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Abstract Concurrent programs, which are composed of threads that can operate concurrently, are
intrinsically nondeterministic. Therefore, we can not directly apply classical testing or debugging
techniques developed for sequential programs to concurrent programs because of the nonreproducibility
due to nondeterminism. In this paper, we present a source tranformation method to guarantee the
reproducibility of multi-threaded programs written in Java programming language. Once a
mutli-threaded program has been transformed according to the transformation rules, we can force the
program’s execution to follow the given sequence of synchronized methods repeatedly and reduce the
efforts to find the source of the errors. In addition, we present a method for checking the feasibility
of the synchronized method sequence to be replayed.
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class ProducerConsumer {
‘public static void main(String args[}) {
Buffer buf = new Buffer();
Producer p = new Producer(buf, "Producer”);
Consumer ¢ = new Consumer(buf);
p.start();
c.start();
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class ReplayController {

public synchronized void requestPermit(ThreadID id)
throws InterruptedException {
while (lcurrentThrealD.equals(id)) wait();
}
public synchronized void completeMethod(ThreadlD
id) throws InterruptedException {
currentThreadID=(ThreadID)threadID.
elementAt(++currentID); notify All();

a9 3 Aol A FA=

Ao AAle WRFez 203 FAse 28
59 idE A5tz sl F(threadlD)E AHE-SITE A
A ol AFPetaA e 5718 di= AEEAE A
Fle QA 2E=E9 dE ARAse Res £
E2AE /MAE § Utk e Java ZRIOYAANE
Zt 2= ko] BHoE AT BAFAZL EAATG
7} 24 = eAFoR AYHT] Yotk dF &9,
2 1o ' AdA/anA Z2aeA Aikat 2
#d= idE  “producer’#fstn &Mz 2¥E=E  dE
“consumer” &t 7F33A) o] W) Fo A= id AR



2@ WIS B3 Java OF 29= T2 aHWe) A2AA gAa" 611

7} "(producer, producer, producer, consumer, con-
sumer, consumer)‘E AZHo] ok o] AlFxE
"(put(l), put(2), put(3), get(), get(), get())*o.28 Fof
A vis AlgEd ggEds A& GA ¢ + Utk

Zz2ad9e FAse 4 2d=s 713 di
F83}7] Al requestPermit(ThreadlD) WA=
3le] Ao A P viisE AT £ s
sttt Ao MAE threadlD Foll 71¢8 £d
ANAL wAe el ~EEg R 893S AARTH
giek 2 4G 2 =rt dA Y £A7) oY &
Heg YL wait) EFE AMESY BF3IT £A7
dxdls Aol zdze 3PS AYIFEE 59
MAEE 2352 fr) vi=e d3ge] gyd F
d= o] A4S completeMethod(ThreadID) WA=&
Sslo] Aoy Axe] U F3o] HFE 2Yc=E
notify All)& &3t $3o] 715 i wET &
g, Alo] AAE 2Y= FEEE thed Y2 2=
g Agao.

o]9} Z& Ao HAY zFHE= 71 FAS $iA
Zb z#l=rt od ARl FE wliE=E FE5)
e Aol A requestPermit(ThreadlD)E F 23}
E AL Aol & WA= 3F EF ogdE
His9 $3P0] SFHAJThE A4S Alo] A &
27) 98 completeMethod(ThreadlD) E3& 44&
Hart itk 1Y 4= o]9f go| HEHF 2= K
£49.

in
jil

in o om o

N l

class TransformedThread extends Thread {
Controller controller = ReplayController.getController();
//+A)o} MA controller A

public void run() {

controller.requestPermit(getName()); //*#o] )
o obj.method() 23 £ obj.method(...);
controller.completeMethod(getName()); //*A| o174
Aol obj.method() &8 ALY 4

