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Section 1. About this tutorial

Should | take this tutorial?

One of the important features of the Java language is support for multithreaded (also called
concurrent) programming.

This tutorial is an introduction to the use of multiple threads in a Java program and will
appeal to systems or application programmers who want to learn about multithreaded Java
programming.

A multithreaded program can take advantage of the additional CPUs in a shared-memory
multiprocessor architecture in order to execute more quickly. The use of multiple threads can
also simplify the design of a program. As an example, consider a server program in which
each incoming client request is handled by a dedicated thread.

However, to avoid race conditions and corruption of shared data, the threads in a concurrent
program must be properly synchronized. Many example programs are used in this tutorial to
illustrate these concepts.

This tutorial assumes a prior general knowledge of Java programming; the context and level
of knowledge used in this tutorial is the equivalent of an undergraduate operating systems
course. For a more explicit explanation of the experience needed to get the most out of this
tutorial, see Assumptions and context on page 3 .

About the author

Stephen J. Hartley is an Associate Professor of Computer Science at Rowan University in
Glassboro, NJ. He has published two books with Oxford University Press on the topic of
concurrent programming: Operating Systems Programming: The SR Programming Language
(1995) and Concurrent Programming: The Java Programming Language (1998). Contact
Stephen at hartley@elvis.rowan.edu.

For questions about the content of this tutorial, please contact the author.
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Section 2. Introduction

Goals and objectives

The two goals of this tutorial are to:

* Learn the "nuts and bolts" of creating multiple threads of control in a Java program.
* Learn the pitfalls and areas that can trip you up when synchronizing those threads to
avoid race conditions and corruption of shared data.

Assumptions and context

Before we move into the nuts and bolts of concurrent programming, let's elaborate on the
knowledge and experience necessary to effectively wring the most use from this tutorial.

We assume that you have a general knowledge of concurrency issues, at a level
commensurate with an undergraduate computer science operating systems course. We also
assume a familiarity with the following terms and concepts: multiple threads, shared data,
race conditions, critical sections, mutual exclusion, monitors, and semaphores. Finally, you
should have knowledge of object-oriented programming and sequential Java: classes,
objects, interfaces, inheritance, polymorphism, packages, and exceptions.

For further reference, Resources on page 122 at the end of the tutorial includes online and
print resources on concurrent programming and the Java language.

Tutorial platform specifications

All example Java programs in this tutorial have been executed on a PC running Red Hat's
version 7.0 of Linux, using the IBM Java software developer kit version 1.3.0 for Linux. This
developer kit uses native threads and therefore time slices them automatically.

The examples are compiled and executed with the just-in-time compiler (JIT) disabled
(command export JAVA COWPI LER=NONE) to facilitate the manifestation of race
conditions in Example race.java on page 24 andExample rac2.java on page 25 .

You can download a zip file containing all example Java programs in this tutorial in
Resources on page 122 .
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Section 3. Starting Java threads

Two ways to start Java threads

There are two ways to start Java threads. One way is to subclass the Thr ead class:

cl ass A extends Thread {
public void run() {
/1 code for the new thread to execute
}

}

”A a = new A(); // create the thread object
a.start(); /1l start the new thread executing

The second way is to implement the Runnabl e interface:

class B extends ... inplenents Runnable {
public void run() {
/1l code for the new thread to execute

}

}

.”B b = new B(); /'l create the Runnabl e object
Thread t = new Thread(b); // create a thread object
t.start(); /'l start the new thread

Example prit.java on page 6 demonstrates multithreaded prime number generation with one
thread per number checked. Sample run of prit.java on page 7 shows the results. The Class
Prime.java on page 7 is used. Unit testing of Prime.java on page 8 demonstrates unit
testing of the Pri ne. j ava class.

Background material on threads

First a quick refresher on threading.

A process is an executing program. It has been allocated memory by the operating system. A
thread is an execution or flow of control in the address space of a process; the program
counter register points to the next instruction to be executed.

A process is a program with at least one thread. A process can have more than one thread.
All the threads in a process have their own program counter and their own stack for local
(also called automatic) variables and return addresses of invoked procedures.

In the Java language, a thread in the run-time interpreter calls the mai n() method of the
class on the j ava command line. Each object created can have one or more threads, all
sharing access to the data fields of the object.

The article "An Introduction to Programming with Threads" by Andrew D. Birrell (1989; a DEC
research report) offers the following motivations for concurrent programming with threads:
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* Shared memory multiprocessors are cheaper and more common so each thread can be
allocated a CPU.

* Jtis less expensive and more efficient to create several threads in one process that
share data than to create several processes that share data.

* 1/O on slow devices (such as networks, terminals, and disks) can be done in one thread
while another thread does useful computation in parallel.

* Multiple threads can handle the events (such as mouse clicks) in multiple windows in
the windowing system on a workstation.

* In a LAN cluster of workstations or in a distributed operating system environment, a
server running on one machine can spawn a thread to handle an incoming request in
parallel with the main thread continuing to accept additional incoming requests.

When two threads perform a function such as N=N+1 at about the same time, you have a
race condition. Both threads are "racing" each other for access to the data and one of the
updates can get lost. In general, race conditions are possible when two or more threads
share data, they are reading and writing the shared data concurrently, and the final result
depends on which one does what when.

Concurrently executing threads that share data need to synchronize their operations and
processing to avoid race conditions on shared data. Thread synchronization can be done
with flag variables and busy waiting. Because it uses a lot of CPU cycles, busy waiting is
inefficient. Blocking would be better.

A critical section is a block of code in a thread that accesses one or more shared variables in
a read-update-write fashion. In such a situation we want mutual exclusion in which only one
thread can access (read-update-write) a shared variable at a time.

The mutual exclusion problem is how to keep two or more threads from being in their critical
sections at the same time, where we make no assumptions about the number of CPUs or
their relative speeds.

A thread outside its critical section should not keep other threads outside their critical
sections from entering. This is also called a safety property (or absence of unnecessary
delay).

Also, no thread should have to wait forever to enter its critical section. This is also called a
liveness property (or eventual entry).

Andrews characterizes an atomic action as one that "makes an indivisible state transition:
any intermediate state that might exist in the implementation of the action must not be visible
to other threads."” This means that nothing from another thread can be interleaved in the
implementation of the action for it to be atomic.

Critical sections need to be defined as if they were one atomic action to avoid race
conditions.

Here are the basic issues to keep in mind to solve the mutual exclusion problem when
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devising a pre-protocol and a post-protocol based on either hardware or software. The
protocols must:

* Prevent two threads from being in their critical sections at the same time
* Have the desirable safety and liveness properties
* Allow critical sections to be executed atomically

The system's ground rules are as follows:

It is a load/store register architecture.

Multiple, concurrently executing threads are sharing data.

There are single or multiple CPUs and we cannot make relative speed assumptions.
Access to shared variables can be interleaved if two threads are in their critical sections
at the same time.

Threads may not halt in their pre- or post-protocols.

* Threads may not halt in their critical sections.

* Threads may halt outside their critical sections.

* X X x

*

Thread Ti,i=1, 2, 3, ...
while (true) {

out si deCS() ;

want ToEnt er CS(i ) ; /'l pre-protocol

i nsi deCS() ;

finishedl nCS(i); /'l post-protocol

The next several panels display the code described in this section. To view the code, click
Next; or you can go directly to the next section, Thread states, priorities, and methods on
page 9, and return to the code samples at another time.

Example prit.java

class PrineThread extends Thread {
private int m= 0;
Pri meThread(int n) { this. m=m }
public void run() {
if (Prinme.prime(n)) Systemout.printin(m+ " is prinme");
}

cl ass Test PrinmeThreads {
public static void main(String[] args) {
int n1 =0, n2 = 0;

try {
nl = Integer.parselnt(args[0]);
n2 = Integer.parselnt(args[1]);

} catch (Nunber For mat Exception e) {
Systemout.println("inproper format");
System exit(1);

} catch (Arrayl ndexQut O BoundsException e) {
System out. println("not enough command |ine argunments”);
Systemexit(1l);

if (nl<2]| n2<2]| nl>n2) {

Systemout.printlin("illegal conmand |ine argunents "
+nl +", " +n2);
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Systemexit(1);
}
Systemout.println("printing prines from"
+nl +" to" + n2);
new PseudoTineSlicing(); // for Solaris, not Wndows 95/ NT

for (int i =nl; i <=n2; i++) {
Thread t = new PrinmeThread(i);
t.start();

i bm conl devel oper Wr ks

Sample run of prit.java

% javac prit.java

% java TestPri neThreads 10 20

printing prinmes from10 to 20

Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

CS arch=i 586

CS version=#1 Mon Sep 27 10:25:54 EDT 1999. 2. 2.12-20
No PseudoTi meSlici ng needed

11 is prine

13 is prinme

17 is prine

19 is prinme

% j ava Test Pri nmeThreads 1000000 1000060
printing primes from 1000000 to 1000060
Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

CS arch=i 586

CS version=#1 Mon Sep 27 10: 25:54 EDT 1999. 2. 2.12-20
No PseudoTi neSlici ng needed

1000003 is prine

1000033 is prine

1000037 is prine

1000039 is prine

Class Prime.java

public class Prinme {
public static boolean prine(int k) {
if (k <2) return fal se;
int limt = k/2;
for (int i =2; i <=k/2; i++) {
if ((k %i) == 0) return fal se

return true;

public static void main(String[] args) {
int n=0;
try {
n = Integer. parselnt(args[0]);
} catch (Nunber For mat Exception e) {
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Systemout.println("inproper format");
Systemexit(1l);

} catch (Arrayl ndexQut O BoundsException e) {
Systemout.println("no conmand |ine argunent");
Systemexit(1l);

}
if (n<2) {

Systemout. println("conmand |ine argunent " + n

+ " is too small");

Systemexit(1);
}
Systemout.println("printing primes from2 to " + n);
for (int i =2; i <=n; i++) {

if (Prinme.prime(i)) Systemout.println(i + " is prime");
}

}
}

Unit testing of Prime.java

% javac Prine.java

% java Prinme

no conmand |ine argunent

% java Prinme abc

i mproper fornmat

%java Prinme O

command line argunent 0 is too small
% java Prinme 10

printing primes from2 to 10
is prine

is prine

is prine

is prine

~NOITwnN
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Section 4. Thread states, priorities, and methods

Thread states

Thread states are defined as:

* New before the thread's st art () method is called

* Runnable if the thread is in the ready queue

* Running if the thread is executing on the CPU

* Dead after the thread's r un() method completes or st op() method is called

* Blocked if the thread is blocked on 1/O, a j oi n() method call, or a sl eep( ms) method
call

* Suspended if the thread's suspend() method is called from the running or runnable
states

* Suspended-blocked if the thread's suspend() method is called from the blocked state

Thread priorities

Thread priorities (class variables) are:

* MMX_PRIORITY
* NORM PRI ORI TY
*MNPRORTY

Priority set and get instance methods include:

* setPriority(Thread. priority)
* getPriority()

The JVM scheduler usually ensures that the highest priority thread is running on the CPU,
pre-empting the currently running thread when necessary, but this is not a guarantee. (See
page 415 of The Java Language Specification, in Resources on page 122 .)

Time slicing
Time slicing of threads is also known as round-robin scheduling . It is done by the JVM. The

IBM JDK 1.3.0 for Linux and the Microsoft Windows JVMs perform this task; the Solaris
version does not.

The Class PseudoTimeSlicing.java on page 11 implements "pseudo” time slicing. Using this
class does not guarantee time slicing, but it works in practice.
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Thread class methods

The following methods are st at i ¢ in class Thr ead and apply to the calling thread:

*

Thr ead. sl eep( ms) blocks the calling thread for the specified time.

In Thr ead. yi el d(), the calling thread gives up the CPU (but is not guaranteed by the
JLS).

Any method can use Thr ead. current Thread() to get a reference to the thread that
called the method, for example, Thr ead. current Thread().getPriority();.

Use Thread. i nt errupt ed() to see if the thread's i nt errupt () method has been
called (it clears the interrupted flag).

Instance methods

And here are the instance methods (for example, t . st art () in whicht is a reference
variable to a Thr ead object):

*

start () : Start a new thread executing the r un() method.

st op() : Terminate the thread (deprecated, do not use).

suspend() : Suspend the thread (deprecated, do not use).

resune() : Resume the suspended thread (deprecated, do not use).

j oi n() : Join with another thread when the latter terminates.

i nterrupt (): Tell the thread to check for a change in what it should be doing.

i sl nterrupted(): Check if the thread's i nt er r upt () method has been called (this
does not clear the interrupted flag).

i SAl'i ve() : Check if the thread has terminated.

set Daenon( bool ean) : Make the thread a daemon (the JVM ignores this thread when
determining if all threads in a program have terminated).

i sDaenon() : Check if the thread is a daemon.
set Priority(int):Change the priority of the thread.
get Priority(): Return the prioritiy of the thread.

set Nane(string): Change the name of the thread to be equal to the argument nane.
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* get Nane() : Return the name of the thread.

Examples

The following example programs demonstrate what we've just been covering.

Class Sugar.java on page 12 is "syntactic sugar." It provides class methodage( ) , which
returns the number of milliseconds since the program started, and class method
r andonf range) .

Example beep.java on page 13 allows you to test a platform for timeslicing.Sample run of
beep.java on page 14 shows the results.

Example quad.java on page 15 implements adaptive quadrature numerical integration with
multiple threads and uses j oi n() for synchronization. If the sum of the areas of the two
sub-trapezoids is not close enough to the area of the trapezoid containing them, two threads
are spawned to repeat the calculation for each sub-trapezoid. The spawning thread cannot
continue until each of the two spawned threads finishes. Sample run of quad.java on page 16
shows the results.

This figure shows the implementation of adaptive quadrature numerical integration with
multiple threads.

9
: e
-*'-“'f:_';;----’_“_““ s
P Pt
| fa+b)/2 b

The next several panels display the code described in this section. To view the code, click
Next; or you can go directly to the next section, The volatile modifier on page 18, and return
to the code samples at another time.

Class PseudoTimeSlicing.java

public class PseudoTi neSlicing inplements Runnabl e {

Concurrent programming in the Java language Page 11 of 124



Presented by developerWorks, your source for great tutorials i bm com devel oper Wr ks

private static final String
JAVA VERSI ON = System get Property("java.version"),
JAVA VENDOR = System get Property("java. vendor"),
OS_NAME = System get Property("os. nane"),
OS_ARCH = System get Property("os.arch"),
OS_VERSI ON = System get Property("os.version");
private static Thread ne = null;
private static int tinmeSlice;
public PseudoTineSlicing() { this(100); }
public PseudoTineSlicing(int ts) {
/1l See http://ww.javaworld. contjavawor| d/jw 04-1999/
/'l jw 04-tool box_p.htm for the correct way to do singletons
/1 in a nultithreaded situation.
if (me == null) {
Systemout.println("Java version=" + JAVA VERSI ON
+ "\ nJava vendor=" + JAVA VENDOR
+ "\ nCS name=" + OS_NAME + "\nCS arch=" + OS_ARCH
+ "\ nCS version=" + OS_VERSION);
i f (OS_NAME. equal s("Sol aris") ||
(OS_NAME. equal s("Li nux") &&
I JAVA VENDOR. startsWth("I1BM))) {
timeSlice = ts;
me = new Thread(this);
nme. setPriority(Thread. MAX PRI ORI TY) ;
nme. set Daenon(true);
me. start();
System out. println("PseudoTi neSlicing installed");
} else
System out. println("No PseudoTi neSlicing needed");
} else Systemout.println(
"PseudoTi neSlicing already installed");

}
public void run() {
if (Thread.currentThread() !'= nme) return;
/1l this highest-priority thread waki ng up sends the
/'l currently executing thread back to the runnabl e set
while (true) {
try { Thread.sleep(tineSlice); }
catch (InterruptedException e) { /* ignored */ }
}
}
}

Class Sugar.java

i mport java.util.Random
public abstract class Sugar {
private static final long startTine
= SystemcurrentTimeM I 1is();
private static final Randomrnd = new Random();
/1 utility nethods
protected static final |ong age() {
return SystemcurrentTineMIlis() - startTine;

protected static final double randon() {
return rnd. next Double(); // in range [0, 1)

protected static final double randon(int ub) {
return rnd. next Doubl e()*ub; // in range [0, ub)

protected static final double random(int Ib, int ub) {
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return | b + rnd. next Doubl e()*(ub - Ib); // in range [lb, ub)

}
}

Example beep.java

cl ass Beeper extends Sugar inplenments Runnabl e {
private int beep = 0;
private String name = null;
public Beeper(String nane, int beep) {
t hi s. name = nane;
this. beep = beep;
Systemout.println(nane + " is alive, beep=" + beep);

}
public void run() {
| ong val ue = 1;
Systemout.println("age()=" + age() + ",
+ name + " running");
/'l so main() thread has priority and
/1 surely gets CPU later to interrupt() us
Thread. current Thread().setPriority(
Thread. current Thread().getPriority()-1);
while (true) {

if (valuet++ % beep == 0)
Systemout.println("age()=" + age()
+ ", " + name + " beeps, value=" + value);

if (Thread.interrupted()) {
Systemout. println("age=" + age() + ",
+ nane + " interrupted");
return;

}
}
}
}

cl ass Beepi ng extends Sugar ({
public static void main(String[] args) {
i nt nunBeepers = 4;
i nt beep = 100000;

String tinmeSlice = "no"
int runTime = 60; /'l default in seconds
try {
nunBeepers = I nteger.parselnt(args[0]);
beep = Integer. parselnt(args[1]);
timeSlice = args[2];
runTime = Integer.parselnt(args[3]);

} catch (Exception e) { /* use defaults */ }
System out. printl n("Beepi ng: nunBeepers=" + nunBeepers
+ ", beep=" + beep + ", tinmeSlice=" + tinmeSlice
+ ", runTime=" + runTi ne);
if (tinmeSlice.equals("yes"))
/] for Solaris, not Wndows 95/ NT
new PseudoTi meSlicing();
/] start the Beeper threads
Thread[] b = new Thread[ nunBeepers];

for (int i = 0; i < nunBeepers; i++)
b[i] = new Thread(new Beeper ("Beeper"+i, beep));
for (int i = 0; i < nunBeepers; i++) b[i].start();

Systemout.printin("A|l Beeper threads started");
/1 let the Beepers run for a while

try {
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Thr ead. sl eep(runTi ne*1000) ;
System out. println("age=" + age()

