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Abstract Classical deterministic testing controls the execution of concurrent programs based on
the equivalence between specifications and programs. However, it is not directly applicable to a
situation in which synchronization sequences, being valid but infeasible, are taken into account. To
resolve this problem, we had proposed automata-based deterministic testing in our previous works,
where a concurrent program is executed according to one of the sequences accepted by the automaton
recognizing all sequences semantically equivalent to a given sequence. In this paper, we present the
automata-based testing environment for Java multi-thread programs, and we design and implement
"Deterministic Executor” in the testing environment. "Deterministic Executor” transforms a Java
multi-thread program by applying automata-based deterministic testing, the transformed program
presents testing results. "Deterministic Executor” uses "Automata Generator”, which generates an
equivalent automaton of a test sequence, and "Replay Controller”, which controls the execution of
programs according to the sequence accepted by the automaton. By illustrating automata—based testing
procedures with a gas station example, we show how the proposed approach does works in a Java
multi-threaded program.
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Replay Controtler

reqPermit(iD) {
if {ID = nextID) wait():

Producer
Consumer
Producer

}

done(iD) {

read{nextlD);
notifyatl();

}

Producer
Consumer
Consumer

Consumer

Producer’ Consumer’

R =Buffer.get()

Buffer.put(X}

RC.reqPermit(tiD);
Buffer.put(X);
AC.done(tD);

AC.reqPermit(iD);
R =Buffer.get():
&C.done(tiD);

Synchonized put(X):
Synchonized get( )

Synchonized put{X):
Synchonized get( )

(A) Original Program

(B) Modified Program
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Customer Operator

synchronized prepay{) {
pump.activate();

rung) {
oprator.prepay();
pump.start_pump();
pump.finish_pump();
oprator.ask_change(};

}

synchronized ask_change() {
pump.requast_change();

avtivate() { }
start_pump() { }
finish_pump() { }
get_change() { }

¥ 4 7k F84 A9 PR o459 Customer”t
B Al g =Eo|ch

whop Pyt thE £ddl g8 AHEEY de A
it A gk gEE u)g 9 &9 vh2E 54
Istart_pumping(), finish_pumping()), &G Al
Eg 878 Hask_change()). ©)o) tls)x LFA=
T Tha AR BlEY ES AsyEY
(get_change()).

oy

o 2L o

Java & 8= Z2addA F7)8 oHIEE J}
2 FAL GAY £ 2929 22 HIPHA 2=
B AR HE ojWlE(M|AE)Eolt), ol9 e T
3 ojpE F¥ &£Me BAFHoz vhFPFHo|A
BA M &7 o|WES Iho] &4 A B
B £A7) EA8Y, 712 $84 dAdAN 5715 ol
E Eue &9 i7F 9= jol digiA o|HE k9 715S
878 Aot} o] W, ojME ke &g &7k
47174 oWE 9 3hE JEhAT - 1t prepav(), 2
start_pumping(), 3 finish_pumping(), 4 ask_change().
712 FRAL AN 2L £do] 8T8 T3 ¢
HEE Aol oj&Ade] glom, e HIE AMREE
%5715 o|MEE Alololx g&Ao] Qloh mgh ZE
92t BEEE 5718 oHEE Aloldz &4
EAQFY. & ted Be B F oME Ep &
Epg® 9J&E4E 714
(Eijk, Epgr) @ (i =p) or

(j=q) or
(k=1 or 4) and (r=1 or 4))

R

1 Ffa BAC e A=A Holg

Ews Ein Eng Eiz Eia Esn Ea Eas Eaos

=
H)—**—‘H»—‘QO\—‘)—‘»—‘)—‘»——Ag

HHHHOOOOH»—A»—A»—A?
»—-»—‘r—-_-ooocm—u—a»—a.—-gl
COCO N N, RO OO
OO R, OO D
P OO OO —
e S e R B S g
e e S D D D O e
— b e DD O LD e e e
[P PN e < I S S S

