TO3 o start() 38 » 4 wjiE = 7 = % thread -
main() 5 path i e 1 5 TOL e foo() i34 > A5 % & 1 3 3 9§ A 4 17 ¢h— i% expanded

path - TOL.run()a 3¢ e path $4 F4kse 5 11 chif A dp £ ° TO2.run()& TO3.run()
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& 3% e paths 4 ®r2 ¢! 5 shared object SO 1 ml1()&2 m2()& ;¢ » TO2.run()n
expanded path iz 21 % 23 &8 A # {7 » @ TO3.run()=nexpanded path iz 31 3 33
SIE BT o B Y g AR ER & 7 efed Thread # 2 e start() S 3V i 2 - 1E 3T
thread - main() = expanded path ¥2 TOL.run() ~ TO2.run()4= TO3.run() =" expanded

paths e g & = % main()sh— % concurrent path -

TOl.run() main () TO2.run ()
.. .
11 TO1.start () =1 22
1
vy \ return Al
TOl.foo ()
2 32
a
return H
L\ A ) A A 4 vy return Y v

f2-11 2 Java NF{1fIR§#ER 1Y expanded paths 373

H7- BT 7 Java #4258 0 T 5 7 main() S ;% g- % concurrent path e main()

S0 38 Ak aE 2 b threads % @ B~- i% expanded path chi & > % 7 35X - i%
concurrent path < 45 &} main()sn 3% 22475 A F 5F %) run() & 3¢ 0 expanded path >

4Bl 2-1 2 0 2 & main()d 3t & ek el ey 3 Fs g B o paths T & 27 main()

path «7#7% concurrent paths e
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el 2 AN / \‘\\
Q/ \\4 T
run() run() run()
AC1 AC3 AC2
A 4 y Vv vV V VY y Vv y

f'2-1 2 expanded path =g thread = [
- B EE Java AR ERE S R~ TR R TAfREER -6
concurrent path » ]t plzE— B 1 (7 Java /25N T AR E 0 RSEATF T AR D

concurrent path 3% {7 (7 5 48 L FE 2 30

2. 8Concurrent Java Program ,5799}5’,//,%?[5{?}575‘

d 2.2 & end (AN 2 (7 FFEAT PlE- B T (T Java 475 0 F 3T R1EE main()
g3V et B B e expanded paths £2 concurrent paths © & B #&ipliRiet B B
expanded paths 2 concurrent paths » A|5 = i 4% 2k @ (1)concurrent path 7 7 # i
expanded paths - expanded path = 7 7 % i 3% copath » 45 358 2 BF > L #5)
FAEFO L R S (QF - Bxta path ¥ § IR AF § 3 expanded
paths » #-# & 4FRIZE 5 =0 F]pt ¥ i@ % bottom-up Rl LA 0 K E MR A
Fe R B pER o

% main() & 3¢ 2 3 5F %) e run() S5t e expanded path ¢ 0 LG aE 2 R0
thread > ix % expanded path ¥ AR & 5 5§47 » ¥ * ¥ 5 Java ehiplid = 2 RIzE 2 >
Flut ¥ 7 Java A2 T RRIRREBAENGERET > LRRRA D FHF 0 BRRRS Z
v hw B[] :

Q) r2main() ;N 8 A g aarun() S5t 5 B o0 1345 Java 4258 enldg
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HHCA) > 45 41 main() S & run() s sS i@ r Bl et dE o

(2 v et et Thread 4 i o start() st endp £ > 1 2.1 & 4 B2 A
Java 4% ;¢ ernbottom-up Bl3E = 72 % 7 main() & 3% 2 orun() S5t @ 3

g S 0 B fs 05 A RIRE main() S 5C & run() 305t & - iF expanded

(3) "2 2 &gy it et E e Sk main()an N kaE = thread fha 6 4E
5] run() 3¢ £ expanded paths - 2 4 main() 3¢ #7 5 <7 concurrent
paths -
4) i% B ipl3## — % concurrent path - %2 * — £ concurrent path =3}
FiFe e

P I(L)EH ()L & AFETT main()2  run() a3t i A R F
50 2Rl et dhexpanded paths 4p vt > § FCIeriplRRAT FR R 22 48 e A o ¥
LA E AR R o

main() & ;% & 3 # 4F BB run()3 T 1% 05 expanded path o - i
expanded path 34 {7 p¥ 5 »f ! Thread 4~ i* castart() 30 5% > ¢ A2 2 — & thread 1444 {7
3% Thread # i earun() & 3% > § 46 2 - @?J > F AL $4 f7 main() S s¢ ehiz ik expanded
path » #* expanded path #7 & # ¢nH U threads #-% p 34 {7 - % expanded path > v
Fenie & T 5~ % concurrent path > 4o 2-1 3 > main()<7- i% expanded path 41
* v vl Thread 4~ i enstart() S8 2 4 7 & B ATenthread > & & HR 7 B G
“H% RunA® RunB - @ Run A ¥ RunB % 3 = % expanded paths - main()
7° expanded path mgi;:] >»F#7 B > Run A 22 Run B+ ¢ 44 {7 7 I <7 expanded
path » F]p* #£.= % F & concurrent path - ]2+ & & main() a5 £ expanded path
7 - B 5B ostart()4p 4 0 M- A2 0% concurrent path 5 4 B 2-1 32 #51)
Run A ¥ Run B % 3 = i% expanded path » % -  Run & expanded path = &4k 8|
R0 ¥ & — sharedobject eh2 3 (7 5 4 HRAAPIFE  AeREHE B B L KD
kX kA BR > TL AT AR
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main()
N TTo--l] L start()
start() v
v
Run A Run B
Al| A2 \A3 - - B1 /BZ B3
\dinc() mi()//
0¥ e
) ) int value; ) s
synchronized int get() N | synchronized void inc()
{ {
return value; ++value;
} }

f2-13 207 JavaRHz"==% 2 shared object #3fj]
% 47— 7 7 shared object 7 coneurrent path p¥ - # thread 2 & 4p $434 {7 i¢

B 7 - pF o & thread =* »'34 {3 shared object et (Mg B 7= ¥ 5t % > F|P T i A

4 % % 5 concurrentpath 2. 7 Fe 247 7 5 [7]4c@B 2-1 3 ¢ RunA
22 Run B % % Count iz # shared object » 3% value 4= 8 5 00 % = B3 4 Fl:iE

gviE B 5 A'sinc()>B’sinc()>A’s get() » B Run A = e get()sri# D enig 5 25 &
g B 5 A'sinc()>A’s get()>B’s inc() ¢ Bl Run A =¥ e get()#718 Flenie 5 1o Fpt
Bl - ® 7z 7 shared object s concurrent path ¥ » 7 iBl3# 5 48 75 B~ shared object
SVER 0 A i sy E Pl concurrent path #7520 B ee JLG fh- PR
£ > 4r BugNet [8] 2 TAP[9] » 354% i34 & thread B 44 17 /8 A i 4] > F]pt 7 12
¥y shared object 3 A& F|:f g B o BIRIERRF 0 F A F|IE AT ¥ a7 B shared
object 5B B > prdli L PEEE 0 4 A (B FFEH P 6] -

R 2-1 3 hide b L T TR AT T G 0 BRI ET 4 ET
st €11 concurrent path » 4 %[3z % AlB1 -~ A1B2 ~ A1B3 ~ A2B1 ~ A2B2 ~ A2B3 ~

A3B1~A3B2-A3B3- H ¢ A2 B2 F]5 shared object i iz if paths ¢ 7 4p %
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o Fpt g o A2B2 iz iE concurrent path RIzE T PenI #FA 0 B U * Flied
i% paths # ¢ 2_ - ¢concurrent path » 4 A1IB2 #4177 B2 F15 Al & B2 il

I#oipa ifpaths g b A E A B2 4 {74445 7 5 & A concurrent
path A2B2 @ 4L ipls#iE » F R RIERY - ¥ ¢ 7 AL ehig B {7 {7 5 <0 concurrent
path » 4= A1B1 > R concurrent path A1B2 7 FORGE S FIE TR ETE SN 4
BITRE o Bt B¢ FiE 0 ALBL ~ A2B2 ~ A3B3 i = i concurrent paths % gz o
T PR A2 &2 B2 I AR Bl e T E RIED] 4T3~ i paths %/ﬁ)i:ﬁ =
iy 747 5 0 Tt 2 v oconcurrent paths i ¥ 00 A R GRRESA T R HE (5L Ak
Foood MV Ao ¥ T (T Java 475N 0 T O RIREIR A g0 concurrent paths TR k3

ST A T R BT - B AR kA R

concurrent paths 4e 12 j]3# ©
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% 3 # Concurrent Path U3y

4 {7 1 {7 Java 4238 #-3 7 B threads e P44 {70 ¥ i threads & 7 3 4 2 4%

AP EHRFERE S AT Java #2.3% iRl E 0 & JF % EERIGER 473 threads
FIdfim Jan FRE I o ER S DpPRER R RREF I ARG

thread A 3 & B % > 0" MPREX &> P o g £ A2 FPt R k42
(exhaustive) & & 4 #r5 concurrent paths @ 4v 12 p|2& o ¥ {73 {7 erthreads & 1 &

i% 1§ shared object %k 2 3% T4 > A3 7 L &~ 573 B~k - shared object <7 path
TR T > 45 41 concurrent path 22 7 fe path FFz 4p 3 B BM R Ea B IF T
2 A 297

7 Rl3#en7 e thread 7 paths s> 2 & > I * izt g b

\F'
54'34

concurrent paths °
*~F 3.1 %P 7 F thread 2. paths & 7 B shared object @ & # 2_ i% 15 i
B 328N PBFF RGH Apath BEZ 20 3.3/ OB NEF T TR