+ ", time to interrupt the Beepers and exit");
for (int i = 0; i < nunBeepers; i++)
b[i].interrupt();
for (int i = 0; i < nunBeepers; i++)
bli].join();

} catch (InterruptedException e) { /* ignored */ }
Systemout.println("Al Beeper threads interrupted");
System exit (0);

i bm conl devel oper Wr ks

Sample run of beep.java

% j avac beep.java

% j ava Beeping 4 100000 no 3

Beepi ng: nunBeepers=4, beep=100000,
BeeperO is alive, beep=100000
Beeperl is alive, beep=100000
Beeper2 is alive, beep=100000
Beeper3 is alive, beep=100000

age() =36, Beeper0 running
age() =134, Beeperl running
age() =195, Beeper2 running
Al'l Beeper threads started
age() =225, Beeper 3 running
age() =374, Beeper3 beeps,
age() =600, Beeper?2 beeps,
age() =769, Beeperl beeps,
age() =901, Beeper0 beeps,
age()=1050, BeeperO beeps,
age()=1125, Beeperl beeps,
age()=1287, Beeper3 beeps,
age()=1392, Beeper2 beeps,
age()=1671, Beeperl beeps,
age()=1757, BeeperO beeps,
age()=1988, Beeper3 beeps,
age()=2063, Beeper2 beeps,
age()=2209, Beeper2 beeps,
age()=2426, Beeper0 beeps,
age()=2499, Beeperl beeps,
age()=2688, Beeper3 beeps,
age()=2979, Beeperl beeps,
age()=3073, Beeper0 beeps, val ue=500001
age()=3219, Beeper0 beeps, val ue=600001
age=3234, tinme to interrupt the Beepers
age()=3290, Beeper2 beeps, val ue=500001
age=3291, Beeper2 interrupted
age()=3321, Beeper3 beeps, val ue=500001
age=3322, Beeper3 interrupted
age()=3444, Beeperl beeps, val ue=600001
age=3445, Beeperl interrupted
age()=3578, BeeperO0 beeps, val ue=700001
age=3578, Beeper0 interrupted

Al'l Beeper threads interrupted

% j ava Beepi ng 4 100000 yes 3

Beepi ng: nunBeepers=4, beep=100000,
Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

timeSlice=no, runTi me=3

val ue=100001
val ue=100001
val ue=100001
val ue=100001
val ue=200001
val ue=200001
val ue=200001
val ue=200001
val ue=300001
val ue=300001
val ue=300001
val ue=300001
val ue=400001
val ue=400001
val ue=400001
val ue=400001
val ue=500001

and exit

ti meSlice=yes, runTi mne=3

Concurrent programming in the Java language
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OS ar ch=i 586

i bm conl devel oper Wr ks

OS version=#1 Mon Sep 27 10: 25:54 EDT 1999.2.2.12-20

No PseudoT
BeeperO is
Beeperl is
Beeper2 is alive, b
Beeper3 is alive, b
age() =38, BeeperO r

nesSlicin
alive, b
alive, b

age() =168, Beeperl

age() =293, BeeperO0

age() =439, BeeperO0

age() =536, Beeperl

age() =618, Beeper?2

Al'l Beeper threads

age() =741, Beeper3

age() =855, Beeper?2

age() =922, Beeperl

age()=1195, BeeperO
age()=1319, Beeper3
age()=1562, Beeper?2
age()=1702, BeeperO
age()=1977, Beeper?2
age()=2078, Beeperl
age()=2225, Beeperl
age()=2266, Beeper3
age()=2413, Beeper3
age()=2561, Beeperl
age()=2740, Beeper?2
age()=2743, Beeper0
age()=3021, Beeper?2
age()=3124, BeeperO0
age()=3185, Beeper3
age()=3322, Beeperl
age()=3672, BeeperO0
age()=3723, Beeper3
age=3748, time to i
age()=3840, Beeperl
age=3841, Beeperl i

age()=3906, Beeper?2
age=3906, Beeper?2 i
age()=4066, Beeper3
age=4067, Beeper3 i
age()=4108, Beeper0
age=4109, BeeperO i
Al'l Beeper threads

g needed
eep=100000
eep=100000
eep=100000
eep=100000
unni ng
runni ng
beeps,
beeps,
beeps,
runni ng
started
runni ng
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,
beeps,

val ue=100001
val ue=200001
val ue=100001

val ue=100001
val ue=200001
val ue=300001
val ue=100001
val ue=200001
val ue=400001
val ue=300001
val ue=300001
val ue=400001
val ue=200001
val ue=300001
val ue=500001
val ue=400001
val ue=500001
val ue=500001
val ue=600001
val ue=400001
val ue=600001
beeps, val ue=700001
beeps, val ue=500001
nterrupt the Beepers
beeps, val ue=700001
nterrupt ed

beeps, val ue=600001
nt errupt ed

beeps, val ue=600001
nterrupt ed

beeps, val ue=800001
nt errupt ed

i nterrupted

and exit

Example quad.java

i nterface TheFuncti
public double ev
public String to

cl ass MyFunction
public doubl e
public String to

cl ass Area extends
private double p
private TheFunct

public Area(double a, double b, double eps,

p = a; q:b

on {
al uat e(doubl e x);
String();

String() { return "
Thread {

, g, epsilon, result
ion f;

; epsilon = eps; f

Concurrent programming in the Java language

i mpl ements TheFunction {
eval uate(double x) { return x*x; }

Xx & DN -

= fn;

}

TheFunction fn) {
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public double getResult() { return result; }
private static double trapezoi dArea
(doubl e p, double g, TheFunction f) {
doubl e area =
(Math.abs(qg-p))/2 * (f.evaluate(p) + f.evaluate(q));
return area;

public void run() {
doubl e bigArea = trapezoi dArea(p, q, f);
double leftSnall Area = trapezoidArea (p, ((p+q)/2), f
doubl e rightSmal | Area = trapezoi dArea(((p+q)/2), q, f
doubl e suntX Areas = leftSnall Area + rightSnall Area;
doubl e rel Error = Mat h. abs(bi gArea - sunOf Areas);
if (relEBrror <= (epsilon * sunfAreas)) result = bi gArea;
el se {
Area leftArea = new Area(p, (p+tq)/2, epsilon, f);
leftArea.start();
Area rightArea = new Area((p+q)/2, q, epsilon, f);
rightArea.start();
try { leftArea.join(); }
catch (InterruptedException e) { /* ignored */ }
try { rightArea.join(); }
catch (InterruptedException e) { /* ignored */ }
result = leftArea.getResult() + rightArea.getResult();

~—

}
}

cl ass AdaptiveQuadrature {
public static void main(String[] args) {

double a = 0, b =0, epsilon = 0;

try {
a = (Doubl e. val ueO (args[0])). doubl eVal ue();
b = (Doubl e. val ue (args[1])) . doubl eVval ue();
epsilon = (Doubl e. val ueX (args[2])).doubl eVal ue();

} catch (Nunber For mat Exception e) {
Systemout.println("inproper format");
Systemexit(1l);

} catch (Arrayl ndexQut O BoundsException e) {
System out. println("not enough conmand |ine argunents");
Systemexit(1l);

if (b<=a]|| epsilon <= 0) {
Systemerr.printin("b <= a || epsilon <=0, exit");
Systemexit(1l);

TheFunction fn = new MyFuncti on();
System out. println("Adaptive Quadrature of" + fn + " from"
+a+"to" +b+" withrelative error " + epsilon);
Area area = new Area(a, b, epsilon, fn);
new PseudoTineSlicing(); // for Solaris, not Wndows 95/ NT
area.start();
try { area.join(); }
catch (InterruptedException e) { /* ignored */ }
doubl e result = area.getResult();
Systemout.printin("Result for" + fn +" =" + result);
System exit(0);

Sample run of quad.java
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% j avac quad.java

% j ava AdaptiveQuadrature 0.5 1.5 0.001

Adaptive Quadrature of x**2 fromO0.5 to 1.5 with relative error 0.0010
Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

CS arch=i 586

OS version=#1 Mon Sep 27 10: 25:54 EDT 1999.2.2.12-20

No PseudoTi neSlici ng needed

Result for x**2 = 1.084136962890625

Concurrent programming in the Java language Page 17 of 124



Presented by developerWorks, your source for great tutorials i bm com devel oper Wr ks

Section 5. The volatile modifier

Some definitions

The vol at i | e modifier tells the compiler that the variable is accessed by more than one
thread at a time and inhibits inappropriate code optimizations by the compiler, such as
caching the value of the variable in a CPU register instead of updating main memory with
each assignment to the variable.

The Java Language Specification guarantees that updates to any one shared variable by a
particular thread are seen by other threads in the order performed by that particular thread.
However, the JLS does not require other threads to see updates to different shared variables
in the order performed by the updating thread unless the variables are declared vol ati | e.

Examples of the volatile modifier

Example bwbb.java on page 19 implements a busy waiting bounded buffer for a producer and
consumer. The producer thread deposits items and busy waits if the bounded buffer fills up.
The consumer thread fetches items and busy waits if the bounded buffer is empty.

The producer thread must "see" the val ue and occupi ed fields updated by the consumer
thread in the exact order the updates are performed by the consumer thread (or the
consumer must see the producer updates in the order performed). If not, the producer thread
might overwrite an item in a buffer slot that the consumer has not yet read (or the consumer
might read again an item from a buffer slot it has already read). Driver bbdr.java on page 20
creates the producer and consumer threads. Sample run of bwbb.java on page 22 shows the
results of bwbb. j ava.

The figure below illustrates this interaction.
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full buffer slot

The next several panels display the code described in this section. To view the code, click

Next; or you can go directly to the next section, Race conditions on page 24 , and return to
the code samples at another time.

Example bwbb.java

class Bufferltem {
/1l multiple threads access so nake these 'volatil €'
public volatile double value = 0;
public volatile bool ean occupi ed = fal se;

cl ass BoundedBuffer {
/1 designed for a single producer thread and
/1 a single consuner thread
private int nuntlots = O;
private Bufferlten{] buffer = null;
private int putln = 0, takeCQut = O;
publ i ¢ BoundedBuffer(int nuntlots) {
if (nuntlots <= 0)
throw new ||| egal Argunent Exception("nunSlots <= 0");
this. nuntSlots = nuntl ot s;
buf fer = new Bufferlten]nunslots];
for (int i =0; i < nunSlots; i++)
buffer[i] = new Bufferltem);

public void deposit(doubl e val ue)

throws | nterruptedException {
while (buffer[putln].occupied) // busy wait
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Thread. current Thread().vyield();
buf fer[putln].val ue = val ue;
buffer[putln].occupied = true;
putln = (putln + 1) % nuntl ot s;

public double fetch()

throws | nterruptedException {

doubl e val ue;

while (!buffer[takeQut].occupied) // busy wait
Thread. current Thread() .yiel d();

val ue = buffer[takeQut]. val ue;

buffer[takeQut].occupi ed = fal se;

takeQut = (takeQut + 1) % nuntl ots;

return val ue;

Driver bbdr.java

cl ass Producer extends Sugar inplenents Runnabl e {

private String name = null;

private int pNap = 0; // mlliseconds

private BoundedBuffer bb = null;

private Thread ne = null;

public Producer(String nane, int pNap, BoundedBuffer bb) {
thi s. name = nane;
this. pNap = pNap;
this.bb = bb;
(me = new Thread(this)).start();

}
public void timeToQuit() { nme.interrupt(); }
public void pauseTil Done() throws InterruptedException
{ me.join(); }
public void run()
if (Thread.currentThread() != nme) return
doubl e item
i nt nappi ng;
while (true) {
if (Thread.interrupted()) {

Systemout. println("age=" + age() + ", " + nanme
+ " interrupted");
return;
}
napping = 1 + (int) randon(pNap);
Systemout.println("age=" + age() + ", " + nane

+ " napping for " + napping + " nms");
try { Thread. sl eep(napping); }
catch (InterruptedException e) {

Systemout.println("age=" + age() + ", " + nane
+ " interrupted from sleep”);
return;

item = random);

Systemout.println("age=" + age() + ", " + nane
+ " produced item" + item;

try { bb.deposit(item; }

catch (InterruptedException e) {

Systemout. println("age=" + age() + ", " + nanme
+ " interrupted fromdeposit");
return;
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Systemout.println("age=" + age() +
+ " deposited item" + item
}
}

i bm conl devel oper Wr ks

" " 4 pane

cl ass Consumer extends Sugar inplenments Runnabl e {

private String nane = null

private int cNap = 0; // mlliseconds
private BoundedBuffer bb = null;
private Thread ne = null;

public Consuner(String nane, int cNap, BoundedBuffer bb) {

thi s. namre = nane;

this.cNap = cNap;

this. bb = bb;

(me = new Thread(this)).start();

}

public void timeToQuit() { nme.interrupt();

public void pauseTil Done() throws Interrupt
{ me.join(); }

public void run() {

}
edException

if (Thread.currentThread() !'= ne) return

doubl e item
i nt nappi ng;
while (true) {
if (Thread.interrupted()) {

System out. println("age=" + age()
+ " interrupted");
return;

}
napping = 1 + (int) randon{cNap);
Systemout.println("age=" + age() +

+ ", " + nane

" " 4 pane

+ " napping for " + napping + " nms");

try { Thread. sl eep(napping); }

catch (InterruptedException e) {
Systemout. println("age=" + age()

+ " interrupted from sl eep");

return;

} .

Systemout.println("age=" + age() +
+ " wants to consume");

try { item= bb.fetch(); }

catch (InterruptedException e) {

Systemout. println("age=" + age()
+ " interrupted fromfetch");
return;

}
Systemout.println("age=" + age() +
+ " fetched item" + iten;
}
}

cl ass ProducersConsuners extends Sugar {
public static void nmain(String[] args) {
int nunSlots = 10;
nt nunProducers = 1
= 1,

i
i nt nunConsuner s
i
i

nt pNap = 2; /1 defaults
nt cNap = 2; /1 in
int runTime = 60; /1 seconds

/1 following set true in srbb.java runs
/!l so as not to try tojoin with a

/'l suspended thread and thus deadl ock
bool ean doJoin = true;

try {
nuntl ots = I nteger. parselnt(args[0]);

Concurrent programming in the Java language

+ ", " + nane
", "+ nane
+ ", " + nane
", "+ nane
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nunProducers = I nteger. parselnt(args[1]);
nunConsuners = I nteger. parselnt(args[2]);
pNap = Integer. parselnt(args[3]);
cNap = Integer.parselnt(args[4]);
runTime = I nteger.parselnt(args[5]);
doJoin = args[6].equal s("yes");
} catch (Exception e) { /* use defaults */ }
System out . printl n("ProducersConsuners:\n nuntl| ot s="
+ nunBlots + ", nunProducers=" + nunProducers
+ ", nunConsuners=" + nunConsuners + ", pNap="
+ pNap + ", cNap=" + cNap + ", runTinme=" + runTine);
/'l create the bounded buffer
BoundedBuf f er bb = new BoundedBuf f er (nuntl ot s) ;
/1 start the Producers and Consuners
/'l (they have self-starting threads)
Producer[] p = new Producer [ nunProducers];
Consuner[] ¢ = new Consuner[ nunConsuners] ;
new PseudoTi neSlicing(); // for Solaris, not Wndows 95/ NT

for (int i = 0; i < nunProducers; i++)
p[i] = new Producer (" PRODUCER'+i, pNap*1000, bb);
for (int i = 0; i < nunConsuners; i++)

c[i] = new Consumer (" Consumner"+i, cNap*1000, bb);
Systemout.printin("Al threads started");
/1 let themrun for a while
try {

Thr ead. sl eep(runTi me*1000) ;

Systemout. println("age=" + age()

+ ", time to termnate the threads and exit");
for (int i = 0; i < nunProducers; i++)
p[i].tinmeToQuit();
for (int i = 0; i < nunConsuners; i++)

c[i].timeToQuit();
Thr ead. sl eep(1000);

if (doJdoin) {
for (int i = 0; i < nunProducers; i++)
p[i].pauseTil Done();
for (int i = 0; i < nunConsuners; i++)

c[i].pauseTil Done();
} else
Systemout. println(" skipping pauseTil Done()");

} catch (InterruptedException e) { /* ignored */ }
System out. println("age=" + age()

+ ", all threads are done");
System exit(0);

}
}

Sample run of bwbb.java

% j avac bwbb.java bbdr.java
% j ava ProducersConsuners 10 1 1 2 2 5
Pr oducer sConsurmer s
nuntl ot s=10, nunProducers=1, nunConsumners=1, pNap=2, cNap=2, runTi nme=5
Java version=1.3.0
Java vendor =I BM Cor por ati on
OS nane=Li nux
OS arch=i 586
CS version=#1 Mon Sep 27 10: 25:54 EDT 1999. 2. 2.12-20
No PseudoTi meSlici ng needed
age=47, PRODUCERO napping for 1349 ns
age=66, Consuner0 napping for 201 ns
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All

threads started

i bm conl devel oper Wr ks

age=286, Consuner0 wants to consune

age=1406,
age=1422,
age=1423,
age=1424,
age=1426,
age=1475,
age=2636,
age=2637,
age=2638,
age=2640,
age=2641,
age=2795,
age=2797,
age=2798,
age=3668,
age=3668,
age=3669,
age=4708,
age=4709,
age=4710,
age=4725,
age=4726,
age=4727,
age=5078,
age=5081,
age=5082,
age=6088,

Concurrent programming in the Java language

PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0

produced item 0. 11775977233610768
deposited item0.11775977233610768
nappi ng for 1203 ns

fetched item0.11775977233610768
nappi ng for 39 ns

wants to consune

produced item 0. 717652488961075
deposited item 0. 717652488961075
nappi ng for 143 ns

fetched item 0.717652488961075
nappi ng for 1020 ns

produced item 0.29972388090543556
deposited item 0.29972388090543556
nappi ng for 1898 ns

wants to consumne

fetched item 0.29972388090543556
nappi ng for 1046 ns

produced item 0.5794441336470957
deposited item 0.5794441336470957
nappi ng for 955 ns

wants to consumne

fetched item 0.5794441336470957
nappi ng for 528 ns

time to termnate the threads and exit

PRODUCERO
Consuner 0
al |

interrupted from sl eep
interrupted from sl eep

t hreads are done
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Section 6. Race conditions

Some definitions

If two threads execute n=n+1 on a shared variable n at about the same time, their load and
store instructions might interleave so that one thread overwrites the update of the other.