1
0
0
1
1
1
1
1
1
0
0
1

O e s T L S SR

o) =EME EAE Had] 3] HsiA & WY
92 Operator)?t 389 <&d(Customer),  Customerl,
Customer2), 208} BE(Pumpl, Pump)E FH8€ F
2sH, Customer0? Customer2e
Pump0& A-88}3 Customerl& Pumpl& AMg3ste
Aeg 7138 ol ALl Customer0o] Pump0d)
&) aFste N oWME (Ew;, Ews Ews Eows),
Customerl®] Pumpld) W& {73le 4719 oWE
(Eu1, Euz, Eus, Eng, Customer27} Pump0e] i3}
AT 4] oMNE(Ex, Ews, Exs, ExdZE U314
12709} 5713} oWEESC] FoHY, o] F7)3 oHE
E Aleldle R 19 #2 EA &M & 194

fz BAE



888 CEE LS R
‘e % 5715 oWE Abole] JE4o] 2eg e
Wo, 0L F §718 oME Aole] dzHel g
b,

4.2 Bx Eg LEOE MM

SERlEl Ve HEE AELS oHE] AEY
HolBg gigog wolx HIE A2 9% 3
AE s 13 AlEEETNE BolBojs BX I
R ERELE QA% o AL (1) oMIESY ¢4
gHol8g ojgdte H2E Ajf2e] tig 4% #AA 1
s YAse A (2) A% DA 2YZM BY
el olWlEES UdHIY I FX JF LEEHE
Adste AHoer FAEG (15 ¢adEF 12 H2
E AgsoA giEA] AAAo} st olHEY 2E &
AES Bdste A% 34 2dZE A4

SuEe AF TA zHZo 2IEE AFPYG
(8~12). H% 3’47% agzelA 0" F oHIE Alold
AL BA &g grlsd, dge F oHE Ateld
BE £A7 3 "101] W= A gEslor ¥ o vt
Z713} olFolE HE AlE2E HAMREE ¢oln
W4 pre_eventoll AAE3L (14-18), pre_event ©}Fd)
AAsl= olWEE WS post_evnetoll AFgE (19-
23). pre_event$} post_event Atoldll ej&Alo] A|uk
AT BA aHZ] AFHA L& By 4F 34
oo oEAS FUhst (24-25), =¥ 2E U

2ZEOl # $8 A 20 ¥ A 12 Z(200212)

¥ 2 ¢3EE 19 YsiA HEE AlEE [Ew, Eu,
Euz, Eus, Ewz, Eos, Eou, Ewi, Eoe, Eiu,
Exs, End 258 ARE A% 34 2=

Eveot| Eonn Ewe Eos Eon Ein Eviz Eus Eug Eon Eore Ezos Eone
Bawf ¢ 1 2 3 1 2 3 4 5 5 6 6
Bozl0 0 1 2 0 0 1 2 3 3 4 4
Fl O 0 0 1 0 0 O O 0 2 0 3
B O 0 0 0 0 O 0 O 0 1 0 2
Bl 0 0 0 0 0 1 2 3 4 4 5 5
Bzl 0 0 0 0 0 0 1 2 3 3 4 4
Bl 0 06 6 0 0 0 O 1 2 2 3 3
Bl 6 0 0 0 0 O 0 O 1 1 2 2
Bl 0 0 0O O O O 0 O 0o 0 1 2
By 0O 0 0 O 0O 0 0 O 0 0 0 1
Bl 0 0 0 0 0 0O 0 O 0 0 0 1
Fadl 0 0.0 0O 0 0O 0 O 0 0 0 0

o718 EE &4 - pre_eventERE Y H2 - &
A% BA ZsfEo] FrrgT (26-28). ] AL EH
E AR2E FASE EE ojHEd wiEHoz HE
gogd AT #A 2HZE AYAG A5 9, 7t
22 FAL A Bl2E AEE [Ew, Enn, Eus
Eus, Ews, Eoes, Foos, Ewi, Ewz, E, Ezs, Eod?} 5
oA A3FE 1S X 29 2L AF T4 Y= E
ARg 29 55 § 29 yiE IHE FuHE EE
# A oz w9 e 47 T3 oHE
9} oJHIE ApoldlA] HMEA] PFEdfo} T FE TME
EE@Fh