2 path % & 2z concurrent paths 2 =52 e

3. 1Paths /7“‘/#/%5/,/ RS i

% F thread =0 paths #* *" = — shared object F¥ » % thread ¥t shared object &+ &
By B2l o KR 5 shared object ek i 0 A ERPGFEEFL AR o B 3-1
57 o path Al &2 Bl # 4 % F Run’ ¥ »f+¢9 k — shared object S1 » & Al £ 7 %
B~ S1 cistatement > ® B~ B 0% > Bl AL BB » 2 W A Tdp £ DR R R
SLenB it 5 & path BLALSL 3 5 T > BLi5 44y 4 enfd 7.4 % %% 5] AL
AH L HEEE BT B VARE T - KLAL 59 SL i Bl thEalin

(data-flow) » 2Bl e 78 % -

Gl
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Al Bl

ﬁ[' 3-1 i pathA1Z B1H [F[J’r‘qr?v— fi# shared object S1

* Al mﬁi%lﬁ FHTsd SLA Bl @ BBl {8 X304 g {7 o P Bl

ehfs L IR 7 B & %330 (dependents on)AL s L IR 7R > & AL w0 L3R
#4172 % B2 B (influence)B1 & L $Renis & o 2 i #4148 F] shared object 7L in 8+

R A g 3e 5 AL BLe 1345 AL & Bl e hef e S1o 2 AL R
Bl # S1 2 & % Bit i B ends (E2 Tk » H4p 5 B FM fdo ) 3-2 4
7ol P AT o Al & BLAESL vk R R EcE (T SR R 2 B
P AL ¥ Bl - 4p T kxR g =0k path 31 S1 & * Bt v o d
£ F— g rdit, B oPuhe s A Al & Bl 4 24 231 o &

M % & Frig & path ¥ shared object 75 B~{i-/wpF » & % 44473 shared object & &

method ehdg 4 T4 45 » <5 2 S 1% > FP ¥ Bk 3 = AL> Bl 2 BL>AL-
£ 5P Slenpath 5 AL & Bl |Al 7 (7 |Bl ends i® B

Al R R

Al w R Al > Bl
Al RW R Al > B1
Al R w

Al w w

Al RW w

Al R RW

Al w RW Al > B1
Al RW RW Al > Bl
B2 R R

B2 w R
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B2 RW R

B2 R w Bl-> Al
B2 w w

B2 RW w Bl-> Al
B2 R RW Bl-> Al
B2 w RW

B2 RW RW Bl-> Al

B 3-2 A1ZE BLH %IV ST FRVETE il

Path ¥z path fF» ¥ it 2-%]75 B~ — i shared object @ & #

% 3 4. — % path
Al ¥ i #1522 ¥ — 1 Run ¢ path B1 i B~ — % shared object S1 @ } & & % 5
fo @ BLOFREET AL 535Sl 2 (47 5 5 % Al 2§ S1 e BBl {5
* 3 - B ¥ - 1 shared object S2 erv73 B~8L> @ Al &2 ¥ — pathCl F]1S2 @ 75 &

EREFECEARECIAFDREE « gtk T > Blai7 5 2 & ¥

=%

3

AL(B1>Al)> 2 i Al ~ 3 BE %7 CHAL DCL) -+ £ Bl 5d Al ¥ 7 a

@8 Clead 7% L2 % B w M % =5 Bl> Al Cl - Paths

gqmﬁiﬁ-'l‘—?ﬁf#ﬁ

“\1&

HfF R o PR ERE . F 4 ¢ 3 - B concurrent
path ¥ o

Paths /& cri% i3 B % & 4 J&. =+ % path =* #- shared object 45 £ chi= % » 4 it I

p

ST H 4p 3 BN FALRBE % 0 AL & iF path »f = shared object 7 statement

v

Doorgt G #rEL@ M-path & G BB R B L5 path segment o

=
T

VIR 3-3 5 6] - BdEF w B Runshk sk * = i shared objects > # 75 B~
FA54c Bl 977 0 i - path (95088 v & H of ¢ shared object e+ % - »* B ¥ RunA
Zz_ i% paths &2 Run B 2. path »# #* - [ shared object S1 > Run B z_ path = ¥ Run
C #¥¢?f —~ shared object S2 > Run C 2z path ~ 22 Run D 2z - path ** ¢ -

shared object S3 » 7 3. Run A 2 path 2 Run D 2 path 2_F ¢ 4p 3 8 %2 ?
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Run A Run B Run C Run D

80 35
100 100 130 150 90 90

W3-3 wif ﬁl%a'ﬁﬁfjﬁgﬁﬁm

# Run A & D %:E % - if path 2 Run B 2 Run C 2. path % - concurrent
path- 4 %12 A1~B1-C1-D1 % 7 2 -4 Al 2_ % 100 i statement (3= 5 A1[100])
$ S1 e e St £ e 1 B RAIR 0 A BL[BO]4 S 1 S1 RIH e £ ¥
MR ITH Pod 0F S A 2 S20B1130]F B A% F B % sicends i7 > C1[150]

7 WP % ke w5 5 AL[100]# B1[80] & #4 i7 - » B1[130]# C1[150]
5 o PliEiE 3B S1 o ¢ AL[100]:#=553-B1[80] (A1[100] > B1[80]) » Ik - i%
path # 7 B1[80]:#-F #L/i /L B1[130] (BL[80]>B1[130]) > £ & i 15 B~ S2 #-F 4L
o~ C1[150] (B1[130] - C1[150]) » F1* ¢ 7 — & 3417w AL[100] > B1[80] ->

B1[130] > C1[150] > F]s* A1 Bl % Cl2 M %7 %+ 5 AL>B1>ClL-

Al B1 c1 D1
35
100 80
90
150
130
v v v v

Bi3-4 D paths FEFJE\IFEEJJ%?FE‘%QI‘*
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Al>Bl>Clg D1 % if paths 2 # #r ¥ it ch5in ¢ #5(1) AL[100] >
B1[80] &> B1[130] > C1[150] - (2) B1[80] > AL[100] - (3) C1[150] > B1[130] - (4)
C1[35] > D1[90] - £ (5) D1[90] > C1[35] > C1[150] > B1[130] ; ]s+ H i % 2
Mi%5(1)Al=>B1->Cl:(2)B1>A1-(3)C1>Bl1°(4)C1->Dl-(5)b1>C1
> Bleodsz > ALeDL¥ % ¢ BFR L enf (7o &3l %2 path 2 & 3

PR A NBRBFEHERAIF LT

)

‘H-_ o

ZHM AL D> BL > CL 2235 %E*é 5 ALBICL iz= if paths
concurrent path % ;pJ3# » iz gt concurrent path » ¥ F PFip|:% B1 > Al 2 C1 > Bl
e B B 231 DI > Cl > Bl g & z BICID1 i& = i paths
g concurrent path % g3 - ¥ i& % concurrent path 7= ¥ I p# Rz C1 > D1 ehik i
Mod ptv i d &4 & 7 AIBICL ¥ BICLD1 # = % path # & concurrent paths
KRR -

B 3-3°¢ AL 2 Al#2 D1 2 D24p35 B3¢ B 0@t enfl 7> 5|0 1 3
#F 4 e 7 ALBIC1-B1C1ID15A2BICT ¥ BIC1D2 iz = ‘= path # & =~ concurrent
paths % pl:&-E#& # 7 ¢ » B Run:=o concurrent path A1B1C1D1 & A2B1C1D2 -
TV ST paths B 5 Ap B e 717 5 o

d v aeo d 2B path 2 FALEFH N5 493 =58 a3 B Run 2
path £ & > izt path 2 & - T & AP3E - FlU £ 35 018> #)c P <0 concurrent path
KplzEd — 1% main()sh path #7efed 3 FHF P RUN T T E 0 e T A I
i B k2o path & 18> A a3y R R (1)1 path % P ALRIEZR (2)41F F &
B k2 path 2 & % 7 ALRIRT (TRIL 2 S - 45 path e g 2 2 2 #3032 &

#cit o & 4 concurrent path 0= jE #2333 & 4kit o

3. 25173 597F paths [[F 5 [EfT % %
& ZP 7 e Run & paths ¢ = = — shared object ¢ method » B iz path
B4 B4k uM % d 4 dhshared object *745 112 F B 41 % B 4 path 2 &
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Bx PR RS ERE GG J PRE M Ghpath a7 8¢ 52 Bl

ik 3 M k2 path 2 & > Z 4T PiERb o 4 a4 Ik b g - F] s iz 1B phase
FLE 5 (2)

B BRFAMAGE TS S5O FRATRN (3)Bih 5 #nik s M

A

=

x Az B (1)A4 i 4r G Flig P shared object @ A 2 hE 4
% path =2 & -

A LF PR TR A 2 F Run Fepathy & X 3B
F— i shared object > jt & & 2 fw B & T AN o F -4+ - B shared
object » #-75 B~ cripaths & & fedt - © & fedtend if paths 4 > % F e Run >
%ga?W1ﬂéi%@%£&?ﬁmo

F 7 B P2 P [NOS ]2 P:[NOS,J %t — i shared object 7 # P~#: i¥ > *
P& P> k- B Run> Pl A7 ot (1) P2 Pyl i path: 7 ¢ 7]
shared object @ & %5t 2 v Run g 4L (2) P, & P, = F Run F 97 f= path >
d 3T TR TRE > - B RUNE € 347 - 0% path > F]et P, &2 Py 2 ¥ it e PRAR
#4170 d ¥ 5> 3B - T shared'object ¢ paths &>t FF - & Run p& > % ¢ 7
shared object @ % # FH o ¥ BB AT A RO LR K,f >t — 1 Run 0 paths °