This lost update leads to an erroneous result and is an example of a race condition. Race
conditions are possible when two or more threads share data, they are reading and writing
the shared data concurrently, and the final result of the computation depends on which one
does what when.

Examples of race conditions

Example race.java on page 24 demonstrates a lost update in whichsum=f n( sum nj plays
the role of n=n+1. Sample run of race.java on page 25 illustrates the results.

In Example rac2.java on page 25, a race condition between an ATM thread and an Auditor
thread in a bank exists. Sample run of rac2.java on page 26 shows the results.

Example srbb.java on page 27 shows we should not synchronize threads withsuspend()
and r esune() because a race condition is possible. If we try to replace busy waiting with
blocking in the bounded-buffer producer and consumer by having a thread suspend itself
until resumed by the other thread, we run the risk of both the producer thread and the
consumer thread becoming suspended, each waiting for the other to resume it.

Driver bbdr.java on page 20 creates the producer and consumer threads. Sample run of
srbb.java on page 28 demonstrates a sample run.

The next several panels display the code described in this section. To view the code, click
Next; or you can go directly to the next section, Synchronized blocks on page 30 , and return
to the code samples at another time.

Example race.java

cl ass Racer inplenments Runnable {
/1 these two fields are shared by both threads since
/1l there is only ONE object created fromthis class
private int M= 0;
private volatile long sum= 0; // note "volatile'
public Racer(int M { this. M=M }

private long fn(long j, int k) {
long total = j;
for (int i =1; i <=k; i++) total +=1i;

return total;

}

public void run() {
for (int m=1;, m<= M m+) sum= fn(sum nj;
Systemout.println("sum=" + sum;

}

class Racing {
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public static void nmain(String[] args) {
Racer racerObject = new Racer (2000);
Thread racer Threadl = new Thread(racer Qbj ect);
Thread racer Thread2 = new Thread(racer Qbj ect);
new PseudoTineSlicing(); // for Solaris, not Wndows 95/ NT
racer Threadl.start(); racerThread2.start();
try { racerThreadl.join(); racerThread2.join(); }
catch (InterruptedException e) { /* ignored */ }

Sample run of race.java

% j avac race.java

% j ava Racing

Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

OS arch=i 586

CS version=#1 Mon Sep 27 10:25:54 EDT 1999. 2. 2.12-20
No PseudoTi neSlici ng needed

sum = 1335334000

sum = 1394734020

Example rac2.java

cl ass Savi ngsAccount { public volatile int balance = 0; }
cl ass ATM ext ends Sugar inplenments Runnabl e {
private int numAccounts = O;
private Savi ngsAccount[] savi ngsAccount = null
public ATMint numAccounts, SavingsAccount[] savi ngsAccount) {
t hi s. numAccounts = numAccounts;
t hi s. savi ngsAccount = savi ngsAccount;

}
public void run() {
int fromAccount, toAccount, anount;
while (true) {
if (Thread.interrupted()) {
Systemout.println("age()=" + age()
+ ", ATMwas interrupted");
return;

}

fromAccount =

toAccount = (i

anount = 1 +
(int) randon(savi ngsAccount[fromAccount]. bal ance);

savi ngsAccount [ fromAccount] . bal ance -= anount;

savi ngsAccount [t oAccount]. bal ance += anount;

(int) randon(numAccounts);
nt) random( numAccounts);

}
}

cl ass Auditor extends Sugar inplenents Runnable {
private int numAccounts = O;
private Savi ngsAccount[] savi ngsAccount = null
public Auditor(int numAccounts, SavingsAccount[] savi ngsAccount) {
t hi s. numAccounts = numAccounts;
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t hi s. savi ngsAccount = savi ngsAccount;

}
public void run() {
int total;
while (true) {
try { Thread. sl eep(1000); }
catch (InterruptedException e) {

Systemout.println("age()=" + age()
+ ", Auditor interrupted fromsleep");
return;

total = 0;

for (int i = 0; i < numAccounts; i++)

total += savingsAccount[i]. bal ance;
Systemout.println("age()=" + age()
+ ", total is $" + total);
if (Thread.interrupted()) {
Systemout. println("age()=" + age()
+ ", Auditor was interrupted");
return;

}
}
}

cl ass Bank extends Sugar {
public static void main(String[] args) {
i nt numAccounts = 100;
int initialValue = 1000; // dollars
Savi ngsAccount[] savi ngsAccount = null;

try {
numAccounts = | nteger. parselnt(args[0]);
initial Value = Integer.parselnt(args[1]);

} catch (Exception e) { /* use defaults */ }
savi ngsAccount = new Savi ngsAccount [ numAccount s] ;

for (int i = 0; i < numAccounts; i++) {
savi ngsAccount[i] = new Savi ngsAccount ();
savi ngsAccount[i]. bal ance = initial Val ue;
}

Systemout.println("Bank open with " + numAccounts

+ " accounts, each starting with $" + initial Value);
new PseudoTineSlicing(); // for Solaris, not Wndows 95/ NT
Thread atm = new Thr ead(

new ATM nunmAccounts, savi ngsAccount));
Thread audi tor = new Thread(

new Audi t or (humAccount s, savi ngsAccount));
atmstart(); auditor.start();
try {

Thr ead. sl eep(10000) ;

atminterrupt(); atmjoin();

Thr ead. sl eep(3000);

auditor.interrupt(); auditor.join();
} catch (InterruptedException e) { /* ignored */ }
System exit(0);

Sample run of rac2.java

% javac rac2.java
% j ava Bank
Bank open with 100 accounts, each starting with $1000
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Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

OS arch=i 586

CS version=#1 Mon Sep 27 10:25:54 EDT 1999.2.2.12-20
No PseudoTi neSlici ng needed

age()=1171, total is $100000
age()=2191, total is $100000
age()=3201, total is $100000
age()=4211, total is $100000
age()=5221, total is $100000
age()=6231, total is $100000
age()=7241, total is $100000
age()=8251, total is $100000
age()=9261, total is $99999

age()=10171, ATM was interrupted
age()=10271, total is $100000

age()=11283, total is $100000

age()=12291, total is $100000

age()=13182, Auditor interrupted from sl eep
% j ava Bank 500000

Bank open w th 500000 accounts, each starting with $1000
Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

OS arch=i 586

CS version=#1 Mon Sep 27 10:25:54 EDT 1999.2.2.12-20
No PseudoTi neSlici ng needed

age()=10763, total is $499996968
age()=12418, total is $499992296
age()=14018, total is $499990606
age()=15669, total is $499986034
age()=17326, total is $500012696
age()=19020, total is $499974189
age()=19213, ATM was interrupted
age()=20968, total is $500000000
age()=23113, total is $500000000
age()=23114, Auditor was interrupted

Example srbb.java

class Bufferltem {
public volatile double value = 0;
public volatile bool ean occupi ed = fal se;
public volatile Thread thread = null;

cl ass BoundedBuffer {
/1 designed for a single producer thread and
/'l a single consuner thread
private int nuntlots = O;
private Bufferlteni] buffer = null;
private int putln = 0, takeCQut = O;
publ i c BoundedBuffer(int nuntlots) {
if (nundlots <= 0)
t hrow new ||| egal Argunent Exception("nunslots <= 0");
this.nuntSlots = nuntl ot s;
buf fer = new Bufferlten]nunslots];
for (int i = 0; i < nunSlots; i++)
buffer[i] = new Bufferltem();

public void deposit(doubl e val ue)
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buf fer[putln].val ue

throws | nterruptedException {

(buffer[putln].occupied) {
Thread producer = Thread. current Thread();

buffer[putln].thread = producer;

i bm conl devel oper Wr ks

/1 context switch possible here

pr oducer . suspend();
buffer[putln].thread = null;

= val ue;

buf fer[putln].occupied = true;

Thread consuner = buffer[putln].thread;
putln = (putln + 1)
I'= null) consuner.resune();

if

}
public double fetch()
throws | nterruptedException {

(consuner

doubl e val ue;
if (!buffer[takeQut]. occupied)
Thread consumer = Thread. current Thread();

buffer[takeQut].thread = consuner;

% nunBl ot s;

/1 context switch possible here

consumer . suspend() ;

buf fer[takeQut].thread = null

val ue = buffer[takeQut]. val ue;

buffer[takeQut].occupi ed = fal se;
Thread producer = buffer[takeCQut].thread;

takeQut = (takeCQut + 1)

if

(producer

return val ue;

% nuntl| ot s;
I'= null) producer.resune();

Sample run of srbb.java

% j avac srbb.java bbdr.java

% java ProducersConsuners 10 1 1 2 2 5 no

Pr oducer sConsuner s

nuntl ot s=10,

Java version=1.3.0
Java vendor =I BM Cor por ati on
GS nane=Li nux

OGS arch=i

586

nunPr oducer s=1

nunmConsumner s=1

pNap=2, cNap=2, runTi me=5

OS version=#1 Mon Sep 27 10:25:54 EDT 1999.2.2.12-20
No PseudoTi neSlici ng needed

age=48, PRODUCERO napping for 1549 ns
age=67, Consumner0 napping for 1861 ns

Al threads started

age=1609,
age=1625,
age=1626,
age=1949,
age=1950,
age=1952,
age=2347,
age=2617,
age=2618,
age=2619,
age=2638,
age=2640,
age=3009,

PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
Consuner 0
PRODUCERO
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
Consuner 0

Concurrent programming in the Java language

produced item 0. 37648945305426074
deposited item 0.37648945305426074
nappi ng for 974 s

wants to consume
fetched item 0.37648945305426074
nappi ng for 381 ns

wants to consume
produced item 0. 7493684193792439
fetched item 0.7493684193792439
nappi ng for 377 ns

deposited item 0. 7493684193792439
nappi ng for 1014 ns

wants to consume
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age=3667,
age=3668,
age=3669,
age=3686,
age=3688,
age=4048,
age=4187,
age=4188,
age=4189,
age=4207,
age=4208,
age=4727,
age=4728,
age=4729,
age=4877,
age=4877,
age=4878,
age=4906,
age=5077,
age=5098,
ski ppi ng
age=6087,

Concurrent programming in the Java language

PRODUCERO
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
Consuner 0
PRODUCERO
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
Consuner 0

i bm conl devel oper Wr ks

produced item 0.8117997960074402
fetched item 0.8117997960074402
nappi ng for 365 ns

deposited item 0.8117997960074402
nappi ng for 484 ns

wants to consune

produced item 0.8961043263431506
fetched item 0.8961043263431506
nappi ng for 675 ns

deposited item 0. 8961043263431506
nappi ng for 504 ns

produced item 0.34322613800540913
deposited item 0. 34322613800540913
nappi ng for 1195 ns

wants to consumne

fetched item 0.34322613800540913
nappi ng for 19 ns

wants to consune

tine to ternmnate the threads and exit

PRODUCERO

interrupted from sl eep

pauseTi | Done()

al |

t hreads are done
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Section 7. Synchronized blocks

Object locks

Every Java object has a lock. A synchronized block uses an object's lock to act like a binary
semaphore with the initial value "1", solving the mutual exclusion critical section problem:

hj ect obj = new Object();

synchroni zed (obj) { // in a method
/1 any code, e.g., critical section
}

The construct:

synchroni zed nmethod(...) {
/1 body of method

is an abbreviation for:

met hod(...) {
synchroni zed (this) {
. /1 body of nethod
}

}

That is, the entire body of the instance method is a synchronized block on the object
(keyword t hi s) the method is in.

The JLS does not guarantee that the thread that has waited the longest to lock an object will
be the next to obtain the lock when the object is unlocked.

Examples of synchronized blocks

Example parp.java on page 31 offers multithreaded prime number generation with a fixed
number of threads (using Class Prime.java on page 7 ). Sample run of parp.java on page 31
shows the results.

In Example norc.java on page 32, only one thread at a time is allowed to execute
sumef n(sum m . Sample run of norc.java on page 32 demonstrates the sample run.

The next several panels contain an exercise and display the code described in this section.
To view the exercise and code, click Next; or you can go directly to the next section,
Monitors on page 33, and return to the code samples at another time.

Try this exercise

Use a synchronized block to eliminate the race condition in Example rac2.java on page 25 .
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Example parp.java

class Parallel Primes inplenents Runnable {
private static int nl, n2, nChecked, nThreads, next;
private static boolean[] taken, isPrineg;
private object nutex = this; // or = new Object();
public void run() {
int mne = 0;
while (true) {
synchroni zed (nutex) {
while (next < nChecked && taken[next]) next++;
nm ne = next;
if (mne >= nChecked) return
taken[ m ne] = true;

if (Prinme.prime(nl + mne)) isPrine[mne] = true;

}
public static void main(String[] args) {
try {
nl = Integer.parselnt(args[0]);
n2 = Integer.parselnt(args[1]);

nThreads = | nteger.parselnt(args[2]);

} catch (Nunber For mat Exception e) {
Systemout.println("inproper formt");
Systemexit(1l);

} catch (Arrayl ndexQut OF BoundsException e) {
Systemout. println("not enough conmand |ine argunents");
Systemexit(1l);

}

Systemout.printlin("printing primes from" + nl + " to
+ n2 + " using " + nThreads + " threads");

nChecked = n2 - nl1 + 1

if (nChecked < 1 || nThreads > nChecked) {
System out. println("bad conmand |ine argunents");
Systemexit(1l);

}

taken = new bool ean[ nChecked] ;
i sPrime = new bool ean[ nChecked] ;

for (int i = 0; i < nChecked; i++)
taken[i] = isPrime[i] = fal se
next = O;

Thread[] t = new Thread[ nThreads];

/1 Al threads execute inside the SAME object and thus
/1l SHARE all data.

Runnabl e a = new Parall el Prinmes();

for (int i =0; i < nThreads; i++) t[i] = new Thread(a);
new PseudoTineSlicing(); // for Solaris, not Wndows 95/ NT
for (int i =0; i < nThreads; i++) t[i].start();
try {

for (int i =0; i < nThreads; i++) t[i].join();
} catch (InterruptedException e) { /* ignored */ }
for (int i = 0; i < nChecked; i++)

if (isPrime[i])
Systemout.println((nl +i) +

is prime");

Sample run of parp.java
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% j avac parp.java

% java Parallel Pri mes 1000000 1000060 5

printing prinmes from 1000000 to 1000060 using 5 threads
Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

CS arch=i 586

OS version=#1 Mon Sep 27 10: 25:54 EDT 1999.2.2.12-20
No PseudoTi neSlici ng needed

1000003 is prinme

1000033 is prine

1000037 is prinme

1000039 is prine

Example norc.java

cl ass Racer inplenments Runnable {
/'l these two fields are shared by both threads since
/'l there is only ONE object created fromthis class
private int M= 0;

private long sum= 0; // “volatile' no |onger needed
public Racer(int M { this. M=M }
private long fn(long j, int k) {

long total = j;

for (int i =1; i <=k; i++) total +=i

return total

}
public void run() {
for (int m=1, m<= M nmt+)
synchroni zed (this) { // entry protoco
sum= fn(sum nm; // critical section
} /] exit protocol
Systemout.println("sum=" + sun;

Sample run of norc.java

% javac norc.java

% j ava Raci ng

Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

CS arch=i 586

OS version=#1 Mon Sep 27 10: 25:54 EDT 1999.2.2.12-20
No PseudoTi neSlici ng needed

sum = 1335334000

sum = 2670668000
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Section 8. Monitors

Monitor structure and properties

Every Java object possesses a lock and these methods: wai t (), notify(), and
noti fyAll ().

A thread invoking a synchr oni zed method must acquire the lock of the object containing
the method before executing the method's code. The thread blocks if the object is already
locked.

A monitor has the following structure or pattern:

cl ass Monitor extends ...
private ... [/ data fields (state vari abl es)
Monitor(...) {...} [/ constructor
public synchroni zed type nethodl(...)
throws | nterruptedException {

.nbiifyAll(); /1 if any wait conditions altered
while (!conditionl) wait();

noti fyAll (); // if any wait conditions altered

public synchroni zed type nethod2(...)
throws | nterruptedException {

.nbiifyAll(); /1 if any wait conditions altered
while (!condition2) wait();

noti fyAll (); // if any wait conditions altered

A Java thread is interrupted when its i nt er rupt () method is called by another thread. This
call sets a flag in the interrupted thread that the latter can check periodically, allowing one
thread to tell another thread to stop itself or return allocated resources if it is not in the middle
of some critical operation. (A thread should check its interrupt flag before or after such
operations and take appropriate action when interrupted.)

Note the following important points:

* The thread blocked the longest on a monitor synchr oni zed method call is not
guaranteed to be the next thread to acquire the monitor lock when the monitor lock is
released.

* The thread blocked the longest in a monitor wai t () call is not guaranteed to be the
one removed from the wait set when a not i f y() is done by some other thread in the
monitor.

* The signaling discipline is signal-and-continue so barging is possible -- a thread waiting
for the monitor lock to execute a monitor synchr oni zed method might get the lock
before a signaled thread re-acquires it, even if the not i f y() occurred earlier than the
monitor method call. Thus:
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while (!'condition) ... wait() ... notifyAll()

is safer than:
if (!condition) ... wait() ... notify()

* Each monitor object has a single nameless anonymous condition variable. We cannot
signal with not i f y() one of several threads waiting on a specific condition. It is safer
touse noti fyAll () to awaken all waiting threads so they can recheck their waiting
conditions.

* AnotifyAll () needs to be done by a thread before awai t () if any state variables
were altered by the thread after entering the monitor, which might affect other
thread-waiting conditions. This also applies before leaving the monitor (returning from
the method).

* The data fields in a monitor need not be declared vol at i | e because all writes to
shared variables by a thread are completed before obtaining and before releasing the
monitor lock.

* |f a thread that is blocked inside a call to sl eep(ns),join(),orwait() is
interrupted, then these methods clear the thread's interrupt flag and throw an
| nt errupt edExcepti on instead of returning normally. Note that no exception is
thrown if a thread is interrupted while blocked waiting to acquire a monitor's lock to
execute a synchronized method.

* In contrast, | nt er r upt edExcept i on is thrown by wai t () if a thread that has been
notified is interrupted while blocked and waiting to reacquire the monitor lock. If an
| nt errupt edExcept i on occurs while a thread isinwai t (), the thread must
reacquire the monitor lock before executing the code in the cat ch block.