S 1 (AF #A4 2= 44)
1! Global Variables

27: if( PrecedenceGraph[jili] '= 0
29 ) )

2:  int eve_count; J/ olRES A5 (=12
3. int seq_count; // H2E Afdze] ZHol
4. String Events[eve_count]; /) F78 olhE
5. String Sequencelseq_event]; [ BZ2E A@EA
6:  int Dependencyleve_count]{eve_count]; // 21EA Helg
7. private void get_Graph ()
8  PrecedenceGraph = new int[seq_t count]{seq_count];
9: for{ int 1=0 ; i<seq_count ; i++)
10: for( int j=0 ; j<seg_count ; j++) {
11: - PrecedenceGraphlilj] = 0;
12:
131 int pre_event=0, post_event=(0; / 4E BAE AT F oiEs Y2
14 for( int i=seq_count-2 ; i>=0; i——) {
/A8 oldlEe] MY
15 for( int k=0 ; k<eve_count ; k++) {
16: if( Sequencelil.equals(Events{k]) )
17 pre_event = k;
18: }
/¥ oliES MY
19: for( int j=i+1 ; j<seq_count ; j++) {
20: for( int k=0 ; k<eve_count ; k++) {
21 if( Sequenceljl.equals(Events[k]) )
22: post_event = k;
23:
// oyl E Aloje] o]&EAo] glod Jﬂﬂﬁc'ﬂ F7}
24: if( Dependencylpre_eventllpost_event] == 1 && PrecedenceGraphlilfj] ==
25 PrecedenceGraphl[il(j] = 1;
26: for( int l=j+1 ; I<seq_count ; 1++ ) {

)
28: PrecedenceGraphlil(l} = PrecedenceGraph(ji{i1+1;
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E9 oz Aosta, Aol 3-tuple = (PA e,  AYE e oWEES F=TH22-26). A A oA

A3 olE, B AW 2 FUuth Tem, LEvie AW F5E oMES WAST, o ojiEd] N B
£ Aol ggoz FyE. E AUt 287 e ASlE A2 A a%e 3%

FTH31-30). vk o ® (¥A) A (DA A=), 23
7bs oME, ER JE)o 3-tupled AR X4°]i5*1
REwtEle] F7FTHA0-43). o] HFE MEo] AAH

RHE o HEFozH gArE APz FX F
¢ LErEE 49T 09 62 ¥ 59 A% #Al

a9 5 ¥ 28 9= e X383 A% 94 gz Jgze] dunIAFE 28 HLFoN YAHE 3 A

daAF 2 (A A% L=vE 44)
1! Global Variables
2 int st_count, tr_count; /) el Hole A
3. int eve_count; // elMES] FlF (=12)
4:  int seg_count; /ol Al 2=9 Zol
5: int tr_count: // RLEWE FAE Aol g
6. String Eventsleve_count); // 5713 o|WlE i
7:  int PrecedenceGraphleve_count]eve_count]; /A% BA adg=E
8 public void get_Automata()
9: int sum_col; /A3 olWlE S S
10:  int current, next; /A Es BE A
11: int[] temp_state = new int[seq_count];
12: int max_state = power(2, seq_count);
13:  States = new int[max_statel[seq_countl; // LEPLENY] A = A E oW E 9 FHg
140 Automata = new int[seq_count * max_state]{3]; // X AF LERE = Holo| A7
/) Z7] e B
15 for( int i = 0 ; i < seq_count ; i++ )
16: States[0]J[i] = 0;
17 current = 0;
18 st_count = 1;
19: while( current < st_count ) {
20: for (int i = 0 ;1 < seq_count ; i++) {
21 sum_col = 0;
22: if (States[current][]] == () i A ol ]' TEHQZI %S AS
/1A o] H E EHEH’W A3 ez %}° OHESE ZFolA M3 o|WET} ‘Rl%xl% A
23 for(int j = 0 ; j < seq_count ; j++ ) {
24: if (States[current](j] ==
ggi sum_col = sum_col + PrecedenceGraphl[jlil;
// TAA ol E s} ‘4“17‘1 OJWESY EiA A oHEN H$ Q Evietel Ho] 7}
27 if ( sum_col == 0 )
28: copy_: array(States[current] temp_state, seq_count);
29 temp_state[i] = 1;
30: next = -1;
[/ BEE eI olul EastEA AL, ilﬂﬁ}ﬂ ¥om N2 Ae) FUt
31 for( int k = 0 ; k < st_count ; k++ )
32 if ( equals_ array(temp_state States[k] seq_count) )
33 next = k;
34: }
35: if (next == -1) {
36: next = st_count;
37 copy_array{temp_state, States[st_count], seq_count);
38: st_count++;
39: } N
// Rel F7t
40: Automataltr_count][0] = current;
41: Automataltr_count][1] = i;
42: Automataltr_count)[2] = next;
43: tr_count++;
44: Yoy
45! current++;
48 ) )
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4.3 M Ho{7|& 0|88t Zeay HEt