& 45 ) paths B cnf i » B Aw F $E0RIE 2 Java 4255 48 F 4 45 0 1Y
a3 2 38w« Run~ & B Run #7 2 s expanded paths » 12 2 & — i% path =*
= shared object 1. ;¢ e statement » @ 8 4% — B shared object/class » 45 ) v ¢
iz B shared object/class = i% paths o 4r B 3 -5 #7+ » ¥+ — i shared
object/class » 1 = 5 B~BLerdp B T4 > & 45 5 B~3% shared object ¢ paths 2 44/ <

FPghi= % > 2 path[NOS] (NOS, number of statement) % =+ z_ o
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SO S1|S2|S3]|5s4 SN

F U1 S8 H
access_count 3 T= R

access list .
- ~7IC1[35](D1[90](D2[90]

path C1 Run_ID C

NOS 35 ~._ | path_ID 1

@.‘]l 3-5 shared object E’rﬁ[ﬁ)fﬁ:‘ %’L[ﬁ‘
i B ¥t - 1 shared object S; 2. iZ 25 BBL AP, AP e~ B2 Hik3h hle

& &M= 15 T AR AP, path[AP, NOS] > APy.path/ AP, NOS] 2 AP;path{AP;NOS]

> APkpath[APkNOS]igﬁ T3 s DE 245 4eBl 3-6 HroT 0 i;;!él]—} p ¢
- B F BBt e Run o path™> 2 statementnumber - 35 11 4% T AL i B 02 R
4B 3-7 7 ©
DF | DF, | DF, | DF5 DFy
A1[100]=>B1[80]
src_path Al
sre_NOS 100
dest_path Bl
dest NOS 80
qﬁ‘;' 3-6 ﬁ[% data-flow ";’ﬁ[e[;ﬁﬂﬁﬁ ?élﬁa,l
TARGET :
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541973 hE & data-flow
INPUT:

Array SO; /* §%73 shared object iiFeniLs] */
OUTPUT:

Array DF; /* #3E 4% data-flow (AF ML 5| » 4=4n 5 5] */
ALGORITHM:

{
for all shared object SO; in SO

{
for all access point APj and APk accessing SOj,

0 < j < k £ number of access point of SOj

if APj.path and APx.path belongs to different Runs
{
new directs@ata-flow DFj k with
DFj _k~Sre¢_path =.APj.path;
DFj(k:src_NOS = APJ.NOS;
DFj(k.dest_path-=-APk:path;
DFj(k.dest_NOS = APk.NOS;
add DFj(k into DF;
new direct data-flow DFyk_j with
DFk_j-src_path = APy.path;
DFk_j-Src_NOS = AP.NOS;
DFkj-dest_path = APj.path;
DFy_j-dest_NOS = AP;.NOS;
add DFkaJ- into DF;

37 VHETE © SHYEEBTHR

BRREOTHEMELGd CERFTHMT - pk path a2 4 > oW 3-4
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A 32 7 255 AL[100] > B1[80] > BL[130] > C1[150] » £ AL[100] > B1[80] 2
B1[130] = C1[150]:& 4% = &> % — % B 4& F #Lin 2 dest_path 59 NOS & F | %

¥ ED R sre_path A NOS & K el 7 r0ag i BNF chdoom i 407

4T

DIRECT-DATA-FLOW ::=
PATH[NOS]2>PATH[NOS]

INDIRECT-DATA-FLOW ::=
DIRECT-DATA-FLOW->DIRECT-DATA-FLOW
| DIRECT-DATA-FLOW->INDIRECT-DATA-FLOW

3-8 FEFERIFTRRY ETEH«T
Ppot o ¥ TN 8 gha(data-flow chain)en= Nk A 7 E BB R OTR

oL drBl 3-9 -

DATA-FLOW-CHAIN ::=
DIRECT-DATA-FLOW
| DIRECT-DATA-FLOW>DATA-FLOW-CHAIN

B 3-9 AR
FTARE sG] - EREFTHMET —x TR A Ee x> TR
linked-list 7L 5474 & 7 > 4eBl3-1 0267 © B DFC/ 4 §w 58 27
e LR ¢ 48 AL[100] - B1[80] - B1[130] = C1[35] - C1[150] - D1[90] >
D1[110] - E1[55] > @ DFC, % 7 &7 — if 2 & 7R ch 200 ¢ 48 D1[110] >

EL[55] - 4 n i FalimenF Al g 4 R ER S ne
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__________________________________________________________________

f'3-1 0 PR(Fh g T

Bt d B AR T AL & dest path * dest NOS# B 16> { ¥ ik BjEF - 152 8
T2 sre_path F 357 B 20 B &R R F Ay DR e - TR 4A B
TP shY - BEARFT ORI st path 3-saye LB F2 B ARFORE 0 ik gEdE
TP AF AR 4R PR e o ke B 3-1 1 477 > A pathBL F
Z RO~ PR dR TR o data_flow list ¥ F v i ER 0§ 0T B AR TR
i FHAR3-1 22 F B U BT ¢ F M ROTRIE B
» DFC; - B & 4 F45 ¢ 42 AL[100] - B1[80] - B1[130] > C1[35]:
linked-list item > A= 453 & 4% F8L7% AL[100] > B1[80] > * 453 ¥ — FHIL P 48
DFC,: B1[130] > C1[35] - & DFCL ® 115 @ 52ebrFin ¢ 4845 — & Run
a7 55 3 o0 path(path of run) » 12 %2 =& if S i path F & ch 3 B2z &

(path NOS) » & 35 TR 8 g B2 4o T B 3-1 3977
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Al

10

Path Bl

Cl

data_flow count

35

data_flow list

\

\

1[10]2>B1[20

]

1[35]>B1[40

]

1[10]1=2>B1[60

]

[ 3-11 path FIIEI@'&E‘V%I!F—E%I%%T—L%\ B

DFC,
A1[100]1=>B1[80]1=>B1[130]=>C1[35]

RunA RunB RunC RunD
data_flow A1[100]>B1[80] S a1 51 et
path_of run e

RunA RunB RunC RunD
L L»{100| 80 | 35|
chain \

DFC,
1[130]=>C1[35]
%ﬁ'3-1 2 %I?ﬁf“%’fﬂﬁﬂ%ﬁﬁlﬁ'
TARGET :

I #r3 fhdata-flow chain

INPUT:
Array DF; /*%
OUTPUT :

Array DFC;

B3 2 # data-flow il 5] */

/* & — B 7

~ % DFC'~ WA~ B

*/

/* §534F & &R % 1 ddata-flow chaine */




/% AepE o A hDFCH R G L5 e x/
ALGORITHM:
{
// B AKE # data-flow 22 &£ & & 1+ data-flow chain
for all data-flow DF; in DF
{
new data-flow chain DFCY = (DF;j = NULL);
set all items in DFCY;.path_of run to NULL;
DFCY;.path_of run[run of DF;.src_path] =
DFj.src_path;
DFC!; .path_NOS[run of DF;.src_path] = DF;.src_NOS;
DFCY;.path_of run[run of DF;.dest_path] =
DF;.dest_path;
DFC!; _.path_NOS[run of DF;.dest_path] =
DF; .dest NOS;
add DFC'; into DFC*;

v

// &% DPELA » & X &B A% 1 shdata-flow chain 22 £ B &
// 1 + 1eidata-flow chaine
for(i = 1; DFC' is not empty; 1 =1 + 1)
{
for all data-flow chain DFCij in DFC!
{
// @ FETEE (1)
Extract source path of DFC'j as P;
for all data-flow DF¢ in P.data_flow_list,
0 £ k < P.data_flow_count, and
DFk.dest_NOS < source NOS of DFC!;

// @ FETEE(2)
if DFCij has not passed any other paths belonging
to run of DFk.src_path {
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// @ FEEE(3)
if (DFCij has not passed DFk.src_path) or (DFCij
has passed DFg.src_path and DFg.src_NOS <
DFC'; .path_NOS[run of DFg.src_path]) {
new data-flow chain DFC'**', = DFx = DFC'j;
copy all items in DFC'c.path_of run into
DFC'*1,.path_of run;
copy all items in DFC'k.path_NOS into
DFC'*1,.path_NOS;
DFC'*Y,.path_of_run[run of DFj.src_path] =
DF;j.src_path;
DFC'**,.path_NOS[run of DFj.src_path] =
DFj.src_NOS;
DFC'**,.path_of_run[run of DFj.dest_path] =
DF;.dest path;
DFC**!4.pathzNOSfrun, of DFj.dest_path] =
DF;.dest_NOS;
add DFC™, dnto DFCY;
)

'3-1 3 WEN: : JIHTFRIFR G
- BEAIRE RN A T L kAP - T G TR > ] 5 o0 paths
FRE AL R M T RIGERFL EAL S 2T R - i concurrent path ¢ 0 2 RS
& paths I PEY (7 P UAR RIS o £ 4 - B ERE P 48 B i Pt paths
T Ay~ g ik fkehpaths «hf & > 45 dependent path set e 4ot & [
3-4 i Hikgltd (1)Al>B1>CLl-(2)B1>ALl>(3)CL>Bl1:(4)Cl
> D1:(5)D1->Cl1->B1: ¥ & # sdependent path sets % (1) {Al, B1, C1} - (2)

{A1, B1} - (3) B1, C1} » (4) {C1, D1} - (5) {B1, C1, D1} -
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"3'7'