* |gnoring | nt er r upt edExcepti on, as in:
while (!'condition) try { wait(); }
catch (InterruptedException e) { }

is undesirable. The enclosing method should throw the exception back to the caller.

* The following code:
if (lcondition) try { wait(); }
catch (InterruptedException e) { }

is incorrect because a thread interrupted out of its wai t () then re-enters the monitor
without being notified.

* Whenacalltowait(m | |iseconds) returns, the program cannot tell for sure if the
wait was notified or if the wait timed out after the number of milliseconds elapsed.

* In some situations, we can use not i fy() instead of noti fyAl I () andi f
wai t () instead of while ... wait().However, itis extremely tricky and not
recommended because of a race condition between i nterrupt () and notify().
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Suppose several threads are blocked inside wai t () and then one of them is notified
and then interrupted before it reacquires the monitor lock. The noti fy() gets "lost" in
that one of the other waiting threads should now proceed. We need to catch the
exception when a thread is interrupted out of wai t () and regenerate the noti fy().

* |tis usually wrong to Thr ead. sl eep(ms) while inside a monitor object holding the
lock (during a synchronized method invocation). Other threads wanting to enter the
monitor will block to acquire the monitor object's lock and they cannot be interrupted
from this state.

It is better to set a flag and leave the monitor; other threads can then wai t () for the
flag to change. No thread holds the monitor's lock for any longer than to set or check
this flag.

As the following examples show, monitors can be used to synchronize threads that request
resources from and return resources to a server. This is called a client/server relationship.

The clients interact with the server but not with each other. The server monitor is a passive
object in the sense that no independent thread executes inside it; the code in the monitor is
executed only when a monitor method is invoked by a client thread.

Monitors can be awkward to use if the threads have a relationship other than a client/server
one.

Background material on monitors

Semaphores are like gotos and pointers -- they work okay but are error prone and lack
structure and "discipline.”

For example, a disastrous typo such as:

V(S); criticalSection(); V(S)

can lead to deadlock:

P(S); criticalSection(); P(S).

Nested critical sections can also lead to deadlock:

P1: P(Q); P(S); ... V(S); V(Q);
P2: P(S); P(Q); ... V(Q); V(S);

A monitor is an object with some built-in mutual exclusion and thread-synchronization
capabilities. Monitors are an integral part of the programming language so the compiler can
generate the correct code to implement the monitor. Only one thread can be active at a time
in the monitor ("active" meaning executing a method of the monitor).

Monitors also have condition variables on which a thread can wait if conditions are not right
for it to continue executing in the monitor. Some other thread can then get in the monitor and
perhaps change the state of the monitor. If conditions are now right, that thread can signal a
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waiting thread, moving the latter to the ready queue to get back into the monitor when it
becomes free.

Monitors can use either a signal-and-exit or sighal-and-continue signaling discipline. In
signal-and-exit , a signaling thread must leave the monitor immediately, at which point it is
guaranteed that the signaled thread is the next one in the monitor.

In signal-and-continue , the signaled thread is not guaranteed to be the next one in the
monitor. In fact, barging can take place -- some thread that has called a monitor method and
is blocked until the monitor is free can get into the monitor before a signaled thread.

Semaphores and monitors can be used to solve the so-called "classical" synchronization
problems found in many operating systems books: the sleeping barber, the five dining
philosophers, and the database readers and writers.

The sleeping barber. A barber waits to cut hair. Customers enter the waiting room and take
a seat if one is available. If the waiting room is full, they try again later. Otherwise, they wait
until their turn for a hair cut.

Five dining philosophers. Five philosophers sit around a table and think until hungry.
Between each is a fork (for a total of five forks). To eat, a hungry philosopher must have
exclusive access to both the fork on his left and right. If both forks are not free, the
philosopher waits.

The algorithm in Example dpmo.java on page 39 does not deadlock (it never happens that all
philosophers are hungry, each holding one fork and waiting for the other), allows maximal
parallelism (a philosopher never picks up and holds a fork while waiting for the other fork to
become available when the fork he is holding could be used for eating by its neighbor), but
also allows starvation (a philosopher's two neighbors can collaborate and alternate their
eating so the one in the middle never can use the forks).

If a philosopher can hold a fork while waiting for the other fork, deadlock is possible, an
extreme case of not having maximal parallelism. However, starvation is not possible. Each
fork is represented by a semaphore and each hungry philosopher does a "P" on its left fork
and then its right fork.

We can fix the deadlock problem and retain no starvation, but we still do not have maximal
parallelism. All philosophers pick up left then right except one designated philosopher who
picks up right then left.

Philosopher starvation can also be prevented by introducing a new state: very hungry. A
philosopher is put into this state if he is hungry, if one of his neighbors puts down his forks,
and if he cannot eat because the other fork is in use. A new rule is added -- a hungry
philosopher cannot eat if he has a very hungry neighbor. These changes prevent a
collaboration of two philosophers trying to starve the philosopher between them.

Readers and writers. A database can be accessed concurrently by threads that only want to
read, but a writer thread must have exclusive access with respect to other readers and
writers.

A solution might allow writers to starve if enough readers keep coming along to read the
database so that the number of current readers is always above zero.
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Writer starvation is prevented by requiring readers that come along to read the database to
wait if there is a waiting writer even if other readers are currently reading the database. When
the current readers finish, the waiting writer writes the database and then signals into the
database a waiting reader. Each entering reader signals another waiting reader into the
database.

Examples of monitors

Example dpmo.java on page 39 illustrates the dining philosophers monitor. Five philosophers
sit around a table and think until hungry. Between each pair of philosophers is one fork. A
hungry philosopher must have exclusive simultaneous access to both its left and right forks
in order to eat. If they are not both free, the philosopher waits. Driver dpdr.java on page 40
creates the philosopher threads. Sample run of dpmo.java on page 42 shows the sample run.

The figure below illustrates the dining philosophers monitor.

3 d—-—‘.l philosopher

[ /2 - Spaghetti |
':..' |
-/ B, |

Example bbmo.java on page 42 shows a bounded buffer monitor for a producer and
consumer. Multiple producer threads and multiple consumer threads are handled. A producer
thread deposits items and blocks if the bounded buffer fills up. A consumer thread fetches
items and blocks if the bounded buffer is empty. Driver bbdr.java on page 20 creates the
producer and consumer threads. Sample run of bbmo.java on page 43 shows the sample run.

The figure below illustrates the bounded buffer monitor for a producer and consumer,
handling multiple producer and consumer threads.
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full buffer slot

put_in —— s
Jraam—
=

Example inmo.java on page 44 simulates cars crossing at an intersection of two one-way
streets so that:

* Only one car can cross at a time

* A car can cross if there are no cars on the intersecting street waiting to cross

* |f two cars approach the intersection at about the same time, one of them will cross (no
deadlock)

* |f there are cars on the intersecting streets waiting to cross, then cars from the
intersecting streets take turns to prevent starvation

Driver indr.java on page 45 creates the car threads.Sample run of inmo.java on page 47
shows the results.

The following figure illustrates cars crossing at an intersection of two one-way streets.
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The next several panels contain exercises and display the code described in this section. To
view the exercises and code, click Next; or you can go directly to the next section,
Semaphores on page 50, and return to the code samples at another time.

Try these exercises

Exercise 1: Write a monitor for the database readers and writers problem. Multiple reader
threads can read the database simultaneously, but writer threads must have exclusive
access with respect to other reader and writer threads.

Exercise 2: Write a barrier monitor. Threads wait until all threads arrive at the barrier, then
they are all released.

Exercise 3: Whenanotify() ornotifyAl I () isdone inside a Java monitor, the next
thread to get inside the monitor (acquire the lock) is arbitrary. Therefore, the cars in the
intersection simulation going in the same direction do not necessarily go through the
intersection in the order they arrived at it (it is not FCFS). Fix this.

Example dpmo.java

cl ass Di ni ngServer extends Sugar {
private int nunPhils = 0;
private int[] state = null;
private static final int TH NKING = 0, HUNGRY = 1, EATING = 2;
public Di ni ngServer (int nunPhils) {
thi s. nunPhils = nunPhils;
state = new int[nunPhil s];
for (int i =0; i < nunPhils;

++) state[i] = TH NKI NG

public void dine(String nanme, int id, int napEat)
throws | nterruptedException {

try {
t akeForks(id);

eat (nane, napEat);

Concurrent programming in the Java language Page 39 of 124



Presented by developerWorks, your source for great tutorials

} finally { /1 Make sure we return
put Forks(id); // forks if interrupted

private final int left(int i)

{ return (nunmPhils + i - 1) %nunPhils;}
private final int right(int i)

{ return (i + 1) % nunPhils; }
private void test(int k)

if (state[left(k)] !'= EATING && state[K]

state[right(k)] != EATING
state[ k] = EATING

private void eat(String nanme, int napEat)
throws | nterruptedException {
i nt nappi ng;
napping = 1 + (int) random napEat);
System out.println("age=" + age() + ",
+ " is eating for " + napping + " ns")
Thr ead. sl eep( nappi ng) ;
}
private synchroni zed void takeForks(int i)
throws | nterruptedException {
state[i] = HUNGRY; test(i);
while (state[i] != EATING wait();
}
private synchroni zed void putForks(int i) {
if (state[i] !'= EATING return;
state[i] = THI NKI NG
test(left(i)); test(right(i));
noti fyAll();

i bm conl devel oper Wr ks

t he

== HUNGRY &&

+ nane

Driver dpdr.java

cl ass Phil osopher extends Sugar inplements Runn
private String nane = null;
private int id = 0;
private int napThink = 0; // both are in
private int napEat = 0; /1 mlliseconds
private DiningServer ds = null;
private Thread ne = null;
public Philosopher(int id, int napThink, int
Di ni ngServer ds) {
this. name = "Phil osopher " + id;
this.id = id;
thi s. napThi nk = napThi nk;
thi s. napEat = napEat;
this.ds = ds;
(me = new Thread(this)).start();

}
public void timeToQuit() { nme.interrupt(); }

abl e {

napEat ,

public void pauseTil Done() throws InterruptedException

{ me.join(); }

private void think() throws InterruptedException {

i nt nappi ng;
napping = 1 + (int) random(napThi nk);
Systemout.println("age=" + age() + ",

+ " is thinking for " + napping + " ns"

Thr ead. sl eep(nappi ng) ;

Concurrent programming in the Java language
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}
public void run() {
if (Thread.currentThread() != ne) return
while (true) {
if (Thread.interrupted()) {
System out. println("age=" + age() ", " + nane
+ " interrupted");
return;

+

}
try {
t hi nk();
} catch (InterruptedException e) {
Systemout. println("age=" + age() ", " + nane
+ " interrupted out of think");
return;

+

}
Systemout.println("age=" + age() + ", " + nane
+ " wants to dine");
try {
ds. di ne(name, id, napEat);
} catch (InterruptedException e) {
System out. println("age=" + age() ", " + nane
+ " interrupted out of dine");
return;

+

}
}
}

cl ass Di ni ngPhi | osophers extends Sugar {
public static void main(String[] args) {
i nt nunPhi |l osophers = 5;
int runTime = 60; /'l seconds
int napThink = 8, napEat = 2;
try {
nunPhi | osophers = I nteger. parselnt(args[0]);
runTime = I nteger.parselnt(args[1]);
napThi nk = I nteger. parselnt(args[2]);
napEat = | nteger. parselnt(args[3]);
} catch (Exception e) { /* use defaults */ }
System out . printl n("Di ni ngPhi | osophers: nunPhil osophers="
+ nunPhi | osophers + ", runTime=" + runTi ne
+ ", napThi nk=" + napThink + ", napEat=" + napEat);
/'l create the D ningServer object
Di ni ngServer ds = new Di ni ngServer ( nunPhi | osophers);
/'l create the Phil osophers
/'l (they have self-starting threads)
Phi | osopher[] p = new Phil osopher[ nunPhi | osophers];
for (int i = 0; i < nunPhilosophers; i++) p[i] =
new Phi | osopher (i, napThi nk*1000, napEat*1000, ds);
Systemout.println("Al Philosopher threads started");
/1 let the Philosophers run for a while
try {
Thr ead. sl eep(runTi ne*1000) ;
System out. println("age=" + age()
+ ", time to terminate the Phil osophers and exit");
for (int i = 0; i < nunPhil osophers; i++)
p[i].tinmeToQuit();
Thr ead. sl eep(1000);
for (int i = 0; i < nunPhil osophers; i++)
p[i].pauseTil Done();
} catch (InterruptedException e) { /* ignored */ }
System out. println("age=" + age()
+ ", all Philosophers are done");
System exit(0);
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Sample run of dpmo.java

% j avac dpno.java dpdr.java
% j ava Di ni ngPhi |l osophers 5 6 4 1

Di ni ngPhi | osophers: nunPhi | osophers=5, runTi ne=6,
age=37, Philosopher 0 is thinking for 2952 ns
age=56, Philosopher 1 is thinking for 3012 ns
age=59, Phil osopher 2 is thinking for 508 ns
age=61, Philosopher 3 is thinking for 456 ns

Al'l Phil osopher threads started

age=63, Philosopher 4 is thinking for 120 ns
age=186, Phil osopher 4 wants to dine

age=187, Philosopher 4 is eating for 205 ns
age=406, Philosopher 4 is thinking for 839 ns
age=525, Phil osopher 3 wants to dine

age=526, Philosopher 3 is eating for 107 ns
age=575, Phil osopher 2 wants to dine

age=646, Philosopher 2 is eating for 111 ns
age=646, Phil osopher 3 is thinking for 1746 s
age=776, Philosopher 2 is thinking for 3522 ns
age=1258, Phil osopher 4 wants to di ne

age=1259, Phil osopher 4 is eating for 861 ns
age=2136, Phil osopher 4 is thinking for 3759 s
age=2406, Phil osopher 3 wants to di ne

age=2406, Phil osopher 3 is eating for 878 ns
age=3008, Phil osopher 0 wants to di ne

age=3009, Phil osopher 0 is eating for 881 ns
age=3086, Phil osopher 1 wants to di ne

age=3296, Phil osopher 3 is thinking for 546 ns
age=3855, Phil osopher 3 wants to di ne

age=3856, Phil osopher 3 is eating for 648 ns
age=3908, Phil osopher 0 is thinking for 2945 ns
age=3909, Phil osopher 1 is eating for 102 ns
age=4026, Phil osopher 1 is thinking for 3699 ns
age=4316, Phil osopher 2 wants to di ne

age=4516, Phil osopher 2 is eating for 10 ns
age=4517, Philosopher 3 is thinking for 414 ms
age=4536, Phil osopher 2 is thinking for 1593 ns
age=4947, Phil osopher 3 wants to di ne

age=4948, Phil osopher 3 is eating for 898 ns
age=5856, Phil osopher 3 is thinking for 687 ns
age=5905, Phil osopher 4 wants to di ne

age=5906, Phil osopher 4 is eating for 516 ns
age=6066, tinme to termnate the Phil osophers and exit
age=6069, Phil osopher 1 interrupted out of think
age=6070, Phil osopher 2 interrupted out of think
age=6071, Phil osopher 4 interrupted out of dine
age=6073, Phil osopher 3 interrupted out of think
age=6086, Phil osopher 0 interrupted out of think
age=7076, all Philosophers are done

napThi nk=4,

napEat =1

Example bbmo.java

cl ass BoundedBuffer {
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/1 designed for nultiple producer threads and
/1 multiple consumer threads
private int nuntlots = 0;
private double[] buffer = null;
private int putln = 0, takeQut = O;
private int count = O;
publ i ¢ BoundedBuffer(int nuntlots) {
if (nuntlots <= 0)
t hrow new || | egal Argunent Exception("nuntlots <= 0")
this. nunSl ots = nuntl ot s;
buf fer = new doubl e[ nunsl ot s];

public synchroni zed voi d deposit(doubl e val ue)
throws | nterruptedException {
while (count == nuntlots) wait();
buffer[putln] = val ue;
putln = (putln + 1) % nuntl ot s;
count ++; /'l wake up all those waiting due to
notifyAll(); // signal-and-continue and barging

public synchroni zed doubl e fetch()
throws | nterruptedException {
doubl e val ue;
while (count == 0) wait();
val ue = buffer[takeQut];
takeQut = (takeCQut + 1) % nunfl ots;
count - -; /1 wake up all those waiting due to
notifyAll (); // signal-and-continue and bargi ng
return val ue;

Sample run of bbmo.java

% j avac bbno.java bbdr.java
% j ava ProducersConsuners 10 2 3 2 3 6
Producer sConsuner s

nuntl ot s=10, nunProducers=2, nunConsumners=3, pNap=2, cNap=3, runTi me=6

Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

OS arch=i 586

CS version=#1 Mon Sep 27 10:25:54 EDT 1999.2.2.12-20
No PseudoTi neSlici ng needed

age=42, PRODUCERO napping for 1248 s

age=61, PRODUCER1 napping for 1702 ns

age=65, Consuner0 napping for 226 ns

age=67, Consunerl napping for 94 ns

Al threads started

age=69, Consumer?2 napping for 2504 ns

age=171, Consunerl wants to consune

age=301, Consuner0 wants to consune

age=1303, PRODUCERO produced item 0.5251246705209369
age=1319, PRODUCERO deposited item 0.5251246705209369
age=1320, PRODUCERO napping for 889 ns

age=1321, Consuner0 fetched item 0.5251246705209369
age=1323, Consuner0 napping for 1049 ns

age=1781, PRODUCERL produced item 0.9915848089197059
age=1782, PRODUCER1 deposited item 0.9915848089197059
age=1783, PRODUCER1 napping for 297 ns

age=1784, Consunerl fetched item 0.9915848089197059
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age=1785,
age=2093,
age=2094,
age=2095,
age=2221,
age=2222,
age=2223,
age=2380,
age=2381,
age=2382,
age=2580,
age=2581,
age=2582,
age=3051,
age=3123,
age=3124,
age=3125,
age=3126,
age=3127,
age=3211,
age=3212,
age=3213,
age=3340,
age=3342,
age=3343,
age=3590,
age=3592,
age=3593,
age=3931,
age=3931,
age=3932,
age=4261,
age=4262,
age=4263,
age=4624,
age=4625,
age=4626,
age=4790,
age=4791,
age=4792,
age=5041,
age=5041,
age=5042,
age=5081,
age=5082,
age=5083,
age=5521,
age=5521,
age=5522,
age=6051,
age=6052,
age=6053,
age=6071,
age=6074,
age=6075,
age=6077,
age=6078,
age=6091,
age=7081,