L2Evtel 7ivtel ZAYA HavdME F31 I &
Evgls 7FEoz Zaade 588 olslr) g,
Ad Aoj71g olfste T2 aWe WL WA
2R AR Aojrle T3 HY LEAEES V)
TLoE F78 HES $£39e HESAY BFTe
22X Z2ade] $£8 £XNE Aojsiu, Z2aY Uld
A AAZ APEE oMEY £ME /123 I,
QLYY Java B 2= Z2 P Agze o)
HE 53 Ao YA Aojv)gke EHNL 9F 3=8
AY3Th 18 72 7t TR A LEvig sh
o ZRA fHiy Yye AL \EY =299
TEolth

Controlier

synchronized regP ermit(req) {

}
syncronized done(req) {

Automata for
Equivalence Class
}

Customer' Operator
wn{) { synchronized prepay() {
Controller.reqPermit{req); pump.activate():
oprator.prepay();
Controller.done(req);

| synchronized ask_change() {
pump.request_change(};

—

S~
Pump

avtivate(} { }

start_pump() { }
finish_pump() { }
get_change(} { }

3¥ 7 2Evte 7] AR Hags 3]
A8 B sk FR4 gAY 72

Java O+ 282 Z2O9S A% QERE 79 ¥
28 #739 AQ Aorls uAFHY AAH wl2EY
A Aot FARE FZE AAAY, BX A LE
TR VIE2E 3 2¥EEY £33 £A4E Aol
€ BoA Zolrt Utk olE ¢ista) AR Aolrle 37)
o] F8 WAEE - reqPermit(req), done(req),
equdls(reg) - X399} (18 8). regPermit(reg) ™)
A=w 2YEdA 843 oME regol FA HF
2EuEre] A Aejolr WolEY £ v d¥Y
Pl sE=e] g HEsAY, 1% ge A
A= wait() HWAEE ofgs) I 2= AP B
@t} reqPermit(req) WAE oA o] &3H= equals
(req) WMa4=x FA JF cEviele]l dx Aujoa
OJHE reqE WolEd & YEAE Hwslm, Wol=y

U Hede olYE regoll AT LEvEIY Az

A AeE Fed AR E donelreq) WAE
notifyAll(}) WAEE ol83le] olHIE reqe] Aol
HEE UE WS4 €91, BEFHT 99 =
2HEEE Aech "M, Aol 2d=EsL 2 E
wiele] AE2E @A el B reg Permit(req)
HWEEE &9 ok I8, dnFez o9 =z
aYe) WA oW oJWE AB2It 4 AseAS
Ao BAs d7d Bilsd 2Aoly]) w9,
reqPermit(req) WAZoAE e oWlEs) AZs
A ol RFEE B - 85 cuwst BEE S50
o - Folx TEaAE T Y QLErIEY njz
€ NE27 EASIA g Aoz #udth

dt Ho ox

e mioAr o g

public class Controller {
private static Goniroller ctri = new Controlter();

private Controfler(} {...}
publle synchronized static Controlier getController() {
retumm otrl;