# i& dependent path sets & # sv 3 ¢ 7 B %> 4o £ {A1,B1,Cl}s 7 7 &
{Al,B1} % - % concurrentpath # 7  &£{A1,B1,Cl} 2w %~ ¢ 7 & £{Al
B1} > iplz&iE 0% concurrent path ¥ 14 e pF 2% 38 i = [ dependent path sets o %]t &
% % dependentpathsets ¥ 3 & Z B 0% > ¥ 72 ¥ g g & o

t& & 7 dependent path sets &% 3 & 7 B % > G5 ¢ ¢ 7 ch*x - i path i&
FH A REARG AP T 40 W iEe B i A 2 > ¥ - dependent path set
R b A AenA) 5N B - 15 ¥ s enpath k- B 7 > % dependent path set

DPS; & % iz path » Pl#pt =22k 5 1> R 5 00 4@ 3-1 4 %77 o

Al A2 A3 B1 B2 B3 Cl c2 C3 D1 D2 D3

AlBIC1 1 0 0 1 0 0 1 0 0 0 0 0

A2B2C1 0 1 0 0 1 0 1 0 0 0 0 0

Al1D2 1 0 0 0 0 0 0 0 0 0 1 0

B3C2D1 0 0 6] 0 0 1 0 - 0 1 0 0

' 3- 1 471} & Afylifes-dependent path set
% dependent path set DPS;c DPSj» ##35% — i% path P> & iz~ 510 w11 b,
Bb 4o g p) s (L,1)~(0,002(0,1) » A WEF pitp=pi b F o 3E

2

d B AE R g4 0 NPT e B 29T DPS; 22 DPS; R F 5 ¢ T Mk

TARGET:
%7 dependent path sets £F 3 ¢ 7 M i%
INPUT:
BitArray DPS;, DPSj; /* & i# dependent path set */
OUTPUT:
Relation; /* DPS; ¥ DPS;ee 7 B i */
ALGORITHM:
check DPS inclusion (DPS;, DPS;)

{
make a bit-and operation between DPS; and DPSj, and store
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the result as R;
if R = DPS; {
Relation = INCLUDE_POST; /* %ﬁﬁ’%"s” g?s‘iﬁ
(DPS; cDPS;) */
} else 1f R = DPS; {

Relation = INCLUDE_PRIOR; /* %&fp%g‘idﬂ‘fé g—n%
(DPS; =DPS;) */
} else {
Relation = NO_INCLUSION;  /* &7a fme g Mk */

}
return Relation;

ﬁ&lBﬁ@ﬁ:ﬂ%ﬁ%mmemmaﬁFWﬁ%%

15k Rl 0 A4 dependent’path ‘sets /& - R ¥E - B TR ¢ 48 DFC)
fe U RJE o g A FORR bl Y el path of run T > REE I AL R
4 DFC #+ 5 § ch paths cn B8 > -2 #5755 3% DPS,e, © © — B #745 F] ¢ dependent
path set DPS,., stk & 2% &2 &8s "7 DPS'? % — i dependent path set
DPS;% ¢ 3 B the 27 i #5753 = (1) DPS,0n S DPS > |37 60 DPSyp, ¥ 113 3
4 J& © (2) DPS\CDPSye,» R %N DPS 7 % 4 4 i » “F 11 _DPS ¥ #]% 2 » @
DPSe Bl B2 5 2 7] DPS ® ©(3) DPSpew &2 =~ DPS, ¢ # & 5 B %0 B DPSper
BA73 2 L7 DPS @ ok (s & 4 el 3| DPS 7 5 #75 3 % ¢ 7 e dependent path

sets » i B 2 4o T ArF)

TARGET:
$5 #1973 drdependent path sets
INPUT:
Array DFC; /* %3 data-flow chain et 7] */
OUTPUT:
Array DPS; /* %% T3 dependent path set e 7], */

/¥ AR R %/
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ALGORITHM:
{
for all data-flow chain DFCH,
1 < i and DFC' is not empty,

1 < j < number of data-flow chain in DFC!

extract paths fronlDFCii-path_of_run and set as DPShew;

set ADD_NEW_DPS flag; /* Initially assume DPSpew
should be added into DPS */

for all dependent path set DPSk in DPS

{

P

/) e mRE R kR M

Relation = check DPS inclusion (DPSpew, DPSy) ;

/] & g AR (L)

if Relation = INCLUDEPOST { /* DPSnewcDPSk */
clear ADD:NEW,.DPS< flags

exit for-loop;

/] E F R (2)
if Relation = INCLUDE' PRIOR { /* DPSkcDPSpew */
remove DPSyx from DPS;

}
// @ I (2) 8 (3) % &E#- DPShey *r » DPS ¥
if flag ADD_NEW DPS is set {

add DPSpew into DPS;

WS&G?ﬁﬁHiﬁﬁdmmWMpMHﬂs
S W RgEV $5 2973 dependent path set © — dependent path set * % iz it

# B 7 e Run dpaths 5 4p 3 825858 0 > F AL PRRIGE
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3. 3 #f/1dependent path set ZFHF¢H77 concurrent path

TH-FERRJE > ¢ @F - B kg M kahpath 24 0 & - path 28 %
- dependent path set - — i dependent path set = path 32/ % F thread -

AFFER A * @ % sgk G k3 M fhenpath & 02 2 25 = ¢ shared object
shrindependent path 2 e & & # & > B 7 concurrent path k& 4£— % main()
path & p|3& 7 concurrent paths -

- i concurrent path ¢ 4¥ concurrent execution % — i Run z_ - i% path
STl A Fh G drifeng k3 M fhdhpath 2 & 0 7R R & %4 Run eh- i% path >
Flet 4L % — 1 partial concurrent path - — & partial concurrent path 2, = ¥ — partial
concurrent path P, e+ § & » Bl P, 2 5 P, ® 73 s Run> ¥ i&4 Run < path ¥24p
o RIAER ¢ 3P

= i partial concurrent path P, &2 B, ® M ap &5 m £ 3 7 > & & ehif i J_
P2 PP k- T Runchpath 324p ke o B2 PP 7 Ak chRun> ® B2 P, &
$* Run ¢ 2 path 8 7 fe 0> P& &0F & =="ig partial concurrent path » 2% i £ s

partial concurrent paths P, 2 P, 5 & ¢

2

(LR

\“ﬁr

£ concurrent execution 7 Run ¢ 3 - & path /25 52 iz shared
object> iz & path # % independent path- iz-#* path 7 4 p|3& > F]#t ¥ #-independent
path 4L 5 — i% partial concurrent path » F]} A g en p enf_d i partial
concurrent paths % & 4 — % & > i #ch concurrent paths » %ﬁfﬁ iz concurrent
paths 934 7 ¥ %% #75 <0 partial concurrent path s Fz 2 o

4oB 3-1 7 #r7% > — B main()=o path #<# 7 = B Run : Run A~Run B %
Run C> ¢ — i% partial concurrent path A1B2 5 & = 5 concurrent path & 4* > Run C
erpathe i B~ Run C # path C2 4c » iz i@ partial concurrent path B 22 main() <~ path

i & @ = concurrent path- jp|3# ¢+ concurrent path ¥ ¥ %% & 4 hpartial concurrent

path A1B2 ¢ #ikl3# - » ¥ d Run CiE# C1 path @ = concurrent path > &
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RunC @ #2 C2# Cl % i#- %] % C2/2 75 ¥ P = i@ shared object> #. 7 ¢ %+ shared
object 2 4 Blit* o

d + ¥ & > partial concurrent path set =7 — partial concurrent path 357 4%
Bl3# > @ — ©E concurrent path ¥ ¢ fe FFiRIZ# = B 4 b e partial concurrent path > ]

Pde e peiE )V e PSR EE G0 partial concurrent path & §_ AP EL e B o

Run A Run B Run C

N nl

S1

ﬁ' 3-1 7 partial concurrentpath A1IB1 & C2 % &

# = % partial concurrent path #.3 5 - Bl#& ;2 f» pF4% - i concurrent path |
3F o FPt ¥ -4 partial concurrent path & £ 12 graph £ % » & — i node & % -
i% partial concurrent path » 3 = partial concurrent paths = = - B| &% /& 7 nodes
ez - i%edge ™ &2 > 2 N % % #75 partial concurrent path 7%t & - node
ik & o E % 4 & partial concurrent paths & 5 = i % edge e & & - iz % partial
concurrent path set ¥ * graphG =(N,E) kx * % o d GiE 1125 edge fpif e
nodes @} = node partition » iz nodes #7 ¥+ /& <7 partial concurrent paths T+ & &
= — i #7en partial concurrent path @ fe FFip3E o F]pt F 45 & © e dicen partial
concurrent path enf* 38+ 4R 5 #-B G *» 3] 5 &> 2% * 7 edge 1 node partition -

#-Fr — 1# partition rnodes ¥ M e g ¢ > # I partition ez ¢ 3 £4F 0 3

edge 4p i shfp A8 node 38 F + 1 7 g d > A= Rw @ graph coloring A - ]
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FPEP & 2 L2 7 b pPF4LR| 2 partial concurrent path set 2 & | &2 T4 G+ 35
NE S hFES R P AP E o B3P o graph coloring FEREend iE F
© AFEP L NP-Completed 7 3% - 33 2 > $*— B3R5 0 partial concurrent
path & & > & ;245 11— B polynomial time :& & P e 2 @ H & & 5 &> #p 2
# % 3 % partial concurrent path > F]pt R v 45 d1 - B readyE EiE o R B A L
Y A BEPFEE P AR AR RS 2 o
0 F g B > F o A E% partial concurrent path & & ek B o
Partial concurrent path set » # 4% & & & ¥t % ¥ & § % % > — partial
concurrent path » ¥ it £2 3 B 2 v partial concurrent paths ¥ 11 ¢ & » e & - =X en