Consuner 1
PRODUCER1
PRODUCER1
PRODUCER1
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
Consuner 2
Consuner 2
Consuner 2
Consuner 1
PRODUCER1
PRODUCER1
PRODUCER1
Consuner 1
Consuner 1
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
PRODUCER1
PRODUCER1
PRODUCER1
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 2
Consuner 2
Consuner 2
Consuner 0
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 1
Consuner 1
Consuner 1
PRODUCER1
PRODUCER1
PRODUCER1

tine to ternminate the

PRODUCER1
Consuner 0
Consuner 2
Consuner 1
PRODUCERO
al |

i bm conl devel oper Wr ks

nappi ng for 1253 ns

produced item 0. 4866393343763298
deposited item 0. 4866393343763298
nappi ng for 1018 ns

produced item 0.40569282834803577
deposi ted item 0.40569282834803577
nappi ng for 974 ns

wants to consune

fetched item 0.4866393343763298
nappi ng for 1531 ns

wants to consume

fetched item 0.40569282834803577
nappi ng for 2197 ns

wants to consune

produced item 0.9581218200181911
deposited item 0.9581218200181911
nappi ng for 1125 ns

fetched item 0.9581218200181911
nappi ng for 2387 ns

produced item 0.9155450402123771
deposited item 0.9155450402123771
nappi ng for 118 ns

produced item 0.2431689653301975
deposited item 0.2431689653301975
nappi ng for 235 ns

produced item 0. 06587542278093239
deposited item 0. 06587542278093239
nappi ng for 1014 ns

wants to consume

fetched item 0.9155450402123771
nappi ng for 1100 ns

produced item 0.2895572679671733
deposited item 0.2895572679671733
nappi ng for 1776 ns

produced item 0.08728828492428509
deposi ted item 0. 08728828492428509
nappi ng for 446 ns

wants to consune

fetched item 0.2431689653301975
nappi ng for 2471 ns

wants to consume

fetched item 0.06587542278093239
nappi ng for 1068 ns

produced item 0.8313015436389664
deposited item 0.8313015436389664
nappi ng for 1416 ns

wants to consume

fetched item 0.2895572679671733
nappi ng for 2887 ns

produced item 0. 14766226608250066
deposited item 0. 14766226608250066
nappi ng for 534 ns

threads and exit
from sl eep

from sl eep

from sl eep

from sl eep

from sl eep

i nterrupted
i nterrupted
i nterrupted
i nterrupted
i nterrupted

t hreads are done

Example inmo.java
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class Intersection extends Sugar {
public static final int LEFT = 0, RIGHT = 1;
private int[] waiting = {0, 0};
private int |astToCross = O;
private bool ean crossing = fal se;
public String howint direction) {
if (direction == LEFT) return "left";
else if (direction == RIGHT) return "right";
el se return "invalid";

public void crosslntersection
(String nane, int direction, int cNap)
throws | nterruptedException {
want ToCr oss(di rection);

try {
cross(nane, direction, cNap);
} finally {

/1 If we are interrupted while crossing, we nmust do this.

doneCr ossi ng() ;

}

private int other(int direction) {
if (direction == LEFT) return R GHT
else if (direction == RIGHT) return LEFT;
el se return -1;

private synchroni zed void want ToCross (int direction)

throws | nterruptedException {
wai ting[direction]++;
try {

while (crossing || (waiting[other(direction)] > 0

&& |l ast ToCross == direction))
wai t();
| ast ToCross = direction
crossing = true;

} finally { /1 If we are interrupted while
wai ting[direction]--; /] waiting to cross, do this.
private void cross(String nane, int direction, int cNap)
throws | nterruptedException {
i nt nappi ng;
napping = 1 + (int) randon{cNap);
Systemout.println("age=" + age() + ", " + nane

+ " CROSSING " + how(direction) + " for "

+ napping + " ns");
Thr ead. sl eep( nappi ng);

private synchroni zed void doneCrossing () {
crossing = fal se;
noti fyAll();

Driver indr.java

cl ass Car extends Sugar inplenments Runnabl e {
private String nane = null
private int dNap = 0; // nilliseconds
private int cNap = 0; // mlliseconds
private int direction;
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private Intersection in = null

private Thread ne = null;

public Car(String nane, int dNap, int cNap
int direction, Intersection in) {

t hi s. name = nane;

this. dNap = dNap;

this.cNap = cNap;
this.direction = direction;
this.in =in;

(me = new Thread(this)).start();

}
public void timeToQuit() { nme.interrupt();

i bm conl devel oper Wr ks

public void pauseTil Done() throws InterruptedException

{ me.join(); }
public void run() {

if (Thread.currentThread() !'= ne) return
i nt nappi ng;
while (true) {
if (Thread.interrupted()) {
System out. println("age=" + age() +
+ " interrupted");
return;
}
napping = 1 + (int) randon{dNap);
Systemout. println("age=" + age() + "

+ " napping for " + napping + "
try { Thread. sl eep(napping); }
catch (InterruptedException e) {

Systemout.println("age=" + age() +

+ " interrupted from sl eep");
return;
} .
System out. println("age="
+ " wants to cross "

try { in.crosslntersection(nane, direction,

catch (InterruptedException e) {
System out. println("age="

return;

}

Systemout.println("age=" + age() + "
+ in.howdirection));

+ " crossed "

}
}

}
cl ass Left Ri ght Cars extends Sugar {
public static void nmain(String[] args) {
int nunLefts = 3;
nt nunRi ghts = 3;

i
int | Nap = 2; /1 defaults
int rNap = 2; /1 are
int cNap = 2; /1 in
int runTime = 60; /1 seconds
try {
nuniefts = I nteger.parselnt(args[O

1)
nunRi ghts = I nteger. parselnt (args[1]

| Nap = Integer.parselnt(args[2]);
rNap = Integer. parselnt(args[3]);
cNap = Integer.parselnt(args[4]);
runTime = I nteger.parselnt(args[5]);

+ age() + "
+ in.howdirection));

+ age() +
+ " interrupted fromcrossing");

);

", " + nane

+ nane

ns");

" " 4 pane

+ nane

CNap); }

" " 4 pane

+ nane

} catch (Exception e) { /* use defaults */ }

Systemout.println("LeftsRights:\n nuniLefts="
| Nap="

+ ", nunRi ghts=" + nunRights + ",
+ ", rNap=" + rNap + ", cNap=" + cNap
+ ", runTime=" + runTine);

Concurrent programming in the Java language

+ nunliefts
+ | Nap

Page 46 of 124



Presented by developerWorks, your source for great tutorials i bm com devel oper Wr ks

/] create the intersection
Intersection in = new Intersection();
/1l start the left crossing and right crossing
/'l cars (they have self-starting threads)
Car[] ¢ = new Car[nuniefts + nunRi ghts]
for (int i =0; i < nunmLefts + nunRights; i++)
c[i] = new Car("Car"+i, (i<nurlLefts?l Nap:rNap)*1000
cNap*1000, (i<nunLefts?in.LEFT:in.RIGHT), in);
Systemout.printin("Al threads started");
/1 let themrun for a while

try {
Thr ead. sl eep(runTi me*1000) ;

Systemout. println("age=" + age()
+ ", time to termnate the threads and exit");
for (int i =0; i < nunefts + nunRights; i++)

c[i].timeToQuit();
Thr ead. sl eep(1000);
for (int i =0; i < nunmLefts + nunRights; i++)
c[i]. pauseTil Done();
} catch (InterruptedException e) { /* ignored */ }
Systemout. println("age=" + age()
+ ", all threads are done");
System exit(0);

Sample run of inmo.java

% javac inno.java indr.java
%java LeftRightCars 3 3 22 25

LeftsRi ghts:

nuniefts=3, nunRi ghts=3, | Nap=2, rNap=2, cNap=2, runTi ne=5
age=40, Car0 napping for 1040 ns
age=59, Carl napping for 1187 ns
age=62, Car?2 napping for 1603 ns
age=64, Car3 napping for 1932 ns
age=66, Car4 napping for 986 ns
Al'l threads started
age=68, Car5 napping for 1426 ns
age=1061, Car4 wants to cross right
age=1063, Car4 CROSSI NG right for 1791 ms
age=1088, Car0 wants to cross |left
age=1258, Carl wants to cross left
age=1509, Car5 wants to cross right
age=1679, Car2 wants to cross left
age=2011, Car3 wants to cross right
age=2869, Car2 CROSSING |l eft for 1180 ns
age=2870, Car4 crossed right
age=2871, Car4 napping for 1441 s
age=4061, Car2 crossed |left
age=4062, Car?2 napping for 580 ns
age=4063, Car3 CROSSING right for 974 ns
age=4329, Car4 wants to cross right
age=4648, Car2 wants to cross |left
age=5051, Car2 CROSSING |l eft for 405 ns
age=5052, Car3 crossed right
age=5052, Car3 napping for 1988 ns
age=5069, tine to termnate the threads and exit
age=5072, Car2 interrupted from crossing
age=5073, Car4 interrupted from crossing
age=5075, Car3 interrupted from sl eep
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age=
age=
age=
age=

5076, Car5
5089, CarO
5090, Car1l
6079, all

interrupted fromcrossing

interrupted from crossing

interrupted from crossing
t hreads are done

%java LeftRightCars 51 1515
LeftsRi ghts:
nunmLefts=5, n

age=
age=
age=
age=
age=

All

33, Car0O n
53, Carl n
55, Car2 n
57, Car3 n
59, Car4 n
t hreads st

i bm conl devel oper Wr ks

unRi ght s=1, | Nap=1, rNap=5, cNap=1, runTi ne=5

appi ng for 550 ns
apping for 760 ns
apping for 123 ns
apping for 59 ns
apping for 874 ns
arted

age=61, Car5 napping for 1033 ns

age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=
age=

122, Car3

123, Car3

191, Car?2

352, Car2

353, Car3

354, Car3

591, CarO

661, Car3

821, Carl

863, Car1l

865, Car?2

867, Car2

944, Car4

1011, Car2
1042, CarO
1043, Car1l
1043, Carl
1111, Car5
1924, CarO
1925, CarO
1926, Car5
1992, Car1l
2062, CarO
2622, CarO
2623, Car5
2624, Car5s
2914, Car5
3012, CarO
3012, CarO
3013, Car5
3441, CarO
3762, CarO
3763, Car5
3764, Car5b
3872, CarO
3872, CarO
3873, Carl
4053, Carl
4054, Carl
4055, Car?2
4091, Carl
4191, CarO
4752, CarO
4753, Car?2
4754, Car2
5062, tine
5065, Carl
5067, Car2
5068, Car4
5069, Car3
5070, Car5

wants to cross |eft
CROCSSING | eft for 220 ns
wants to cross |eft
CROSSING | eft for 499 ns
crossed | eft
nappi ng for 295 ns
wants to cross |eft
wants to cross |left
wants to cross |eft
CRCSSING | eft for 161 ns
crossed | eft
nappi ng for 134 ns
wants to cross |eft
wants to cross |left
CRCOSSING | eft for 867 ns
crossed left
nappi ng for 936 ns
wants to cross right
crossed | eft
nappi ng for 129 ns
CRCSSING right for 682 ns
wants to cross |left
wants to cross |eft
CRCSSING | eft for 377 ns
crossed right
nappi ng for 276 ns
wants to cross right
crossed left
nappi ng for 417 ns
CROSSING right for 740 ns
wants to cross |eft
CRCSSING | eft for 95 ns
crossed right
nappi ng for 2783 ns
crossed | eft
nappi ng for 307 ns
CRCOSSING |l eft for 165 ns
crossed left
nappi ng for 24 ns
CRCSSING | eft for 681 ns
wants to cross |eft
wants to cross |left
CROSSING | eft for 566 ns
crossed left
nappi ng for 329 ns
to termnate the threads and exit
interrupted from crossing
interrupted from sl eep
interrupted from crossing
interrupted from crossing
interrupted from sl eep
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age=5082, CarO interrupted fromcrossing
age=6072, all threads are done
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Section 9. Semaphores

User-written classes

The following user-written semaphore classes are Java monitors:

Abstract Class Semaphore.java on page 53

Counting semaphore Class CountingSemaphore.java on page 54

Binary semaphore Class BinarySemaphore.java on page 54

Syntactic sugar Class SugarSM.java on page 54 soP( S) can be used instead of S. P()

*
*
*
*

Background material on semaphores

Semaphores can be used for mutual exclusion and thread synchronization. Instead of busy
waiting and wasting CPU cycles, a thread can block on a semaphore (the operating system
removes the thread from the CPU scheduling or "ready" queue) if it must wait to enter its
critical section or if the resource it wants is not available.

Here's an example of mutual exclusion pseudocode:

semaphore S = 1; ... P(S); N=N+1; V(S);

And here's an example of condition synchronization pseudocode (resource availability):

semaphore tapeDrives = 7; ... P(tapeDrives); useTapeDrive(); V(tapeDrives);

Java does not have explicit binary and counting semaphores, so they are provided as
classes.

Pitfalls

The example of a counting semaphore shown in the following figure and in Class
BadCountingSemaphorel.java on page 54 is not correct because ofbarging. We can repair
the problem by changing the semantics of the semaphore val ue field. For code samples,
see Class Semaphore.java on page 53 ,Class CountingSemaphore.java on page 54 ,Class
BinarySemaphore.java on page 54 ,Class SugarSM.java on page 54 ,Class
BadCountingSemaphorel.java on page 54 , andClass BadCountingSemaphore2.java on
page 55.
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threads T1 T2 T3 T4 T8 T& value
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Suppose the semaphore's current value is "0". Three threads invoke the semaphore's P()
method and wait. Then another thread calls V() , which moves one of the three waiting
threads to the runnable set.

Now suppose a couple of other threads barge ahead of the signaled thread and perform two
more V() operations on the semaphore. Because the semaphore's value is positive,
noti fy() is not called and none of the waiting threads is moved to the runnable set.

Finally, the thread signaled by the first V() re-enters the semaphore monitor, decrements the

semaphore value from "3" to "2", and leaves the monitor. The monitor has two waiting
threads and a positive value. This is an inconsistent state for a counting semaphore.
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To fix this, we could try changing the semantics of the semaphore val ue field, as in this
counting semaphore, Class BadCountingSemaphore2.java on page 55 . The value is allowed
to go negative, in which case its absolute value equals the number of waiting threads.

This approach fixes the barging problems but introduces an i nt er r upt () problem.
Suppose the semaphore value is "-1" due to one thread blocked in wai t () inside P() . Then
suppose that thread is interrupted. The value is left at "-1" even though no threads are
blocked in P() . The next V() will increment the value to "0" whereas it should now be "1".

Another, more insidious problem is present: a race condition between i nt errupt () and
noti fy() . Suppose several threads are blocked inside wai t () and then one of them is
notified and then interrupted before it reacquires the monitor lock. The noti fy() gets "lost"
in that one of the other waiting threads should now proceed.

So we need to catch the exception when a thread is interrupted out of wai t () and
regenerate the noti fy().

Examples of semaphores

Example bbou.java on page 56 shows the bounded buffer producer and consumer.Driver
bbdr.java on page 20 creates the producer and consumer threads. Sample run of bbou.java
on page 56 is the sample run.

Example dphi.java on page 57 highlights dining philosophers.Driver dpdr.java on page 40
creates the philosopher threads. The sample run is Sample run of dphi.java on page 58 .

Try these exercises

Exercise 1: Modify Example bbou.java on page 56 so that it correctly handles multiple
producer and multiple consumer threads.

Exercise 2: Write a semaphore solution for the database readers and writers problem.

Exercise 3: Write a semaphore solution for the cars at an intersection problem.

Security issues in monitors and synchronization

The publi ¢ void run() method in a Thr ead or Runnabl e object can be invoked by any
thread that has a reference to the Thr ead or Runnabl e object. So we prevent that at the
beginning of the r un() method withi f (Thread. current Thread() !'= nme) return;.

An object's lock is accessible to any thread that has a reference to the object. This can upset
the operation of a monitor if some thread decides to do something like this:

synchroni zed (nonitor) ({
Thr ead. sl eep(veryLongTi ne) ;
Il or
i nvert (veryLargeMatri x);

}
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The following technique is not so bad because of the whil e (! condi ti on) loop that a
wai t () is done in. But it does add overhead:

synchroni zed (nonito

r) {
nmoni tor. noti fyAll (
}

~—

To protect our code from this mischief, we can code a monitor as follows, using a counting
semaphore as an example. We use a wrapper class and delegate P() and V() to a private
counting semaphore inside the wrapper class:

cl ass Secur eCounti ngSenmaphore {
private CountingSenmaphore S = null
Secur eCount i ngSermaphore(int initial)
{ S = new CountingSermaphore(initial); }
void P() throws InterruptedException { S.P(); }
void V() { S V(); }

Another way is to use a private lock object inside the semaphore class and change
synchronized methods to use the private lock:

cl ass SecureCounti ngSenmaphore {
private int value = 0;
private Cbject nutex = new Object();
Secur eCount i ngSemaphore(int initial)
{ value = initial; }
void P() throws InterruptedException {
synchroni zed (nutex)
{ while (value == 0) nmutex.wait(); value--; }

}
void V() {
synchroni zed (nutex)
{ value++; nmutex.notifyAl(); }

The next several panels display the code described in this section. To view the code, click
Next; or you can go directly to the next section, Message passing on page 60 , and return to
the code samples at another time.