}

publle synchronized void reqPermit(Request req) throws InterruptedException {
long ent = 0;
boolean tired = false;
int inaytomata = 0;

while (count t= next Il {ltired && (inautomata = equals{req)) == 0)) {
wait(500);
if (cnt < 20)
ent++;
else
tired = true;
}
public ized void done(Req raq) throws InterruptedExcaption {

counter;
notify Afi);

}
private int aquals{Request req) {
int result = 0; /1 0zerror, 1:in automata, 2:notin automata

f ( {rasuit = at.teasivia(curState, curEvent)) 1= 0) {
curState = at.get_nextStats(curState, curEvent);
nexi++;

retura rasult;

}
-
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A Customer 28 E=Ed 718 IAEEO|L. o =
=29 YAE AHEY, Customerdld z&E3she Z+
718 Wazg FE37) He AA A9
reqPermit(req) "AESZE T23ozM Ao FH
23, 578 dize APt FoT donelreq) "4
=5 ZEFoEHN AYE EFYSS AF Aorld &
A Bk o9 22 RIS WA I= AYL
THARLZ o|FA)7) Wi AF37) Boldoh

public class Customer extends Thread {

public void run() {
ty{
Request req; 1/ added code
Gontroller ot = Controfler.getControfler(); 1/ added code
opr = Operator.get_operator();
while{lopr.is_available(pumpNumber));
req = naw Request(threadID, pump.getiD(), PRE_PAY); 1 added code
cm reqPermit{req); 1 added code
pumpl L pumpy,
ctn.done(req); // added code
req = new Request{threadiD, pump.getiD(), START_PUMPING); // added code
ctrl.reqPermit(req); 1 added code
pump.start_pumping();
ctri.done(req); /1 added code

req = new Request(threadiD, pump.getiDy), FINISH_PUMPING); // added code

ctit.reqPermit(req); # added code
pump.finish_pumping();

ctrl.donelreq); J1 added code
req = new Request(threadiD, pump.getD(), ASK_CHANGE); 1/ added code
ctr.reqPermit{req); 1/ added code
int change = opr.ask_change(myNumber, pumpNumber, pump);

ctd.done(req); 1} added code

}
catch {InterruptedException e) §;
}

29 9 A Aoiristel FAE HsiM WA

Customer 28

5. LE0IEL 718 EIAEIQ HE o

2 ErlE} 7Nke] AAH 2
71E3t7) YA, Sl vk FRAL oA s B
z7t 2% @43 #@ A¥olMe @ Pump0ol
Pumpl2tt A A& A&t 7pggt 19 10
2 99 AL 9N ZEo W e F, ol A
o 7le® ulgol uisiy A DA AFe osiA
BA Fo] gRgg FEE ReZ B 4 Utk a2y,
olg} Z& AHpdm
A AE2E AZY £ AV BEo)

Fe EA38A ¥e A 2

109] =z aaiolA]

Be A%e FRHos

ZRIPE A% LEvE 7E AL

® 873e 44 4 738 801

Eus, Ews, Ews, Ews, Ewi, Ewe, Eig Ezs EnlZ A
Yste ASE AL B9, Epw F Ewol 93A
Pump03} Pumplo]l 25 #48t57] fi&o Eurt 9
A APd § glow, meEb FoiF AjE2s U
ANf2E I8 109 ZEaddqa Ay=A gerh o]
ok Ze Ao, ndAL Z2FF HygME FoA
H2E Algas 4Ado] Brhsd Roz Bdsy, o
£ H2E NE2E o83ty F/1EQ HEEE A=
BIEE AV, 2 Z2aYd oF77 Jde Aeg &
£o yarh 2, 2Este kel 2HA w2E6)
Mg H2E Ad29) 54 35 e UE AEs
s AFole o] AFEEE o83ty ZTraY

public class Customer exiends Thread {
public void run{) {

opName = Controller.PRE_PAY;
opr.prepay(myNumber, myMoney, PumpNumber, pump),

e SH FFO Yo HAN HLE RS

while { {pump.getiD{) == 1} &&
pump.act_state() && otherPump.act_state() &&
tpump.pump_state(} && !otherPump.pump_state(} ) ;

opName = Controlier. START_PUMPING;
pump.start_pumping();
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