2

& & @7 & 4 ¢ partial concurrent path %t 82587 - R

e
B
ES
;1‘\
(\x

o
QD
=
=

concurrent path 2 » FIr v EHBVIFL 2 & 2k &3 ;4 - partial
concurrent path =g & ¥ £ 4% 3B partial conCurrent path k% & » #1& 4 ai7
partial concurrent path set #h-uZ B#Eckt AR B4 5 - > B d 2 BIThE LY

PEA B REE > BTk &F “ip partial concurrent path & 3 & 3 % 50k o F]

ST HET stage-by-stage ch R SR iicnstage § 5 0 BIR £ ¢ chi kB
o 4o Bfs #7823 % partial concurrent path 2 #cB & 0 g7 B A

22

& — i stage ¥ 1% & #& gopartial concurrent path 2 & ¥ &t (% % RiE
FrefF R EEIN - BRAEY RN ATRERF LI BEREL
H oo g b ¢ & dhstage 2 = icH 5 0 F]p ¥ 4 % gaming tree 2 look ahead * 3¢

RPEE PR BB LS N AHE - B R AR TR A

T
rﬁ

>
K
|

\

\_.
o
g

He e b en ENTHEV AL B nEfieng i

S e 341 84 -
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' 3 - 1.8 gamming tree - ?élﬁ'

% partial concurrent path:set # = == partial.concurrent path '# % 3 < pF > T4
% — 1 partial concurrent path-# %] 2 2% & 2 “75-Run - concurrent path » B3
iz concurrent path » ¥ & i# independent'path # 775 shared object 1% F&
BE R VAR o

% — stage 7 N i partial concurrent path » 3 M f8.5% & > ;% » B ™ - 1 stage
#-3 N -1 partial concurrent path » §]* look ahead = 2 % - — " $ie N-11®
partial concurrent path & = £ % ¥ 12 & 5 ; +* # N -1 & partial concurrent path 3
S LEHEETRC T S(N-D(N-2) = 4 BFAFRAE S ONY) T M B
FELLFLENERGAE T EFARRLOM -N?) P EREAF RS
FFPREFCHFEE o Fid §oostage Ak G S B AE DT - FiR
FnEE @A LE S - BREaRES > QT FECFIFEE -

B3k — %2 partial concurrent path set ¥ - = i partial concurrent path £, £2 P, #
& i1 % partial concurrent path P' » #7 & # &7 partial concurrent path & & +* i partial

concurrent path & &> 1 R P 5 P > P'yrpt B &9 2w ix- partial
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1)
2)
e
3) PEPE P At o
4 PV P %P LA -
B3k N i partial concurrent path ¢ 5 M 1 2 & /%% = i partial concurrent
pathP 2 P,e & & L P » FIRLEP S 2 FirmMBRbBRES- » Ld iZ-

P# P2 B2 Mt 75 M U A VSt B 0 T 4 P aAT partial

concurrent path & & #2 H = partial concurrentpath 2. & & #icp v e ih4c™

Prepgt | PaBRE | RREPREE | #Hmbsive
LB 2B
v x x -1 %lljﬂ,értPioPl
x v x -1 {H'J%PIJPZ
x x x * g
Pl PeP,
v v v -1 | #%PeP,
PRIDN EQP'

W3-19 F=R™ P OpREHS A T AR

Bv e ffcp v % T4
N
score(R+ P,) = (M ~1) =X F(P, P, P,)

0 if P, cannot be combined with P, nor P,

F(P,P,PR,)=
(P B, B) {1 if P, canbe combined with F, or P,

AN EHRAE- PEPRE PG DE2x(N-2)Z T v > &M B
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REGEFTROM -N)enprFAgsen PV HEZTHT R EELEFE 4

T a7 E2HRAEFBRuNEZEF 2 khpath 355 o« LEH T - Bl

2 {8 T - pstage TRV REINNNZIFTELEL L T A HGE
Bstage che B &3 N UE FHAELA S » BT O(N) chpF ¥ o
Partial concurrent path i 5 = ;X 4o® 3-2 0 #7771 > K & 5 5 &7 RunA

2 RunN > p# & * — L7 ¢% 55 partial concurrent path » 373 path > 7] 7

b

- B item %& 3 iz partial concurrent path % i Run #7# 3 2_ path v index »
#]4e & RUnA sitem @ &% 75 1 B 4 57 i B partial concurrent path # iz 1% pathe
i % partial concurrent path 2 # 7 % i# Run o path> R &2 5 004c® 3-2 0 RunC
2 RunD ehpaths & % ¢ 3 & PCP;® - %] % partial concurrent path # % ¥ € &#
B Run z 7 - B path> 7 § & 4| & > F]pt @ * L7)m 2 @& * linked-list -

FEIS T U TR

PartialConcurrentPath (A1B3E2..N1)

RunB RunD
RunA RunC RunkE RunN
PCPi | 1 | 30|02 1
Al B3 X X E2 N1

@@-ZOpMMmenmmth@Wﬂﬁﬁﬁ
% 7 % & partial concurrent path » ]}t AiEfFieB AL 22w g T R LA S
“7% A= 4 partial concurrent path » ¢ 45 % — F# £ & 4 7 dependent path set #7 %

= £ partial concurrent paths £ % p ** independent paths =~ partial concurrent

paths - #-iz it partial concurrent path 5 &' 7| Array, ® > %5 N B> (v 5B iE
e mﬁ%} »FOR e
% 0 f-iE v 45 partial concurrent path ¥ & & &5 » % — B stage BN B

partial concurrent path § % & & “ %> 32 ¥ 2 & & > B 43 % partial concurrent path

GRS Array, ® RS REG TS CP > TR B RS AFCY il G A
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FREEE ARl 242 & Fu-1 &7 A % partial concurrent path & % 7
B E AR 3-2 19T 0 e FaET u*e’f”]“f‘f—f'JC“ shie & s 1T
P TR AE - B2 TEL I AR ot T A A o

B B ostage - B4s o §HC Y 1 hm Al Pk gl o
B B Fehie & §_P e P, | #-ixa B partial concurrent path & & & # #7¢ partial
concurrent path P' » 85 53 Array, chk = > #F1* B 3-1 99dedkh > 47 %
EEL A fH I PEE - BPVETUEE R LD N pEAC

SRR b o TR PUANM 0T % 8Bt e A bk Row #

Column > 4r® 3-2 1 #777 ° &84 p "7 Array, pr #P o

0 ‘ J N-1N
0 : “ HEREAIE T
% #HEd s o

1 " A= A1 -

’ Amli][/] [ {0 N-1} e il
" row 2 columnN g g % &
i # & 4 &0 partial concurrent

J kzzzz=s= path %775 & * o
Ek AL
N-1 \\
N \
¢ (i.j)

3-2 1 Frih {3 A (= C PR T
%% % — i stage § N =0 partial concurrent path » £ v+ 3FF % P it g o
AT OZE L (N+)x(N+]) -

SR PRR B (TIR  LE (S - B AFEB I E h  EHR E
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f6- Bk N Pagigis o § 975 stage ¥ k6L 5 #73 o partial concurrent

path # # concurrent path o #7% 2 e 5 /% 40T 977 ¢

TARGET:

¥ & partial concurrent path ¥ & 4 & {& éh concurrent path

IPNUT:

Array Arrayp; /* partial concurrent path set */
OUTPUT :

Array Arrayp; /* B ehconcurrent path set */

INTERMEDIATE DATA:
Integer N; /* N ? partial concurrent path g */
Integer M; /* Mi%- B stage ¥ B & a7 Naficg */

Matrix A; /* "2 &N */

&

Array C; /* v b3 38aiidd] s 52— A Z2 53 BV ApLE LD
partial |concurrent/path ez 31 & 4 dlic¥t */

ALGORITHM:

N = number of item in Arrayp;

allocate an integer matrix A with size (N+1)x(N+1);
/*

A 4ot % - B stage (v B 4B » R PFM-9r3 7 & B ahe &
FRLICY o U FEMEH Bk

*/

initialize M = 0;

for all partial concurrent path pair Pji, Pj in Arrayp,

0£I<3j<N
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if Pj can be combined with Pj {
// W & ERIREE (1, )3 C¥
add (i_J) into C with index M;
/] #riGhAEVEEELAR
AL = ADILE] = M;

increase M by 1;
else

/) FHaEEBAEL AR B N AR Bk sl-1

ALI1O] = AL = 15

/*

F#F ¥ Mg Hepartial concurrent path
IR 45— B stage g B~ o

*/

while M > 0

/] BB LBcenie s 3N FL Ak 200 kot BEA Y 5 -1
initialize maximum score as -1;
for all combination C¢ in C

{
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// #P-1H partial concurrent path % 3l adic¥t (i, ])
extract C¢ as (i,]);

[/ kAN EE - BEE LK

score = M - 1;

for all partial concurrent path Px in Arraye,

A o A R L

~
~
o
(\
Bl

score = score - 1;

}

// R AETE B s A d

if score is bigger than maximum score {
update maximum score to Score;

Chax = Ce¢i // M‘#’?@:’ﬁ Bk A e £ ek BB cpax 7

}

[/ & Chax¥eF I~ A ¥ & stage A2 R * xR ed
extract Cpax as (1,]);

lookup index 1 and J in Arrayp as Pj, Pj;

combine Pj and Pj into partial concurrent path P7;
// #P7# % Arrayp i fé &, index = (N-1)

add P” into Arrayp with index N,
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increase N by 1;
/*
1R o anfish L AT & FEL S| C X3 P T B £