Class Semaphore.java

public abstract class Semaphore {
private int value = 0;
public Semaphore() {} // constructors
public Semaphore(int initial) {
if (initial >= 0) value = initial
el se throw new |11 egal Argunent Exception("initial < 0");

public final synchronized void P()
throws | nterruptedException {
while (value == 0) wait();
val ue- -;
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protected final synchronized void Vc() {
val ue++; notifyAl();

protected final synchronized void Vb() {
this.ve(); if (value > 1) value =1

public abstract void V();
public String toString() { return ".value=" + value; }

Class CountingSemaphore.java

public final class CountingSemaphore extends Semaphore {
public Counti ngSemaphore() { super(); } [// constructors
public CountingSemaphore(int initial) { super(initial); }
public final synchronized void V() { super.Vc(); }

}

Class BinarySemaphore.java

public final class BinarySenmaphore extends Senmaphore {
public Bi narySemaphore() { super(); } // constructors
public Bi narySemaphore(int initial) {
super(initial);
if (initial > 1)
throw new |11 egal Argunent Exception("initial > 1");

}
public final synchronized void V() { super.Vb(); }
}

Class SugarSM.java

public abstract class Sugar SM ext ends Sugar {
/1 syntactic sugar for semaphores
protected static final void P(Senmaphore s)
throws | nterruptedException { s.P();
protected static final void V(Semaphore s) { s.V(); }

}

Class BadCountingSemaphorel.java

public class BadCounti ngSemaphorel {
private int value = 0;
publ i ¢ BadCounti ngSemaphorel(int initial)
{ if (initial > 0) value =initial; }
public synchronized void P()
throws | nterruptedException {
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while (value == 0) wait();
val ue- -;

public synchronized void V() {
if (value == 0) notify(); // barging causes problens
val ue++;

Class BadCountingSemaphore2.java

public cl ass BadCounti ngSemaphore2 {
private int value = 0;
publ i ¢ BadCounti ngSemaphore2(int initial)
{ if (initial > 0) value =initial; }
public synchronized void P()
throws | nterruptedException {
val ue- -;
if (value < 0) wait();

public synchronized void V() {
val ue++;
if (value <= 0) notify(); // interrupt causes probl ens

}
}

Class EfficientCountingSemaphore.java

public class EfficientCountingSemaphore {
private int value = 0;
private int waitCount = 0;
private int notifyCount = O;
public EfficientCountingSemaphore() {} // constructors
public EfficientCountingSemaphore(int initial) {
if (initial >=0) value = initial
el se throw new ||| egal Argunent Exception("initial < 0");

public synchronized void P()
throws | nterruptedException {
if (value <= waitCount) {
wai t Count ++;
try {
do { wait(); }
while (notifyCount == 0);
} catch(InterruptedException e) {
notify();
t hr ow e;
} finally { waitCount--; }
noti f yCount - -;
} else {
if (notifyCount > wait Count)
noti f yCount - -;
}

val ue- -;

}
public synchronized void V() {
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val ue++;

if (wai
notif
notif

t Count > notifyCount) ({
yCount ++;

y();
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Example

cl ass Bound
/1 desig
/1 a sin
private
private
private
private
private
private
private

bbou.java

edBuf fer extends Sugar SM {

ned for a single producer thread and
gl e consuner thread

int nunBlots = O;

doubl e[] buffer = null;

int putln = 0, takeCQut = 0;

int count = O;

Bi narySemaphore nutex = null
Count i ngSemaphore el ements = nul |
Count i ngSemaphor e spaces = nul |

publ i ¢ BoundedBuffer(int nuntlots) {

if (n

untSl ots <= 0)

t hrow new ||| egal Argunent Exception("nunslots <= 0");

this.
buffe
nmut ex
el emre
space

public v
th

nuntl ots = nuntl ot s;
r = new doubl e[ nunStl ot s];
= new Bi narySenmaphore(1);
nts = new Counti ngSemaphore(0);
s = new Counti ngSemaphor e( nuntl ot s) ;

oi d deposit(doubl e val ue)
rows | nterruptedException {

P(spaces);

buffe
putln
P( mut
V(el e

}
public d
th
doubl
P(el e
val ue

r{putln] = value;

= (putln + 1) % nuntl ot s;
ex); count++; V(nutex);
ment s) ;

oubl e fetch()

rows | nterruptedException {
e val ue;

ments) ;

= buffer[takeQut];

takeQut = (takeCQut + 1) % nuntl ots;

P( mut

ex); count--; V(nutex);

V(spaces);

retur

n val ue;

Sample run of bbou.java

% j avac bbo
% java Prod
Pr oducer sCo

nuntl ot s=1
Java versio

u.java bbdr.java
ucersConsuners 10 1 1 2 2 5
NSUners:

0, nunProducers=1, numConsuners=1, pNap=2, cNap=2, runTi ne=5

n=1.3.0

Concurrent programming in the Java language
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Java vendor =I BM Cor por ati on

OS nane=Li nux

CS arch=i 586

CS version=#1 Mon Sep 27 10: 25:54 EDT 1999.2.2.12-20
No PseudoTi neSlici ng needed

age=44, PRODUCERO napping for 1701 ns

age=63, Consuner0 napping for 982 ns

Al'l threads started

age=1065, Consuner0 wants to consune

age=1763, PRODUCERO produced item 0.8235080062047989

age=1779, PRODUCERO deposited item 0.8235080062047989

age=1780, PRODUCERO napping for 1223 ns

age=1781, Consuner0 fetched item 0.8235080062047989
age=1783, Consuner0 napping for 529 ns

age=2325, Consuner0 wants to consune

age=3016, PRODUCERO produced item 0.5752891675481963

age=3018, PRODUCERO deposited item 0.5752891675481963

age=3019, PRODUCERO napping for 1794 ns
age=3020, Consuner0 fetched item 0.5752891675481963
age=3021, Consuner0 napping for 1824 ns
age=4825, PRODUCERO produced item 0.5010012702583668

age=4826, PRODUCERO deposited item 0.5010012702583668

age=4827, PRODUCERO napping for 1299 ns

age=4852, Consuner0 wants to consune

age=4853, Consuner0 fetched item 0.5010012702583668
age=4854, Consuner0 napping for 273 ns

age=5074, tine to termnate the threads and exit
age=5077, ConsumerO interrupted from sl eep
age=5093, PRODUCERO interrupted from sl eep
age=6083, all threads are done

Example dphi.java

cl ass Di ni ngServer extends Sugar SM {
private int nunPhils = O;
private int[] state = null;

private static final int TH NKING = 0, HUNGRY = 1,

private Bi narySemaphore[] self = null;
private Bi narySemaphore nutex = null;
public DiningServer(int nunPhils) {
this. nunPhils = nunPhils;
state = new int[ nunPhil s];

EATI NG = 2;

for (int i =0; i < nunPhils; i++) state[i] = THI NKI NG

sel f = new Bi nar ySemaphor e[ nunPhi | s];
for (int i 0; i < nunPhils; i++)

self[i] new Bi nar ySenmaphor e(0);
nmut ex = new Bi nar ySemaphore(1);

public void dine(String name, int id, int napEat)
throws | nterruptedException {
try {
t akeFor ks(i d);
eat (nane, napEat);
} finally { /1 NMake sure we return the
put Forks(id); // forks if interrupted

private final int left(int i)

{ return (nunPhils + i - 1) % nunPhils;}
private final int right(int i)

{ return (i + 1) %nunPhils; }

Concurrent programming in the Java language
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private void test(int k) {

if (state[left(k)] !'= EATING && state[k] ==
state[right (k)] !'= EATING {
state[ k] = EATING
V(sel f[k]);
b _ _ _
private void eat(String nanme, int napEat)
throws | nterruptedException {
i nt nappi ng;
napping = 1 + (int) randonm napEat);
Systemout.println("age=" + age() + ", " + nane

+ " is eating for
Thr ead. sl eep( nappi ng) ;

+ napping + " ns");

private void takeForks(int i)
throws | nterruptedException {

P(mutex); state[i] = HUNGRY; test(i); V(mutex);

P(sel f[i]);

private void putForks(int i)
throws | nterruptedException {
if (state[i] !'= EATING return;
P(mut ex) ;

HUNGRY &&

state[i] = THHNKING test(left(i)); test(right(i));

V( rmut ex) ;

Sample run of dphi.java

% j avac dphi.java dpdr.java

% j ava Di ni ngPhi |l osophers 5 6 4 1

Di ni ngPhi | osophers: nunPhi |l osophers=5, runTi me=6,
age=42, Philosopher 0 is thinking for 683 ns
age=61, Philosopher 1 is thinking for 437 ns
age=64, Philosopher 2 is thinking for 3039 ns
age=66, Phil osopher 3 is thinking for 3190 ns

Al'l Phil osopher threads started

age=68, Phil osopher 4 is thinking for 3893 ns
age=511, Philosopher 1 wants to dine

age=513, Philosopher 1 is eating for 82 ns
age=648, Philosopher 1 is thinking for 3631 ns
age=740, Phil osopher 0 wants to dine

age=741, Philosopher 0 is eating for 699 ns
age=1453, Phil osopher is thinking for 2390 ns
age=3111, Phil osopher wants to dine

age=3111, Phil osopher is eating for 526 ns
age=3260, Phil osopher wants to dine

age=3651, Phil osopher is thinking for 2095 ns
age=3652, Phil osopher is eating for 448 ns
age=3850, Phil osopher wants to dine
age=3851, Phil osopher is eating for 324 ns
age=3973, Phil osopher wants to dine
age=4111, Phil osopher is thinking for 2346
age=4191, Phil osopher is thinking for 3695
age=4192, Phil osopher is eating for 477 ns
age=4290, Phil osopher wants to dine
age=4291, Phil osopher is eating for 259 ns
age=4561, Phil osopher is thinking for 127 ns
age=4681, Phil osopher is thinking for 751 ns

ns
ns

ArPRPPRPPRPRAROWRAROOWNWNNO
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age=4700,
age=4701,
age=5073,
age=5450,
age=5451,
age=5761,
age=5761,
age=5962,
age=6071,
age=6074,
age=6075,
age=6077,
age=6078,
age=6091,
age=7081,

tine to ternminate the Phi

Phi | osopher 1
Phi | osopher 1
Phi | osopher 1
Phi | osopher 4
Phi | osopher 4
Phi | osopher 2
Phi | osopher 2
Phi | osopher 4
Phi | osopher 1
Phi | osopher 2
Phi | osopher 4
Phi | osopher 3
Phi | osopher 0

wants to dine
is eating for 355 ns

is thinking for 3921 ns
wants to dine
is eating for 492 ns
wants to dine
is eating for 323 ns

i s thinking for 3225 ns

i nterrupted
i nterrupted
i nterrupted
i nterrupted
i nterrupted

al | Phil osophers are done

Concurrent programming in the Java language

osophers and exit

out
out
out
out
out

of
of
of
of
of

t hi nk
di ne

t hi nk
t hi nk
t hi nk
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Section 10. Message passing

Some definitions

Object-oriented programming blurs the distinction between invoking a method and sending a
message. It also blurs the distinction between shared and distributed memory computer
architectures.

The figure below shows the difference between (1) invoking a method and (2) sending a
message:

1. Thread leaves code in one object to execute code in another object, then comes back
(shown at the top of the figure).

2. Thread sends an object to another thread, then optionally blocks until the other thread
receives the message (shown at the bottom of the figure).

Message passing leads to "safer" concurrent programming since the receiving object only
has one thread executing inside it.
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method

invocation |

- —— /
1

| remote

multiple CPUs: shared-memory multiprocessor or distributed-memory multicomputer | metnod
invocation

| methodd. . .]

It is important to note that multiple threads invoking methods in an object might lead to race
conditions unless synchronization is properly done by making the object a monitor. With
message passing, the receiving object has just one thread executing inside it, leading to
"safer" concurrent programming.

If the threads have a relationship other than client/server, monitors can be awkward to use.
Using message passing between the threads is easier in these situations. If the threads
communicate with each other, they are called peers or filters. In this situation, the threads
form a pipeline in which each thread gets its input from its predecessor in the pipeline and
sends its output to its successor in the pipeline.

Options for user-written classes implementing synchronous (blocking send) and
asynchronous (non-blocking send) message passing (receive always blocks) include:
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* Sending object references from one thread to another within the same JVM
* Sending serialized objects through connected sockets from a thread in one JVM to a
thread in another JVM

Each message passing class implements a mailbox or channel shared by a collection of
threads. The one-way flow of information from sender to receiver in synchronous message
passing is sometimes called a simple rendezvous. Following are examples:

* Shared type:
class Message { ... }

* Shared mailbox:
/1 non-bl ocki ng sends:
MessagePassi ng nmai | box = new MessagePassi ng();
/] capacity controll ed:
MessagePassi ng mai | box = new MessagePassi ng(capacity);

* One thread:
Message ns = new Message(...);
send( i | box, ns);

* Another thread:
Message nr;
nr = (Message) receive(nail box);

Values like i nt and doubl e can be sent using the wrapper classes | nt eger and Doubl e.

Background material on message passing

Sometimes the phrase "send a message to an object” is used to describe a thread in one
object calling a method in another object. Here, that phrase is used to describe a thread in
one object sending a message to a thread in another object, where the message is itself an
object.

This technique is used for thread communication and synchronization in a computing
environment where the threads do not have shared memory (since the threads reside in
different virtual or physical machines). Hence the threads cannot share semaphores or
monitors and cannot use shared variables to communicate. Message passing can still be
used, of course, in a shared memory platform.

Messages are sent through a port or channel with an operation like send(channel, message)
and received from a port or channel with an operation like receive(channel, message).
Messages can be passed synchronously, meaning the sender blocks until the receiver does
a receive and the receiver blocks until the sender does a send.

Because the sender and receiver are at specific known points in their code at a known
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specific instant of time, synchronous message passing is also called a simple rendezvous
with a one-way flow of information from the sender to the receiver.

In asynchronous message passing, the sender does not block. If there is not a receiver
waiting to receive the message, the message is queued or buffered. The receiver still blocks
if there is no queued or buffered message when a receive is executed.

In conditional message passing, the message remains queued until some condition,
specified by the receiver, becomes true. At that time, the message is passed to the receiver,
unblocking it.

A two-way flow of information, perhaps over the network, is called an extended rendezvous
and can be implemented with a pair of sends and receives. Typically a client thread uses this
technique to communicate with a server thread and requests a service to be performed on its
behalf.

A similar situation exists when a worker thread contacts a master thread, asking for more
work to do. The client or worker sends a request and receives the reply. The server or
master receives the request, performs the service, and sends the reply.

The Example gsrt.java on page 65 algorithm can be parallelized for a shared-memory,
multiple-CPU machine by dedicating each CPU to a worker thread and using a message
passing channel as a bag of tasks. The mai n() method puts the whole array to be sorted
into the bag.

A worker extracts the task, chooses a pivot point, and partitions the array. Each of the two
partitions is then put back into the bag as a task for one of the workers to perform.

Even though message passing is being used for a bag of tasks, shared memory is still
required because the array is being sorted "in place" and the work requests being put into the
bag are array index pairs and not pieces of the array itself.

A bag of tasks communication channel, object t ask, is shared by the quicksort worker
threads:

MessagePassi ng task = new MessagePassi ng();

The quicksort worker threads get tasks from the t ask bag inside a whi | e loop:

while (true) {
m = (Task) receive(task);
qui ckSort(id, mleft, mright);

The quicksort worker threads create tasks and put them into the t ask bag:

if (right-(l+1) > 0) send(task, new Task(l+1, right));
if ((I-1)-left > 0) send(task, new Task(left, |-1));

User-written classes

Concurrent programming in the Java language Page 63 of 124



Presented by developerWorks, your source for great tutorials i bm com devel oper Wr ks

The following are two user-written classes:

* Class SugarMP.java on page 64 provides syntactic sugar so thatsend( mai | box, ns)
can be used instead of mai | box. send(ns) and nt = recei ve(nai |l box) instead
of nt = mai | box. receive().

* Class MessagePassing.java on page 64 sends object references within one JVM
asynchronously. Synchronous message passing can be done with the Rendezvous
class, which we'll discuss later.

Examples of message passing

The first example contains worker threads and a bag of tasks, the second example contains
filter threads, and the third example contains peer threads.

* Example gsrt.java on page 65 : Quicksort (worker threads).Sample run of gsrt.java on
page 67 is the sample run.

* Example pasv.java on page 67 : Parallel Sieve of Eratosthenes (filter threads).Sample
run of pasv.java on page 69 is the sample run.

* Example rads.java on page 69 : Parallel Radix Sort (peer threads).Sample run of
rads.java on page 71 is the sample run.

You can use Remote Method Invocation (RMI) on page 98 to implement message passing
between threads in different JVMs that may also be on different physical machines.

The next several panels display the code described in this section. To view the code, click
Next; or you can go directly to the next section, Rendezvous on page 72, and return to the
code samples at another time.