O% 4 2= EF o
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class Producer extends Thread {
private Buffer buf;
ReplayController
ReplayController.getController(); //*
public Producer(Buffer buf, String name) {
super(name);
this.buf = buf ;

c =

}
public void run() {
for (int i=1; i<4ji++) {
try { //*
rc.requestPermit(getName()); //*
} catch(Interrupted-
Exception e) {} //*
buf.put(i);
try { /7%
re.completeMethod
(getName()); //*
} catch(Interrupted-
Exception e) {} //*
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class ReplayController {

private static ReplayController rc;

private ReplayController() { ... }

public static ReplayController getController() {
if (rc == null) {

rc = new ReplayController();

}
return rc;

)

public synchronized void requestPermit
(ThreadID id) throws InterruptedException {

)
public synchronized void completeMethod
(ThreadID id) throws InterruptedException {

}
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FAZRE HAE AREE FESe Bl FE2
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public synchronized void requestPermit(String id)
throws InterruptedException {
if (lcurThread.equals{id)) {
long waitTime = maxWaitMillis;
long startTime = System.currentTimeMillis();
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for ;) {
try {
wait(waitTime);
} catch(InterruptedException e) {}
if (curThread.equals(id)) break;
else {
long now = System.currentTime-
Millis();
long timeSoFar = now - startTime;
If (timeSoFar >= maxWaitMillis) {
System.out.println("Provably Infeasible
Sequence”);
System.exit(0);
}
else waitTime = maxWaitMillis -
timeSoFar;

a8 7 39 requestPermit() WA= & WY

a¥ 794 maxWaitMillis A5E =¥ =7} 4=
9] AL 8A3m 23go] wolEoA ai7}x] ythg
= FHu Agtold). ek o] A7k B¢ aHo] wolEd
A ety TPl Fol WAt AFAE F
qE 4 glvtn AGg

a8 79 sle requestPermit()E ARSI QF/7}
AAD AR/ AHA Z2IHE
producer, producer, consumer, consumer, consumer)”
2 Fojd 8= ¢Ad uet AAHLE FYie A
$& z:ERA o] Agd 2@ 29 Hd
requestPermit() WAE=E Algdle A998 98 At
24 28=71 A HA put(3)E FAL W FoAR AT
B 2HAR 22T} get() MAEE FY3A FoB
2 o] ity £YPrteide] gltke AMEE wAsn
zZzaye & FIAIYE AME € 4 Aok o
24, o] AF2E YA RE ElFSAT T2 Y
Me TFEHA 2 AlE2YS & 5 A ¥F 2=
oA 7| BE A8S neldtd AAT A AHA
Z2)2(RepalyController) & RAFT}

5 Z4E % g% T 4UF

0] =RME Java OFF 28 Tzaye] uaR
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class Producer extends Thread {
private Buffer buf;
public Producer(Buffer buf, String name) {
super(name);
this.buf = buf ;
}
public void run() {
for (int i=1; i<4;i++) buf.put(i);
}
)
class Consumer extends Thread {
private Buffer buf;
public Consumer(Buffer buf), String name {
super(name);
this.buf = buf;
)
public void run() {
int value = G;
for (inti=1;1<4;i++ ) value = buf.get();
)
}
class Buffer {
private int[] contents = new int{2];
private int n = 0
private int ip = 0;
private int op = 0;
private int size = 2;

public synchronized int get() {

if (n ==0) try {
wait();
} catch (InterruptedException e) {}

int item = contents[op];
op = (op+l) % size;
n-—-;
System.out.printIn{item);
notify AH();
return item;
}
public synchronized void put(int value) {

if (n>size) try {
wait();
} catch (InterruptedException e) {}

contents[ip] = value;
ip = (ip+l) %size;
n++;
notify All();
}
}

public class ProducerAndConsumer {

615
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public static void main(String args[]) {

Buffer buf = new Buffer();

Producer pl = new Producer(buf, “Producer”);
Consumer ¢l = new Consumer(buf, "Consumer”);

pl.start() ;
cl.start() ;
}
}
222 Mo x|
a2l A (ReplayController)

package Controller;
import javaio*;
import javautil*;

class InfeasibleException extends Exception {
public InfeasibleException(String message) {
super{message);
}
}

public class ReplayController {

private static ReplayController ctrl;

private Vector threadlD = new Vector();
private Enumeration verurm:

private String currentThread;

private int currentlD = 0;

private int sizeTrace = 0

mrivate Hashtable timelnfo = new Hashtable();
private long maxWaitMillis;

public synchronized static ReplayController getController() {
if (ctr== null) retum new ReplayControlter();
retumn ctrl;