*/
delete Cpax from C;
for all partial concurrent path Pk in Arrayp,

0<k<nN, i#Kk, j<Kk

if (A[LT][K] =z 0) and (AL]

e
=
~
uar
v
()

/] #PcE P e fieiEe & iFEY
add (k, N=1) into C with index M;
ALKTIN-1] .= AIN-1}[K] = M;
increase M by 1;
}
else {
/] s P P73 £ B
ALK]IN-1] = A[N-1][K] = -1;
}
if ALI]LK] =2 0 {
delete index A[I]LK] from C;
}
if A[JJIK] = 0 ¢

delete index A[J1[K] from C;
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)
/% I P Py - WGBTS EEL A WE T 5/

delete P;j and Pj from Arrayp;

} // stage B #& > B4>T B stage

/%
c®gv N ABEeaE s d partial concurrent path # 2 concurrent
path
*/
for all partial concurrent path P;j in Arrayp
{
/*
& # partial concurrent!' path . Pyf - Bz
#75# B Run fhpath dhg sl > 20 0% 7 3% Run i 3 path>
P &E # 3% Run ¥ 3P shared object & > =t e path
VLRSS RIREPE DR HE o
*/
for all Run in system Rung
{
if Pi[r] = 0 {
Pi[r] = path index that access shared objects

fewest times in Runy;
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TARGET:

éﬁbﬁgiﬂCﬂM%—%ﬁg’jgﬁwg g

INPUT:
Integer index; /* zZxdtpenie s L7 C ¥ g 3l x/
Array C; /*x 2&igE2s C ~/

Integer M; /* %2 & E8Hp */

Matrix A; /x mERLIEE x/
OUTPUT:
Array C; /* {#ianelizgEes|C */

{
Integer M; /* L ¥rtsenie & iz:E8p, )’@;ﬁi%l%mM -1 */
Matrix A; /*

ALGORITHM:

/) B-dtE S B (4,
extract C[index] as (i,]j);

// v L& AV {Eicizd B partial concurrent paths

k|

(o)

/] e s TR
ALI10O1 = ADOIL] = -1;

// FJ L-’?ﬁun f ‘ 5 {f’»fﬁ" 'B“i R AS i A3

if Itndex < M - 1 {
N:@&@—@@@ﬁﬂﬁwﬁﬁﬁii
C[index] = C[M — 1]
/] LR B RS AV R LB AL Ry T

extract C[index] as (i,]J);
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ALi1Li1 = ALI1L[i] = index;
}
ZARRIL BN R

decrease M by 1;

TARGET:
A L7 Arrayp ? J“'J“,f— i# partial concurrent path
T ATAR R TR
INPUT:
Integer index; /* ﬁf“d“,fﬁﬂpartial concurrent path
& Arrayp ® iz 5l */
Array Arrayp; /* partial wconcurrent path set */

Integer N; /* Pw=m.partial.concurrent path ##k® */

Matrix A; /x VB Lepr x/
Array C; /*x % &m&ELs ~/
OUTPUT:
Array Arrayp; /* { ¥ri{sdhpartial concurrent path set */

Integer N; /* 4“']“,’TT {¢ partial concurrent path “#&%

Bidr N - 1 %/

Matrix A; /* LETisev B LaEE x/
Array C;, /* {3 &izgEris| ~/
ALGORITHM:

// ¥ F L#}t%“‘l‘fﬁﬂpartial concurrent path

[/ HEABN - BT A
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if Index < N - 1 {
/] BFHTELEELEAY HRS row ¥ column
Arrayp[index] = Arrayp[N — 1];
for all other partial concurrent path Pj in Arrayp,

0L1<N-1

if 1 = Index {

// pEEERpT A LH

ALI1Li] = -1;
} else {
ALi][index] = A[i][N — 1];
A[index][i] = AN — 2][i];

[/ FF B EE & RS P partial concurrent
// path s BUELATT “7ks 5 1% 31
if A[i1[index] > 0.{
extract C[A[i][index]] as (X,Y):
if X =N-1 { X = Index; }
ify=N-1 {y=index; }

store new (X,Y) back to C[A[i][index]];

}
// ® M"f'* i¥ partial concurrent path

decrease N by 1;
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3. 4 Y H IE

B2, % ¢ (Graph Coloring)i* 4% p 4% #& 91 3 £

S SR R AR
% oo fed 2t # 5 NP-Completed B 4% » Fpt I35 chfii2 4 5 3245 £ (heuristic) -
EZ2HEP G2 TR SRR Z 0 2 NIRG HRE F AT OR[13] 0 &
FI* vertex #ic® &7 edge i A F L S ECTE A 2 DRI[IAD AT E 2 AL
s iR o

+ & e @ e 4 partial concurrent path 2 4 & > #ic# concurrent path 4p & %
B2 % 4 K EE > 1 3% )2 gamming-tree ® ¢ look-ahead F£ 4 4c 1L R4 o =BT E
A B AR - MR E S R

PR ¥ RABagh 2o sy aprs  ARINPREA,F > F =0
fv— W overtex F P gixpgpd > BIRBORGAAF S S L B RMEFS
successive augmentation[15][16}[17][18) = <& a8 jw 53 & % ) Fxf§ H - #-vertex *c
VRS PER F L & pEd W e Smallest-Last i & i (SLC)[19] & - 4x§ i1
FreanFEiE o AAMAH L A- B GY o degree ] shvertex vy B {4 F 4 ’a‘r%
v is A4 B G'=G-vy» 84 & G'¥ F35 degree & chvertex - 8 TR B¢ F1F

vertex ¥ ¢ VER YR g o RVER B S G - B overtex ¥ - fEe O hpEd o &

S i GngEd ALY vertex i B ARIT vertex @ * > Pl F - BATOEE S o o B
HEEET OV HE) PR » B9 THE 2 RRmiiaRa & Uik
BLiEH o

Hv B Y o b e M Y A KL RIRE L XRLF 8
[20] > 18 3G i Bk ¢ o 745 PR enfd o kAP HATRER 4 B - 1 3-2

2 5 XRLF i 3 i% gk » % 4 -

50




1. Call READ INSTANCE() 1o read input, compute an upper bound ¢* on the
optimal solution value, and retumn the average neighborhood size N,

2. Call INITIAL _SOLUTION() to generate am initial solution § and return ¢ = cost (5).

3. Choose an initial temperature T = 0 50 that in what follows the changes! trials ratio
starts out approximately equal 1o INITPROB,

4, Set freezecount =0,

5. While freezecount < FREEZE LIM (ie., while not yet *'frozen’") do the Following:

5.1 Set changes = trialy =0,
While trials < SIZEFACTOR-N and changes < CUTOFF-N, do the following:

511 Scterials = rials + 1.
512 Call NEXT CHANGE() to generate & random neighbor §° of §
and remam ¢ =cost (57,
513 LletA=¢"-r¢
514 IfA <0 (downhill move),
Sel changes = changes + 1 and ¢ =",
Call CHANGE _SOLMN({) to set § =5 and, if 5 is feasible
and cost (87 < c*, 10 51 5% =5 and c* =cos (5.
515 If A= 0 (uphill move),
Choose a random number r in [0,1]. !
Ifr <7 (i.c., with probability e ™7, |
Set changes = changes + 1 and ¢ =¢".
Call CHANGE_SOLN().

5.2 Set T = TEMPFACTOR - T (reduce temperature).
If &% was changed during 5.1, set freezecount = (.
If charges/trials < MINFERCENT, st freczecount = freezecount + 1.

6. Call FINAL_SOLN() 1o output S*.

A 3-2/2. XRLF J§I [20]

XRLF 52 g LA 4~ BFd 2 s pdofiit - e LAFH - 27 4p

Aenvertex & & o - fAgd X P A BRITL Pl vertex ¥ 2 Fd 5k oo
EH B 4pas vertex £ & A~ T E_ NP-hard F 48 » XRLF Lug{$:55- B
vertex: 7R 18 j€ 4 ¥7 ¢ E P2 vertex 4p #kevertex ¥ i B-— B vertex fe » £ &£ ¢

B FEH 2 vertex 3t - 8 o PIERFIR 7 2 F IS 5 A X 07 4p 8 vertex

B & o XRLF W5 i se et fl? B2 i A2 - fF 4 2 210 L e gH

¥ ¢ > 58 A& 4 ApTRBl(neighbor graph) > & X Bl ¥ ¢ 2 7 ehic p (cost)'E i1 B
Pl mg &L 5ML > @B MEHL annealing o & 45 4p A8 B 07 175 2

~.