Class SugarMP.java

public abstract class Sugar MP extends Sugar {
/1 syntactic sugar for nessage passing
protected static final void send(MessagePassing np, Object 0)
throws | nterruptedException { np.send(o); }
protected static final Object receive(MessagePassing np)
throws | nterruptedException { return np.receive(); }

Class MessagePassing.java

i mport java.util.Vector;
public final class MessagePassing {
/1 1 nplements asynchronous nessage passing:
/1 sends do not block (until the nessage is
/'l received), receives block of course until
/1l a nmessage is received.
private int capacity = 0; // for capacity control
/1 messages are delivered FIFO (in the order they are sent)
private final Vector nmessages = new Vector();
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/'l receivers get nessages FIFO (in the order they call receive)
private final Vector receivers = new Vector();
public MessagePassing() { this(0); }
public MessagePassing(int c) { // capacity limt
super () ;
if (c <0) throw new Il egal Argunent Excepti on("capacity < 0");
/1 zero neans no limt inposed here
else if (c >0) {
capacity = c;
nmessages. ensur eCapaci ty(capacity);

}

public final synchronized void send(Cbject m
throws | nterruptedException {
if (m== null) throw new Nul |l Poi nterException("null nessage");
if (capacity > 0)

whil e (nmessages. size() == capacity) wait();
nmessages. addEl enent (n); // add at end
noti fyAll();

public final synchronized Object receive()

throws | nterruptedException {

bj ect recei vedMessage = nul | ;

Thread nme = Thread. current Thread();

recei vers. addEl enent (ne); // add at end

try {
whil e (nmessages.iseEmpty() || nme !'= receivers.elenentAt(0))

wai t () ;

/1 1f we are interrupted after being notified and there is a
/'l nmessage here for us, pretend we were interrupted before
/1 being notified and | eave the nessage for soneone el se.
/'l Thus, there is no “catch (InterruptedException e) {...}'
/1 block here.
recei vedMessage = nessages. el enent At (0);
nmessages. renoveEl enent At (0) ;
return recei vedMvessage

} finally {
/Il W need to do this if we get a message or if we were
/1 interrupted.
recei vers. renoveEl enent (ne) ;
/1 The notifyAll is needed because several nessages
/1 mght be put in the nmessages vector before any
/1 waiting receivers get back in. The receiver who
/1 is first in the receivers vector might not get back
/1 inuntil last! So it needs to cause the waiting
/'l receivers to come back in again so the second in
/1 line can get a nessage.
noti fyAll();

Example gsrt.java

cl ass Task {
public int left = -1, right = -1;
public Task(int left, int right)
{ this.left =1left; this.right = right; }

cl ass QuickSort extends SugarMP inpl enments Runnabl e {
private static int N = 10;
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private static int RANGE = 100;
private static int NCPU = 4;
private static final MessagePassi ng doneCount
= new MessagePassi ng();
private static final MessagePassing task
= new MessagePassi ng();
private static int[] nuns = null;
private String nanme = null;
private int id = -1;
private Thread ne = null;
private QuickSort(int id) {
this.name = "Worker" + id;
this.id =id;
(me = new Thread(this)).start();

private static void quickSort
(int worker, int left, int right)
throws | nterruptedException {
int pivot = nuns[left];
int | =1left, r =right;
bool ean done = fal se;
I nt eger doneMessage = new | nteger (worker);
whil e (!done) {
if (nunms[l+1] > pivot) {
while (r > 1+1 & nunms[r] > pivot) { r--; }
if (r >1+1) { |++
int tenmp = nuns[r]; nuns[r] = nuns[l];
nuns[I] = tenp;

done =1 >=r-1,;
} el se done = true;
} else { | ++; done =1 >=r; }

int tenp = nuns[left]; nuns[left] = nunms[l];

nuns[l] = tenp;

if (right-(1+1) > 0) send(task, new Task(l+1, right));
else if (right-(1+1) == 0) send(doneCount, doneMessage);
send(doneCount, doneMessage);

if ((I-1)-left > 0) send(task, new Task(left, |-1));
else if ((1-1)-left == 0) send(doneCount, doneMessage);

}
public void timeToQuit() { nme.interrupt(); }
public void pauseTil Done() throws InterruptedException
{ me.join(); }
public void run() {
Task m = nul | ;
while (true) {
if (Thread.interrupted()) {

Systemout.println("age=" + age() + ", " + nane
+ " interrupted");
return;
}
try {

m = (Task) receive(task);
qui ckSort(id, mleft, mright);
} catch (InterruptedException e) {
Systemout.println("age=" + age() + ", " + nane
+ " interrupted out of send/receive");
return;

}
}

public static void main(String[] args) {

try {
N = I nteger. parselnt(args[0]);
RANGE = I nteger.parselnt(args[1]);
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NCPU = I nteger. parselnt(args[2]);
} catch (Exception e) { /* use defaults */ }
Systemout.println("Quick sorting " + N

+ " random nunbers between 1 and " + RANGE

+ " using " + NCPU + " CPUs");
nuns = new int[N;
for (int i =0; i <N i++)

nuns[i] =1 + (int) (randon()*RANGE);
Systemout.println("Oiginal nunbers:");
for (int i =0; i <N i++)

Systemout.print(" " + nunms[i]); Systemout.println();
/'l create the workers with self-starting threads
Qui ckSort[] g = new Qui ckSort[NCPU];
new PseudoTi neSlicing(); // for Solaris, not Wndows 95/ NT
for (int i =0; i < NCPU, i++) gq[i] = new QuickSort (i);
try {

send(task, new Task(0, N 1));

/1 wait for enough "singletons" to be produced

for (int i =0; i <N i++) receive(doneCount);

System out. println("Sorted nunbers: ") ;

for (int i =0; i <N i++)

Systemout.print(" " + nuns[i]);
Systemout.println();

for (int i =0; i < NCPU, i++) q[i].timeToQuit();

Thr ead. sl eep(1000);

for (int i =0; i < NCPU;, i++) q[i].pauseTil Done();
} catch (InterruptedException e) { /* ignored */ }
Systemout.println("age()=" + age() + ", done");

System exit (0);
}
}

Sample run of gsrt.java

% javac gsrt.java
% java QuickSort 15 1000 3
Qui ck sorting 15 random nunbers between 1 and 1000 using 3 CPUs
Original nunbers:
594 637 361 87 207 803 8 870 979 333 121 601 353 613 586
Java version=1.3.0
Java vendor =I BM Cor por ati on
OS nane=Li nux
CS arch=i 586
CS version=#1 Mon Sep 27 10:25:54 EDT 1999. 2. 2.12-20
No PseudoTi neSlici ng needed
Sorted nunbers:
8 87 121 207 333 353 361 586 594 601 613 637 803 870 979
age=77, Worker2 interrupted
age=96, WorkerO interrupted out of send/receive
age=97, Workerl interrupted out of send/receive
age()=1087, done

Example pasv.java

class Filter extends Sugar MP i npl enents Runnabl e {
private MessagePassing in = null, out = null;

Concurrent programming in the Java language Page 67 of 124



Presented by developerWorks, your source for great tutorials i bm com devel oper Wr ks

private int prine = 0, countln = 0, countQut = O;

public Filter(MessagePassing in, MessagePassing out) {
this.in =in; this.out = out;

}

private void print() {
Systemout.println("age()=" + age() + " received prinme " + prine
+ ", countln=" + countln + ", countQut=" + countCut);

}
public void run () {
if (in==null) { /'l source thread
int number = 3;
while (true) {
try { send(out, new I nteger(nunber)); }
catch (InterruptedException e) { return; }
number += 2;

} else { /1 filter threads
i nt nunmber = O;
try { prime = ((Integer) receive(in)).intValue(); }
catch (InterruptedException e) { return; }
while (true) {
if (Thread.interrupted()) { print(); return; }
try {
nunber = ((lInteger) receive(in)).intValue(); countln++;
if (nunber %prime !'= 0)
send(out, new Integer(nunmber)); count Qut++;

}
} catch (InterruptedException e) { print(); return; }

}
}

class Parall el Si eve extends Sugar MP {
public static void main(String[] args) {

int n=8;

try { n = Integer.parselnt(args[0]); }

catch (Exception e) { /* use default */ }

if (n<1) {
Systemout.println("Generate at |east one prinme nunber.");
Systemexit(1l);

}

Systemout.println("Parallel Sieve: generating the first
+ n + " prime nunbers greater than 2");

MessagePassing in = null, out = null;
Thread[] filter = new Thread[n];
for (int i =0; i <n; i++) {

/1l Use capacity control so the early threads do
/'l not get way ahead of what is needed by the
/1l latter threads and fill up JVM nenory.

out = new MessagePassi ng(n);

filter[i] = new Thread(new Filter(in, out));

in = out;

new PseudoTi neSlicing(); // for Solaris, not Wndows 95/ NT

for (int i =0; i <n; i++) filter[i].start();
try {
int prime = ((Integer) receive(out)).intValue();
for (int i =0; i <n; i++) filter[i].interrupt();
for (int i =0; i <n; i++) filter[i].join();
Systemout.println("age()=" + age() + " last prime " + prine);

} catch (InterruptedException e) { /* ignored */ }
System exit(0);
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Sample run of pasv.java

% j avac pasv.java

% java Parallel Sieve 20
Par al | el Si eve
Java version=1.3.0

Java vendor =I BM Cor por ati on

OS nane=Li nux

CS arch=i 586

CS version=#1 Mon Sep 27 10: 25:54 EDT 1999.2.2.12-20
No PseudoTi neSlici ng needed

generating the first 20 prine nunbers greater than 2

age()=2158 received prinme 11, countln=458, count Qut=416
age()=2165 received prinme 13, countln=395, count Qut=365
age()=2166 received prinme 7, countln=559, countQut=479
age()=2167 received prinme 5, countln=725, count Qut=580
age()=2169 received prime 29, countln=230, count Qut=223
age()=2171 received prinme 19, countln=301, count Qut=284
age()=2172 received prime 17, countln=344, count Qut=322
age()=2174 received prinme 43, countln=133, countQut=132
age()=2175 received prime 23, countln=263, countCQut=251
age()=2176 received prinme 47, countln=111, count Qut=110
age()=2178 received prime 37, countln=177, countQut=176
age()=2179 received prinme 31, countln=202, countCQut=198
age()=2180 received prinme 3, countln=1120, count Qut=746
age()=2182 received prinme 41, countln=155, count Qut=154
age()=2184 received prime 53, countln=89, countQut=88
age()=2185 received prinme 59, countln=67, countQut=66
age()=2187 received prinme 61, countln=45, count Qut=44
age()=2188 received prinme 67, countln=23, countQut=22
age()=2190 received prime 71, countln=1, countQut=1
age()=2191 | ast prinme 73
Example rads.java
class Result { public int number, count;

public Result(int n, int ¢) { nunber = n; count =c; }

cl ass Peer extends SugarMP i npl ements Runnabl e {
private int N=-1, id = -1, nine = 0;
private MessagePassing[] channel = null;
private MessagePassing reply = null;
public Peer(int N, int id, int nne,
MessagePassing reply) {

this.N= N

this.id =id;
this.mne = nine

t hi s. channel = channel
this.reply = reply;

new Thread(this).start();

}
public void run() {

int count = 0, other = O;

try {
/1 Send ny nunber to all the other workers.
for (int i =0; i <N i++)

if (i '=1id) send(channel[i],

MessagePassi ng[] channel

new | nteger(mne));

/] O the N1 nunbers sent to ne by the other workers,
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/1 count how nmany are | ess than ny nunber.

for (int i =1; i <N i++) {
other = ((Integer) receive(channel[id])).intValue();
if (other < mne) count++;

/1 Send ny count of |ess-than-mn ne-seen back to main().
send(reply, new Result(m ne, count));
} catch (InterruptedException e) { return; }

}
cl ass Radi xSort extends Sugar MP {
public static void main(String[] args) {
int N = 15;
i nt RANGE = 1000;
int[] nunms = null;
MessagePassi ng[] channel = null;
MessagePassing reply = null;
try {
N = I nteger. parselnt(args[0]);
RANGE = Integer.parselnt(args[1]);
} catch (Exception e) { /* use defaults */ }
Systemout.println("Radi x sorting " + N
+ " randomintegers between 1 and " + RANGE);
nuns = new int[N;
for (int i =0; i <N i++)
nuns[i] = 1 + (int)random RANGE);
Systemout.println("Oiginal nunbers:");
for (int i =0; i <N i++)
Systemout.print(" " + nunms[i]); Systemout.println();
/1 Set up the reply channel.
reply = new MessagePassi ng();

channel = new MessagePassing[ N|;
/1 Set up the conmunication channels.
for (int i =0; i <N i++)

channel [i] = new MessagePassi ng();
/1l Start the worker threads.

for (int i =0; i <N i++)

new Peer (N, i, nuns[i], channel, reply);
int[] tallyCounts = new int[N;
for (int i =0; i <N i++) tallyCounts[i] = O;
try {

/1l Gather the results.

for (int i =0; i <N i++) {

Result r = (Result) receive(reply);

/1 Put the nunber where it belongs in the sorted order,
/1l which is the value of the counter in which it recorded
/1 the nunber of less-than-its-own nunbers it saw
nuns[r.count] = r.nunber;

tall yCounts[r.count] ++;

}
} catch (InterruptedException e) { /* ignored */ }
Systemout.printin("Sorted nunbers:");

for (int i =0; i <N i++)
Systemout.print(" " + nuns[i]); Systemout.println();
for (int i =0; i <N i++)
/'l Zeros show where duplicates have occured.
Systemout.print(" " + tallyCounts[i]); Systemout.println();
Systemout.println("age()=" + age() + ", done");

System exit(0);
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Sample run of rads.java

% j avac rads.java

% j ava Radi xSort 20 100

Radi x sorting 20 random i ntegers between 1 and 100

Oigi nal nunbers:

58 71 78 26 47 34 30 9 99 60 60 70 51 71 93 76 2 87 49 14
Sort ed number s:

2 9 14 26 30 34 47 49 51 58 60 70 70 71 93 76 78 87 93 99
11111111112012011111

age() =164, done
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Section 11. Rendezvous

Some definitions

In general client-server programming, a client thread interacts with the server thread by
sending a request message followed immediately by a receive that blocks until the server
sends a reply message containing the results of the request. This is called a rendezvous (or
sometimes an extended rendezvous).

A monitor is a passive object and can be used to implement a server. An active object, in
which an independent thread executes, can also act as a server by using the rendezvous
style of message passing. Here are a few examples:

* Mailbox shared by the client and server:
MessagePassi ng mai | box = new MessagePassi ng();

* Client:
send( mai | box, request);
reply = receive(nail box);

* Server:
request = receive(mail box);
conmpute reply;
send(mai | box, reply);

Background material on rendezvous

An extended rendezvous is also called a remote procedure call from a client to a server (or a
worker to the master) because it resembles (and syntactic sugar can make it nearly identical
to) a call to a procedure on a remote machine that is executed there.

Typically the call represents a request for service, such as reading a file that resides on the
remote machine. The server may handle the request in its main thread or the server may
spawn a new thread to handle the request while the server's main thread handles additional
requests for service from other clients. The latter gives greater throughput and efficiency
because a lengthy request would otherwise delay the handling of requests from the other
clients.

An addressing mechanism is needed so the client can contact an appropriate server. In the
local case (everything in the same JVM), an object can be used as the place for the client
and server to "meet" and establish a rendezvous. The server calls a method in the object and
blocks until the client calls a method.

At this point in time, both methods return a newly created object that the client and server

subsequently use for the two-way flow of information. This object contains a message
passing channel shared by them. In the remote case, the client uses the server's machine
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name and a TCP/IP port number to address the server; the server "listens" on the TCP/IP
port. A client creates an addressing object using the server's machine name and port number
in the object's constructor; the server uses just the port number.

When the rendezvous occurs, the object is constructed and returned to both the client and
server. In the local case (within the same JVM), the client and server share this object and
use it to transact (synchronous message passing of object references).

In the remote case (between JVMs that might be on different physical machines), each gets
its own object and the object contains a socket to the other JVM (and machine). Objects are
serialized through the socket.

User-written classes

Now let's look at some user-written classes and definitions.

In a transaction, two threads exchange information synchronously. Class Transaction.java on
page 76 is a user-written class used for one such exchange. Coding is as follows:

* Created by the client, shared by the client and server:
Transaction t = new Transacti on(request);

* Client:
reply = t.clientAwaitReply();

* Server:
request = t.server CGet Request ();
conpute reply;
t.server MakeRepl y(reply);

A conditional rendezvous builds on the idea of a transaction. It allows the server to specify
criteria of whom to rendezvous with next.

The figure below illustrates the concepts of rendezvous.
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Interface RendezvousCondition.java on page 76 demonstrates the criterion interface.

An object created from Class Rendezvous.java on page 77 is shared by the client and server.

Coding is as follows:

* Shared by the client and server:
Rendezvous r = new Rendezvous();

* Client:
reply = r.clientTransact Server (request);

* Server:
RendezvousCondition ¢ =
new RendezvousCondition(...);
Transaction t = r.serverGetCient(c);
Obj ect request = t.server Get Request();
oject reply = ...; [/ conpute reply
t.server MakeRepl y(reply);

Multiple servers can share a single Rendezvous object.

A server can call server Get Cl i ent (¢) (a "nested" call) again while in the middle of a
transaction with a client (meaning after calling ser ver Get Cl i ent to get a client's request
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but before calling ser ver MakeRepl y to reply to that client).

Remote Method Invocation (RMI) on page 98 can be used to implement rendezvous between
threads in different JVMs that may also be on different physical machines.

Peer-to-peer programming offers other options.

Class Rendezvous.java on page 77 has four more methods --send(m, cal | (n),
recei ve(c),andreceive() --that can be used for asynchronous and synchronous
(conditional) message passing among a collection of peer threads.

A receiving peer can specify a condition for messages it is willing to receive, just as can be
specified by a server for a rendezvous. To block until the message is received, use cal | ()
instead of send(m .

Class SugarRE.java on page 79 provides syntactic sugar so thatsend(rn, ns) can be
used instead of r n. send( ns) (ditto forcal | (ns))andnr = receive(rn, rc) instead
ofmr = rn.receive(rc) (ditto forreceive()).

Examples of rendezvous

Example of clients and a server include:

* Example dpre.java on page 79 : Rendezvous dining philosophers
* Driver dpdr.java on page 40 : Creates the philosopher threads
* Sample run of dpre.java on page 81 : Displays the sample run

Because the philosophers only need to block until their request is conditionally received by
the server and because they are not interested in the reply message, the philosophers use
cal | instead of cl i ent Tr ansact Ser ver . Similarly, the server uses r ecei ve instead of
serverCGetdient.

Example pcre.java on page 82 is an example of producer and consumer peers in which a
consumer specifies that it receive the message with the smallest value among the yet
unreceived messages. A producer can act asynchronously by using send or synchronously
to find out which consumer got its message by using cl i ent Tr ansact Ser ver . Sample run
of pcre.java on page 85 is the sample run.

The next several panels contain an exercise and display the code described in this section.
To view the exercise and code, click Next; or you can go directly to the next section, Remote
Method Invocation (RMI) on page 98 , and return to the code samples at another time.

Try this exercise

Consider a bank that makes loans and accepts loan repayments from its customers. Use
nested server Get i ent (c) calls by the bank server thread to prevent starvation of a
customer needing a particularly large loan: the bank accepts only repayments until it has
enough funds to make the large loan.

Try implementing the same bank server as a passive monitor object. Which is easier?
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Class Transaction.java

public class Transaction {
/1 Designed to be used by exactly one client
/'l transacting exactly once with one specific server.
private bject request = null;
private Object reply = null;
public Transaction (Object m {
if (m==null)
t hrow new Nul | Poi nter Exception("m == null");
request = m

public synchronized Object clientAwaitReply()

throws | nterruptedException {

hject m= null;

try {
while (reply == null) wait();

} catch (InterruptedException e) {
/'l W have been interrupted while waiting for the
/'l server to process our request and/or generate
/1l areply. Since we no |longer want the server to

/1l process our request, we will null it out. This
/1 nmeans the server must check for a null return
/1l value fromthe serverGet Request nethod. |[|f the

/'l request is already null at this point, then the
/1 server nust have already gotten it.
request = null;
if (reply == null)
throw new I nterruptedException("reply not avail able");
el se
Thread. current Thread().interrupt(); // reply available

}

m = reply;
reply = null;
return m

public synchroni zed Object server Get Request () {
hj ect m = request;
request = null;
return m

}
public synchroni zed void server MakeRepl y(Object m {
if (m==null)
t hrow new Nul | Poi nter Exception("m == null");
reply = m
notify(); // at nost one thread (the client) waiting

Interface RendezvousCondition.java

i mport java.util.Vector;
public interface RendezvousCondition {
/*
* The information available to the checkCondition nethod is:
* the particul ar nessage bei ng eval uat ed,
* bl ockedMessages. el ement At (nessageNumn ;
* t he queue of bl ocked nessages itself, blockedMessages; and
* t he nunber of bl ocked servers, nunBl ockedServers.
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This is the state of the Rendezvous object. The

particul ar nmessage can be checked to see if it neets the
condition and this test may involve counting how nany

bl ocked nmessages nmeet some other criterion and/or the nunber
of bl ocked servers.