)

/ trace BYERE 2H= £ £4F theadD FE Y& HAAE public
synchronized void readTrace{String trace, long t) throws IOException {

FileReader tf = new FileReader(trace);
BufferedReader btf = new BufferedReader(tf);
String s, sb

while ((s = btfreadLine()) != null) {
threadID.addElement(sl=new String(s)};
if (timelnfo.containsKey(sD)
tumeInfo.put(sl, String valueOf
(Qong)t))s
}
)

btf.close();

maxWaitMillis = t;
sizeTrace = threadID.size();
if (sizeTrace >0}
currentThread = (String)threadID.
elementAt(curID);

}

/ 2HETt Hhse] 3g a WY o) AHEShe WAS: timed-wait A Y
AH- public synchronized void reqPermit{String id)
throws InterruptedException  {

if (lourrentThread equals(id)) {
long waitTime = maxWaitMillis;
long startTime =
System.current TimeMillis();
for () {
try {
wait(wait Time);

} catch(InterruptedException e) {}
if (current Thread equals(id))

else {
long now =
Systemaurrent TimeMilis();
long timeSoFar = now -
startTime;
if (timeSoFar >=
maxWaitMillis) {
try {
throw new Infeasible-
Exception("Infeasible”);
}
catch(Infeasible-
Exception e) {
System.out.printin(e);
Systemexit(0);
}
) else
waitTime =
maxWaitMillis - timeSoFar;

}

/) SH=Tt oese] es SR Fol) Tashe dic
public synchronized void completeMethod(String id)
throws InterruptedException {
curThread = (String)threadD.elementAt(++curlD);
Systemout.println(id + * " + curThread);

notifyAll(:

HE 3 HEE MAX/AHX T2

import Controller.*
port javaios;

class Producer extends Thread {
private Buffer buf;
Controller ctrl = ReplayController.getController(); //4jo] 448 %7] $1% probe
public Producer(Buffer buf, String name) {
super(name);
this.buf = buf ;
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public void run() {
for (int i=1; i<dii++) {

try {
ctrireqPermit(getName()); //43-& 8ASK= probe
buf. puti);
ctrl.completeMethod{getName()),//43o] FaHRAEE
deFE

} catch (InterruptedException e) { }

)

class Consumer extends Thread {
private Buffer buf;
Controller ctr] = ReplayController.getController(); /4101 243& A7) 913 probe
public Consumer{Buffer buf, String name)
super{narme);
thisbuf = tuf;
}

public void nn() {
int value = 0;
for (inti=1:i<4;i++){

try {
ctrl.reqPermit(getName()); /484 245K probe
value = buf.get();
ctrl.completeMethod(getName())/d 3 0] FEHAE-S
25 probe

} catch (InterruptedException €) {}

}

class Buffer {
private int{] contents = new int{2];
private int n = G
private int ip = O
private int op = G;
mivate int size = 2

public synchronized int get() {

if n==0) try {
wait();
} catch (InterruptedException ) {}

int item = contents{op];
op = (op*l) % size;
n—;

Systemout.println(itern);
notifyAll(;
return itern;
}
public synchronized void put(int value) {
if (n>size) try {
wait();

} catch (InterruptedException €) {}

contents[ip] = value;
ip = (ip+1) %size;
n+

otify All(;

public class ProducerAndConsumer {
public static void main(String args{])
Controller ctrl = ReplayController.getController(); // Ao} AME U probe
try {
ctrl.readTrace(args(0}, Integerparselnt(args{1])); /2HE 3 £ME
threadD & 9= probe
} catch (I0Exception ¢ {}

Buffer buf = new Buffer();
Producer pl = new Producer(buf, "Producer”);
Consumer ¢l = new Consumer(buf, "Consumer”);

pl.start() ;
clstart() ;
)
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