EREFERBFTEZNMRE > 4o * 2-swap » 72 > T TARMBF L S5 - B

<
@D
=
(]
X
oy
H
\\\ &
)|
Qe
=

e EXFSREERGERE O A FH kG O(V)
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Foed pTars @ % k-swap Bl g R APFEAFSRE S S 0NN 48 kT @
XRLF iff 2 45 Menfz g ig e dfa > o3 prFAF ey HRFF 5 -
AT OTRZGEEE 2 AWAF S ML 5 & 02 look-ahead A &
PV NFIRREFES Gvertex s del & B oo IR F HE AP > KT E 2 PpFE R AT S
B 5 ONVIE(VI-IE)) » & O(V]) - 12 DIMACS % :£[13]3% &2 p % £ % & 4 9]
el S BRI 3-2 3975 0 ¢ K R AP Rlehgdf3 0 N LAY A
ROFE @R ks ARG RS2 rE R 29 XRLF w ¥
A1 G-swap @ iF o HEERAFSER S OV)Y) e BI3-2 4502 fhw Bk ANEH

B2 125 B vertex 2 %2 edge J138 3 5 {0.1,0.5, 0.9} m T ek IR o

filename k N SLC | XRLF
flat300_20_0 20 38 46 20
flat300_26_0 26 38 47 28
flat300_28 0 28 39 46 32
fpsol2.i,1 65 65 65 65
fpsol2.i.2 30 30 30 30
fpsol2.i.3 30 30 30 30
inithx.i.1 54 54 54 54
inithx.i.2 31 31 32 31
inithx.i.3 31 31 32 31
latin_square_10 ? 1124 | 219 100
le450:15a 15 16 18 17
1e450".15b 15 17 18 17
le450_15¢ 15 23 26 21
le450_15d 15 23 26 21
le450_25a 25 25 25 25
le450_25b 25 25 25 25
le450_25c 25 28 31 28
le450_5a 5 8 11 5
le450 _5b 5 7 12 5
le450 5c¢ 5 8 11 5
le450_5d 5 6 15 5
mulsol.i.1 49 49 49 49
mulsol.i.2 31 31 32 31
mulsol.i.3 31 31 32 31
mulsol.i.4 31 31 32 31
mulsol.i.5 31 31 31 31
schooll ? 23 15 14
schooll_nsh ? 22 21 14
zeroin.i.1 49 49 49 49
zeroin.i.2 30 30 30 30
zeroin.i.3 30 30 30 30
anna 11 11 11 11

david 11 11 11 11

huck 11 11 11 11
games120 9 9 9 9
miles1000 42 43 43 42
miles250 8 8 8 8
miles500 20 20 20 21
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miles750 31 31 32 32
queenl5 15 ? 18 24 17
queenl6_16 ? 20 26 18

myciel7 8 8 8 8

[#3-2 3 DIMACS [ji%# & Bl £ 2 THy o

Parameter N SLC XRLF
R(125, 0.1) 6.24 7.31 6
R(125,0.5) | 20.24 | 24.04 18.2
R(125,0.9) | 47.79 | 54.32 45.8

3-2 4 B TS A gt

W ER T R S R F S R T A

T\

BIbdfa 2 33267 B IR XRLF 5 & F 4 2 o Mg A

3% 0 ¢ % look-ahead R v& 7 & & vertex 2. 3 F o Fmal A2 A g enfE o R HiE B

& 1B stage “7ie * & B 2 N enRvk o Bl G stk ey B
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=~
4 E
AR OIRP A BERT R L TR L S A TR ih

concurrent paths 2|8 #7 5 edd (7w > R IR en f

> -

Run A Run B Run C
20 55 30 45
Sl S2
4= T R

b- 4 - B H S i d'main()22 = % Run:RunA~RunB 2 RunC

-

% 3 = i% expanded paths » & * & i# shared objects » 4] 4-1 #77 -

Wip AP g2 225 Ad & - B shared object chF B2 2 4 2 & F
Fliw o S1 = B3 B~2L > A3[20]¢2 B1[55]  ~ W3t F e Run > & & fiedd
£ CI=1487 0 A2 CIx2=2i5 8 #7458 © A3[20] > B1[55] - B1[55] >
A3[20] - F-3Z > $FS2 77 B B3P0 A2 A iEE TR B2[30] > C2[45] -
C2[45] > B2[30] -

Fatw R S - LAY A B hR D Sopath PR - B &
< (reference) » 11 i & A4 FHLIL P 4R * > ho 3.2 & 473 0 Bl4e path Bl (a3 %
¥ g - BESIGEE A RD BL chE AT A b? @ A3[20] S

B1[55]- i » 4cB 4-2#75% o d  Fiv s N=4 EFRMRE (Z TR+ 4
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Y xU)xA) e BT B 0 2 AR 5 ON) » 25 TR A DB ES T o

Path Bl

data_flow count | 1

data_flow list

\
A

1[20]1=2>B1[55]

[]%\14-2 &yl : path B1 @5 i Blﬁjﬁlﬂ’?ﬁ:ﬁ
Ab|P X EZALERARE 1 oF RN xEF 4 BEHIE 48
linked-list s item > = — & item 7 & B'L7|c4r 8 45 E <0 path 2 NOS - & & 35
2 5L Run chic B 4ple o

d 3t k5= B Run & 3 4 .4% path F]t = & dependent path set 7 9 & bits

Fatw i

— 2

ki o

=

Flonw A& 4d % dependentpath sets - {A3, B1}¥2{B2, C2} -
£ 2 18 1 bits (e R4l 7 o

)P 3 3F 525 ¥ e shared object siapaths - 2 = independent path set {Al,
A2, B3, C1, C3} - & * dependent path sets ¥ independent path set - ¥ # # A3BlI,

B2C2, Al, A2, B3, C1, C3 % = ‘= partial concurrent paths -

&

& % & partial concurrent paths p& » N; = 7 ‘e partial concurrent paths g & =

NixXN; = (T+1)x(7+1)shv % &4 > &% -  stage % 4 = # partial concurrent
paths £ 2 ¥ & & > £ 3 C," = C, = 42 f8pe4+ > F|= i partial concurrent path
B % & 7 = % Run epaths » & % 3 +* #& 3 =t 4 it F&£325 partial concurrent paths
EFI R F kS R4 o P T AM =128V 5820
BAE a6 2 N dnme £ F MpX((N-2)x2) = 12%((7-2)x2)= & % > Flt S i
gt B s #ich O(N < M) = O(NP) » e v 3 @773 hpartial concurrent paths % #

IR SR M F B B NX(NFL) 0 A SN R T ALE A hrd 3 AR A
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BALE R - 0F path B e s F M, NSl TR e Sl §

Bl NS e

ho42 fEfREY o H Y EE AE S B2C2 & AL 2R RS 0 G
A1B2C2 - % - i stage p¥ partial concurrent paths = N> =6 & > @ ¥ % & = ;¢

FIT My =7 #6035 o 8cg Tx((6-2x= 6 4 » E# e & A3BL & Cl 45
A3BICL;: % = B stage* N3 =5 M; = 3> 5 3x((5-2)x2)=x & 4 {4 » =& A2 &2
B3:> 3= A2B3; %% w i stage 144 N, =4 22 M,=1% &> ;4> d A2B3 £ C3
& &A= A2B3C3 > 4k partial concurrent paths A1B2C2 - A3B1C1 » A2B3C3
WREEIAEE -

ik E B ostage Gt E P MX(NF2)X2 S b F B0 0F 0 B ¢ 1 stage £ 3
Zt:Mi x(N,=2)x2= % % » % *7F partial concurrent paths # {5 & = % - B pF > ¢
AT A Nyl Tt & 4 Q3@ BAiseRs O, - ¥ ¢ » %% N & partial
concurrent paths - %'J“,f_,t! P2 RHT BLAGEM BT O(N) A B 1F > T 4
B A b (TSR S Ox N EIOMG) M Bt v P - i op
constant time » ® phase 2 & {5 2 i@ M=0 F H T ien 2 OM)) -

g b7l 8% > 3 A2 28 é‘i%i?']é#‘ﬁ ¥ A1B2C2 > A3B1C1 » A2B3C3
% = % concurrent paths & {7 ip|3g » @ LB ALY (FARNRIRE S 2 AT E 2N 27 iF
concurrent paths - jp|3#i& = i concurrent paths &_17 jp|:8-# — i path » & it %S
W S1# S2 i 7 F Runz RFFenpaths 2 4 enF & 0f i2 c A H¢ > d 35% B Run
#3 = % paths - I > F 04 = % concurrent paths o icid E - B Run 7y
paths > F]pt F i = i% concurrent paths & & & > #c & ¥ = Pl AT 3 fA R
concurrent paths -
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Run A

Run B

Run C

B 4-3 #Fs

%—ﬁ FLyide™ £

%‘z &) =

Ar7 ol

£ concurrent paths = & B3 *73 3 &

f'?:‘—; O%Q%j\ﬁﬂziizé 7}7%7{;1}"5:”:5_

¥ s 75 o paths & § =¥ e — shared object > F]ut $t . & PR

Al[20]>B1[25]

Al 2012>B2[25]

ALf20]1->C1+10]

Al[20]>C2[10]

A2[20]>B1[25]

A2{20]>B2[25]

A2[20]1>C1410]

A2[20]=>C2[10]

B1[25]2>A1[20]

B1[25]1>A2[20]

B1i[25] 2C1[10]

1[25]1>C2[10]

B2[25]2>A1[20]

B2[25]2A2[20]

B2 [25]>C1[10]

B2[25]>C2[10]

C1[10]>A1[20]

C1[10]>A2[20]

Cl1[10]12>B1[25]

1[10]1>B2[25]

C2[10]>A1[20]

C2[10]>A2[20]

C2[10]>B1[25]

C2[10]2>B2[25]

N EREEES Sy

A2 R T RIRL 48 F

Al[20]2>B1[25]>C1[10]

B1[25]2>C1[10]>A1([20]

C1[20]>A1[20]>B1[25]

C1[10]->B1[25]>A1[20]

B1[25]2A1[20]>C1[10]

Al[20]=>C1[10])->B1[25]

Al[20]>B1[25]>C2[10]

B1[25]>C2[10]>A1[20]

C2[20]>A1[20]>B1[25]

C2[10]>B1[25]>A1[20]

B1[25]2>A1[20]>C2[10]

Al[20]=>C2[10]>B1[25]

Al[20]>B2[25]1>C1[10]

B2[25]>C1[10]>A1[20]

C1[20]2>A1[20]>B2[25]

C1[10]->B2[25]>A1([20]

B2[25]2A1[20]>C1[10]

Al[20]=>C1[10])>B2[25]

Al[20]2>B2[25]1>C2[10]

B2[25]>C2[10]>A1[20]

C2[20]12>A1[20]>B2[25]

C2[10]>B2[25]2>A1[20]

B2[25]2A1[20]>C2[10]

Al[20]>C2([10]>B2[25]

A2[20]>B1[25]>C1[10]

B1[25]2>C1[10]1>A2[20]

Cl[20]2>A2[20]1>B1[25]

C1[10]->B1[25]>A2([20]

B1[25]2A2[20]>C1[10]

A2[20]=>C1[10])->B1[25]

A2[20]>B1[25]>C2[10]

B1[25]2C2[10]>A2[20]

C2[20]1>A2[20]>B1[25]

C2[10]2>B1[25]>A2([20]

B1[25]2>A2[20]>C2[10]

A2[20]=>C2[10]>B1[25]
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A2[20]>B2[25]>C1[10] B2[25]>C1[10]1>A2([20] C1[20]>A2[20]>B2[25]

C1[10]>B2[25]2>A2([20] | B2[25]2>A2([20]->C1[10] | A2[20]>C1[10]=>B2[25]

A2[20]>B2[25]>C2[10] B2[25]2>C2[10]1>A2[20] C2[20]2A2[20]1>B2[25]

C2[10]2>B2[25]>A2([20] B2[25]2A2[20]>C2[10] | A2[20]>C2[10]>B2[25]

hipd T REFRETRY 5 8 k4p & hdependent path sets: 4w & {Al,
B1, C1}- {Al, B1, C2}- {Al, B2, C1}- {Al, B2, C2}-{A2, B1, C1}-{A2, B1, C2}-
{A2, B2, C1} » {A2,B2,C2} - &4 &|" % i3 & independent paths » * ~ i% partial
concurrent paths A1B1C1 > A1B1C2 - A1B2C1 » A1B2C2 - A2B1C1 > A2B1C2 -
A2B2C1 » A2B2C2 #87 it 3 4pi £ » F]t iz~ % partial concurrent paths = 5 &
E X ﬁ B 3% &0 concurrent paths -

hip BRI Y 0 L0 FEinE - 0% concurrent paths ¥ oF e H U

concurrent paths & ;2 /i F i 717 5 > A L R 2ZFH FTALI G E 0 T &

yicl

Shp BEpERF > 2 e s R path B8 > T2 4ol e K- B

Run i paths 4 2 %2 & & 4 #75 coneurrent paths @< > 3 = & ¢ f B 313 2k

Run A Run B Run C Run D
80 35
100 100 130 150 90 90
S1 52 S3
BA4-4 #Z

m b= bk Y o Run A2 RunB % * shared object S1 - RunB £ Run C

%% S2>Run C# Run D % # S3- g iiz#r} paths B8 ¢ 3 4 @258 - 2§ "%~
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Frie 0 PHART AL BERFROFTHIAT A7

A1[100]1=>B1[80] B1[80]=2>A1[100] 2[100]->B1[80] B1[80]1=>A2[100] B1[130]=>C1[150]
C1[150]>B1[130] C1[35]=>D1[90] D1[90]>C1[35] C1[35]2>D2[90] D2[90]>C1[35]
A1[100]=2>B1[80]1=>B1[130]=>C1[150] A2[100]=>B1[80]=>B1[130]=>C1[150]
D1[90]>C1[35]=2>C1[150]>B1[130] D2[90]>C1[35]=2>C1[150]>B1[130]

d iz T ¥ A 4 o dependent path sets 3 {Al, B1, C1} > {A2, B1, C1} -
{B1,C1,D1} > {B1,C1,D2} > # —g 27 Run A & paths &2 Run D i paths % ¢ = 4p

D

B o &5 ¢ & independent paths » #x i 3 w ‘& partial concurrent paths
Al1B1C1 > A2B1C1 > B1C1D1 - ¥ B1C1D2 - ‘e & partial concurrent paths ¥ 35 !
it Ip PRI % B partial concurrent paths £ concurrent paths » F]pt S 2 & & 4
A1B1C1D1 & A2B1C1D2 # i% concurrent paths » # jd & #75 ¥ ac ey {7 i o
Bt (7ARFVRIGE S 2 IRIGE TS ¢ concurrent paths & w i o @ frd TR

FEi Run A 22 Run D 7 3 4p 0 Bl 1 > 7 0§ sk R0 3 RE e
concurrent paths s# & -

£

#m .

Run A Run B Run C Run D
20 0 o)
30 30 [B0 |go 40 30 30 30
v\vy VNV v \ A VMV v

S1 S2 S3 S4 S5

Bi4-5 &

\

Folr - BRI BB ELF - 817 Java A2k s X B
Run % ¢ ¢ * 7 i shared object - 245 shared object e B~{-3; » ¥ & 4 4o #7
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Pl R

Al1[20]1->B1[20] B1[20]>A1[20] | A2[30]->B2[80] | B2[80]>A2[30] | A2[30]>B3[80]

B3[80]>A2[80] | B1[30]=>C1[30] | C1[30]>B1[30] | C2[30]>D2[30] | D2[30]>C2[30]

C1[20]>D1[30] | D1[30]1>C1[20]

A1[20]>B1[20]>B1[30]>C1[40] ‘ D1[30]1>C1[20]>C1[40]>B1[30]

P A 14 EFRE > £ ¢ 2 4 T % dependent path sets - 4 %] % {Al, B1, C1} >
{B1, C1,D1} » {A2,B2} - {C2,D2} » £2{A2, B3} - ¢ ** path D3 ;2 4 7 B~ shared
object > ]yt % independent path - ¢ dependent path sets £ independent path set
4 chpartial concurrent path 3+ 3 A1B1C1 - B1C1D1 > A2B2 > C2D2 » A2B3 » &
D3 b Mo dkh B BLE LR - Bstage § LEH L
Al1B1Cl & B1C1D1 25 = A1B1C1D1; stage 2 ‘=& A2B3 & D3> 5= A2B3D3 ;
B {8 stage 3 & A2B2 & C2D2 = i A2B2C2D2 - # {3 #1i¥ 13 % partial
concurrent path sets = {A1B1C1D1, A2B3D3, A2B2C2D2} % = » - H ¥ A2B3D3

o

)¢ 4 chconcurrent paths + § 2x3x2x3=36.% % b e iy o (e ik AR 2
5% o gk v el AIBICIDL - A2B3C2D3 - & A2B2C2D2 it = i

concurrent paths » T E_rzid F £ (AR TG T R PRIE B R 0 2 @ik d

N4
T

{ > # ¥ chconcurrent paths = = gt 42 3% gl o
RBPEFEAT F0 B bR BD FREOFRT AP LS

2y 50 concurrent paths £ i  #7§ 030 {7 {7 5 IRz L concurrent paths T i

e - 0% path FRALRGEE > 7 Run B en3 & 17 5 0 FRARRIGET] o X 2 ik A

B4 e % 45 4122 concurrent paths > FE e r2 B b o B il B % 2 R T (A A

U FE G o
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HH5E ﬁ:ﬁ‘ﬁ%

Javafe i FE T A - PR NF T L3 BT 52 N Ao 4 T
P IHWAARFEY Java T BE L AR o B - oy TG -
Fi7 Java A2 > BFITERFECREFER LA R FRELIRES S VA
FFEETEERT FAAN PR AR FP G RE MR G T TR -
Fevd o MFE R T 7 Java AR5V 2 AR o

- B Java #2542 main() path ¥ i gxd 5 B A dag w2 run() S @ T F

P2
>_L
ol
>
o
N
:ﬁ
.
d
Bl
=
FE
ot
=
>
hpant
W
=
=
Iﬂ

< o JPIREL ARRF T i T TR
BRGRRFEG TP 1A A SRS Pt Ao A 2 B B 8 hE FRIT U RE

ERGFES -2 Bl md & RIS AR D S AT T A

sk vE - led - i mainQis LA A A e run()3 7T R 2 R § AR
¥ & — B run()eopath & © AR E X & /2 2 A run()EL S £ Fe »E e 4p Fe shared
object 2. 3% en3 B4 {7 5 W R ALPE > @ — iF run(EL A Ao eFe? § B 2 e shared
objects ;% » {4 H 3 & (7 5 AR o AT R Ry~ shared object
23 runQB ST R AEM G RO ERTREAAALA I BN R A S

FRFAGEEFAE UN0RE o MR FHRESEL RIS BT K2 B

A

run() H AR I FEMGHIFRTH A B L EY - ERTHTIIPES
AW FAHLI R A F - W R A RTRIISE AR

¥ — 7 7 ered shared object &zt ehpk s & g FORLR R 48(8 7 B BT
R E BRFH Y o T e 487 & 7 B R) 4R 5 - 1 partial concurrent
path » iz & partial concurrent paths 2 &4 R|3# » i & partial concurrent paths 5 &
FRREHE o FERA N BAEAYSE - 4k run()ERiE * - if path > 7]
b = @f partial concurrent paths ¥t/ — run()3 # e path RIF 5 7 % o F 55>
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& B ® B-¥ T (7 {72 partial concurrent paths -+ 12 ‘e & R 4822 graph
coloring 2_ F*4&4p k= » ¥ & ;* & polynomial time p 45 i diFf o AT O
gaming tree 2. look-ahead i % 3% i¥ partial concurrent paths % & 2. &35 » H3+ 8 4F
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