We are depending on the progranmer not to ness with the
bl ockedMessages Vector. The Rendezvous object is
graciously making it available, so do not abuse!
/
public abstract bool ean checkCondition
(int messageNum Vector bl ockedMessages,
i nt nunBl ockedServers);

L I I

Class Rendezvous.java

i mport java.util.Vector;
public final class Rendezvous {
private final Vector messages = new Vector();
private final Vector transactions = new Vector();
private int nunServers = 0
/1 An anonynous cl ass whose checkCondition nmethod returns true.
private RendezvousCondition al waysTrue =
new RendezvousCondition() {
publ i c bool ean checkCondition(int nmessageNum
Vect or bl ockedMessages, int nunBl ockedServers) {
return true;

}
s o
/1 If there are nore waiting servers than nessages, then
/'l starvation m ght occur anong the waiting servers because
/1l no attenpt is nmade to match a nessage with the | ongest
/!l waiting server. On the other hand, nessages are checked
/1 for a matching condition in the order the nessages arrive.
publ i c Rendezvous() { super(); }
/'l The server calls this nethod to get the Transaction object to
/1l use with the client. When this nmethod returns, the server
/1 will do two things with the Transaction return val ue: invoke
/|l server Get Request () and then invoke serverMakeRepl y().
/'l The Transaction object is then discarded by the server
public synchronized Transaction serverCGetd i ent
(RendezvousCondi ti on condition)
throws | nterruptedException {
if (condition == null)
t hrow new Nul | Poi nt er Exception("null condition");
nuner ver s++
Transaction client = null;
bool ean matched = fal se;
try {
while (true) {
i nt numvkessages = nessages. si ze();
for (int j = 0; j < numvessages; j++) {

* W are running security and protection risks naking the
nmessages Vector available to the outside.
* Caveat enptor!
*/
if (condition.checkCondition(j, messages, nunServers)) {
nmessages. renoveEl ement At () ;
client = (Transaction) transactions.elementAt(j);
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transacti ons. renoveEl enent At (j);
mat ched = true;
br eak;

}

if (matched) return client;
else wait(); // for another nmessage to arrive

}
} finally {
/Il W need to do this if we get a message or if we were
/1 interrupted.
nunter ver s- -;
/1 Since we have changed nuntServers, we need to force
/1 all servers to check for a match agai n because
/'l nunBervers is passed to checkCondition().
noti fyAll();
}

/1l Transact with any waiting client.
public synchronized Transaction serverGetdient()
throws | nterruptedException {
return serverGetdient(al waysTrue);

/1l The client calls this method to transact with the server.
public Object clientTransact Server (Cbj ect nessage)
throws | nterruptedException {
return put(nessage, true);

/1 The client calls this method indirectly.
private bject put(Cbject nessage, bool ean synchronous)
throws | nterruptedException {
if (message == null)

t hrow new Nul | Poi nt er Exception("null nessage");
Transaction t = new Transacti on(nessage);
synchroni zed (this) {

nmessages. addEl enent (nessage) ;

transacti ons. addEl enent (t);

this.notifyAl();

}
bject m= null;
/1 1f not synchronous, the server renoves the nessage
/1 and transaction fromtheir vectors.
i f (synchronous) {
try { m=t.clientAwaitReply(); }
finally { // in case interrupted out of waiting
synchroni zed (this) {
nmessages. renoveEl enent (nessage) ;
transacti ons. renoveEl enent (t);

}
}
}
return m

/'l A peer calls this nethod to send asynchronously a nessage
/1 to another peer (using receive).
public void send(Object nessage)
throws | nterruptedException {
put (nmessage, false);

/1l A peer calls this nethod to send synchronously a nmessage
/1 to another peer.
public void call (Object nmessage)
throws | nterruptedException {
put (message, true); // Discard the reply.
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/1 A peer calls this nethod to receive a nmessage conditionally
/1 from anot her peer.
public Object receive(RendezvousCondition condition)
throws | nterruptedException {
Transaction t = serverGetdient(condition);
hject m= t.serverCGet Request ();
/1 A kludge just in case receive() is called
/1l erroneously when a client is waiting inside t's
/1 clientAwaitReply() inside clientTransactServer();
/1 but really is needed when a client is waiting
/1 inside call().
t.server MakeRepl y("Fake reply.");
return m

/1 Receive any waiting nessage.

public Object receive() throws InterruptedException {
return receive(al waysTrue);
}

}

Class SugarRE.java

i mport java.rmi.*;
public abstract class Sugar RE extends Sugar ({
/'l syntactic sugar for rendezvous
protected static final void send(Rendezvous rn, (bject 0)
throws | nterruptedException { rn.send(o); }
protected static final void call (Rendezvous rn, bject 0)
throws | nterruptedException { rn.call(o0); }
protected static final Object receive(Rendezvous rn,
RendezvousCondi tion rc)
throws | nterruptedException { return rn.receive(rc); }
protected static final Cbject receive(Rendezvous rn)
throws | nterruptedException { return rn.receive(); }
/1l syntactic sugar for renote rendezvous
protected static final void send(RenoteRendezvous rn, Cbject o)
t hrows Renot eException, InterruptedException
{ rn.send(0); }
protected static final void call (RenoteRendezvous rn, Object o)
t hrows Renot eException, InterruptedException
{ rn.call(o0); }
protected static final Object receive(RenoteRendezvous rn,
RendezvousCondi tion rc)
t hrows Renot eException, InterruptedException
{ return rn.receive(rc); }
protected static final Object receive(RenpteRendezvous rn)
t hrows Renot eException, InterruptedException
{ return rn.receive(); }

Example dpre.java

i mport java.util.Vector;

cl ass Eat Condition inplenents RendezvousCondition {
private int nunPhils = O;
private int[] state = null;
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private int EATING = -1;

public EatCondition(int[] state, int EATING
this.state = state;
nunPhils = state.length;
t hi s. EATI NG = EATI NG

private final int left(int i)
{ return (nunmPhils + i-1) % nunPhils; }
private final int right(int i)
{ return (i+1) %nunPhils; }
publ i c bool ean checkCondition
(int messageNum Vector bl ockedMess
i nt nunBl ockedServers) {

i bm conl devel oper Wr ks

{

ages,

bj ect nmessage = bl ockedMessages. el ement At (nessageNumn ;

int id = ((Integer) nessage).intValue();

int size = bl ockedMessages. size(); // not

if (id <0) return true; /'l put
else if (state[left(id)] !'= EATING
&& state[right(id)] !'= EATING

return true; /1 tak

el se return fal se;

}
}

used
For ks()

eForks()

cl ass Di ni ngServer extends SugarRE i npl enents Runnabl e {

private int nunPhils = 0;
private int[] state = null;
private Rendezvous r = null;

private static final int TH NKING = 0, HUNGRY = 1,

private String name = "Di ni ngServer";
private Thread ne = null;
public DiningServer(int nunPhils) {
this.nunPhils = nunPhils;
state = new i nt[ nunPhil s];
for (int i =0; i < nunPhils; i++) state|
r = new Rendezvous();
(me = new Thread(this)).start();

EATI NG = 2;

i] = TH NKI NG

public void dine(String nanme, int id, int napEat)

throws | nterruptedException {
try {
t akeForks(id);
eat (nanme, napEat);
} finally { /1 Make sure we return
put Forks(id); // forks if interrupted

}

private void eat(String nanme, int napEat)
throws | nterruptedException {
i nt nappi ng;
napping = 1 + (int) randonm(napEat);
Systemout.println("age=" + age() + ", "
+ " is eating for " + napping + "
Thr ead. sl eep( nappi ng) ;

t he

private void takeForks(int id) throws |nterruptedException {

state[id] = HUNGRY;
call (r, new Integer(id));

/'l not used

private void putForks(int id) throws |nterruptedException {

if (state[id] !'= EATING return;
call (r, new Integer(-id-1));

public void run() { // nekes atonmic state c

if (Thread.currentThread() !'= nme) return;
while (true) {
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if (Thread.interrupted()) {

System out. println("age=" + age() +
+ " interrupted");
return;
}
try {

bj ect m= receive(r,

new Eat Condition(state, EATING);
if (m!=null) {

int id = ((lInteger) m.intValue();

} else

if (id <0) state[-id-1] = TH NKI NG
el se state[id] = EATING
System out. println("age=" + age() +

+ "

System out. println("age=" + age() + ",
+ " interrupted out of

return;

received null request");
} catch (InterruptedException e) {

rendezvous");

i bm conl devel oper Wr ks

+ nane

Sample run of dpre.java

% j avac dpre.java dpdr.java
% j ava Di ni ngPhi | osophers 5 6 4 1

Di ni ngPhi
age=315,
age=323,
age=325,
age=327,

age=1845,
age=1851,
age=2127,
age=2234,
age=2236,
age=2405,
age=2564,
age=2565,
age=2724,
age=3257,
age=3258,
age=3475,
age=3476,
age=3477,
age=3805,
age=3854,
age=4458,
age=4459,
age=4459,
age=4725,
age=4835,
age=4836,
age=4975,
age=5285,
age=5286,
age=5535,

| osophers: nunPhil osophers=5, runTi

61

Phi | osopher 0 is thinking for 3524

Phi | osopher 2 is thinking for 2383
Phi | osopher 3 is thinking for 1477
Al'l Phil osopher threads started

age=329, Phil osopher 4 is thinking for 3131

ne=
ns
Phi | osopher 1 is thinking for 1910 ns
ns
ns
ns

Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher
Phi | osopher

Phi | osopher

RPRARWHRORAWOONARWNRPNRRPREPREWWW

wants to dine

is eating for 264 s

is thinking for 1336 ns
wants to dine

is eating for 151 ns

is thinking for 143 s
wants to dine

is eating for 680 ns
wants to dine

is thinking for 1453 s
is eating for 539 ns
wants to dine

wants to dine

is eating for 963 ns

is thinking for 3403 ns
wants to dine

is eating for 367 ns

is eating for 502 ns

is thinking for 814 ns
wants to dine

is thinking for 2087 ns
is eating for 689 ns

is thinking for 1231 ns
wants to dine

is eating for 857 ns

is thinking for 3514 s

Concurrent programming in the Java language
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age=6155, Phil osopher 4 is thinking for 704 ns

age=6252, Phil osopher 3 wants to di ne

age=6253, Phil osopher 3 is eating for 618 ns
age=6335, tine to termnate the Phil osophers and exit

age=6337, Phil osopher O interrupted out of
age=6339, Phil osopher 1 interrupted out of
age=6340, Phil osopher 2 interrupted out of
age=6342, Phil osopher 3 interrupted out of
age=6343, Phil osopher 4 interrupted out of
age=7345, all Philosophers are done

t hi nk
t hi nk
t hi nk
di ne

t hi nk

i bm conl devel oper Wr ks

Example pcre.java

i mport java.util.Vector;

cl ass Producer extends Sugar RE i npl ements Runnabl e {

private String nane = null

private bool ean synchronous = fal se;
private int pNap = 0; // mlliseconds
private Rendezvous rn = null

private Thread ne = null;

public Producer(String nane, bool ean synchronous,

i nt pNap, Rendezvous rn) {
thi s. name = nane;
thi s. synchronous = synchronous;
this. pNap = pNap;
this.rn = rn;
(me = new Thread(this)).start();

}
public void tinmeToQuit() { nme.interrupt(

)}

public void pauseTil Done() throws InterruptedException

{ me.join(); }
public void run() {
if (Thread.currentThread() !'= nme) ret
doubl e item
i nt nappi ng;
while (true) {
if (Thread.interrupted()) {

urn;

System out. println("age=" + age() +

+ " interrupted");

return;
}
napping = 1 + (int) randon(pNap);
Systemout. println("age=" + age()

+ " napping for " + napping + "
try { Thread. sl eep(napping); }
catch (InterruptedException e) {

+ "

" " 4 npane

+ nane

ms") ;

Systemout.println("age=" + age() +

+ " interrupted from sl eep”)
return,;

item = random);
System out. println("age=" + age()

+ " produced item" + item;
try {

Doubl e d = new Doubl e(item;

i f (synchronous) {

+ "

" " 4 pane

+ nane

object reply = rn.clientTransact Server (d);
Systemout. println("age=" + age() + ", " + nanme

+ ", reply=" + reply);
} else send(rn, d);
} catch (InterruptedException e) {

Concurrent programming in the Java language
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Systemout.println("age=" + age() + ", + nane
+ " interrupted fromsend");
return;
} .
Systemout.println("age=" + age() + ", " + nane

+ " sent item" + item;
}
}

cl ass Consuner Condi tion inpl ements RendezvousCondition {
public ConsunerCondition() { }
publ i c bool ean checkCondition
(int messageNum Vector bl ockedMessages,
i nt nunBl ockedServers) {
int size = bl ockedMessages. si ze();

if (size == 1) return true;
/*
* Select the smallest value in the queue.
*/
doubl e small est = ((Doubl e) bl ockedMessages. el ement At (0)) . doubl eVval ue();
int where = 0;
for (int i =1; i < size; i++)
double d = ((Doubl e) bl ockedMessages. el enent At (i)). doubl eVal ue();
if (d <smallest) { smallest = d; where =i; }
if (where == nmessageNum) return true
el se return fal se;
}
}

cl ass Consumer extends Sugar RE i npl ements Runnabl e {
private String nane = null
private bool ean synchronous = fal se;
private int cNap = 0; // mlliseconds
private Rendezvous rn = null
private Thread ne = null;
private RendezvousCondition rc = null;
public Consuner(String nane, bool ean synchronous,
i nt cNap, Rendezvous rn) {

t hi s. name = nane;

thi s. synchronous = synchronous;
this.cNap = cNap;

this.rn = rn;

rc = new Consuner Condi tion();

(me = new Thread(this)).start();

}
public void timeToQuit() { nme.interrupt(); }
public void pauseTil Done() throws InterruptedException
{ me.join(); }
public void run() {
if (Thread.currentThread() !'= ne) return
doubl e item
i nt nappi ng;
while (true) {
if (Thread.interrupted()) {
Systemout.println("age=" + age() + ",
+ " interrupted");
return;

+ nane

}
napping = 1 + (int) randon{cNap);
Systemout.println("age=" + age() + ", " + nane
+ " napping for " + napping + " ns");
try { Thread. sl eep(napping); }
catch (InterruptedException e) {
Systemout.println("age=" + age() + ", " + nane
+ " interrupted from sl eep");
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return;
} .
Systemout.println("age=" + age() + ",
+ " wants to consume");
try {
i f (synchronous) {
Transaction t = rn.serverGetdient(rc);
Doubl e d = (Double) t.serverCGet Request ();
if (d!=null) {
item = d. doubl eVval ue();

+ nane

t.server MakeRepl y(nane + " got it!");
Systemout.println("age=" + age() + ", " + nane
+ " received item" + iten)
} else {
Systemout.println("age=" + age() + ", " + nane
+ " received null itent);
} else {

Doubl e d = (Double) receive(rn, rc);
if (d!=null) {
item = d. doubl eVval ue();
Systemout.println("age=" + age() + ", " + nane
+ " received item" + iten)
} else {
Systemout.println("age=" + age() + ", " + nane
+ " received null itent);

}

}
} catch (InterruptedException e) {
Systemout.println("age=" + age() + ", " + nane
+ " interrupted fromreceive");
return;
}

}
}

cl ass ProducersConsuners extends Sugar {
public static void main(String[] args) {
bool ean synchronous = fal se;

i nt nunProducers =1

int numConsuners = 1

int pNap = 2; /1 defaults

int cNap = 2; /1 in

int runTime = 60; /'l seconds

try {
synchronous = args[O0]. equal s("yes");
nunProducers = I nteger. parselnt(args[1]);
nunConsuners = I nteger. parselnt(args[2]);

pNap = Integer. parselnt(args[3]);
cNap = Integer.parselnt(args[4]);
runTime = I nteger.parselnt(args[5]);
} catch (Exception e) { /* use defaults */ }
System out. printl n("ProducersConsuners:\n synchronous="

+ synchronous + ", nunProducers="

+ nunProducers + ", nunConsumers=" + nunmConsuners
+ "\'n pNap=" + pNap + ", cNap=" + cNap

+ ", runTime=" + runTine);

/'l create the nessage passi ng channe
Rendezvous rn = new Rendezvous();
/] start the Producers and Consuners
/'l (they have self-starting threads)
Producer[] p = new Producer[ nunProducers];
Consuner[] ¢ = new Consuner[ nunConsuners] ;
for (int i = 0; i < nunProducers; i++)
p[i] = new Producer (" PRODUCER'+i, synchronous, pNap*1000, rn);
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for (int i = 0; i < nunConsuners; i++)

c[i] = new Consuner (" Consumner"+i, synchronous,
Systemout.printin("Al threads started");
/1 let themrun for a while
try {

Thr ead. sl eep(runTi me*1000) ;

Systemout. println("age=" + age()

+ ", time to termnate the threads and exit");

for (int i = 0; i < nunProducers; i++)
p[i].tinmeToQuit();

for (int i = 0; i < nunConsuners; i++)
c[i].timeToQuit();

Thr ead. sl eep(1000);

for (int i = 0; i < nunProducers; i++)
p[i].pauseTil Done();

for (int i = 0; i < nunConsuners; i++)

c[i]. pauseTil Done();
} catch (InterruptedException e) { /* ignored */ }
Systemout. println("age=" + age()
+ ", all threads are done");
System exit(0);

cNap* 1000,

i bm conl devel oper Wr ks

rn);

Sample run of pcre.java

% j avac pcre.java

% j ava ProducersConsuners yes 1 12 2 6
Producer sConsuner s
synchronous=true, nunProducers=1
pNap=2, cNap=2, runTi me=6

age=45, PRODUCERO napping for 185 ns

age=64, Consumner0 napping for 1202 ns

Al'l threads started

age=244, PRODUCERO produced item 0.15382515179890965

nunConsumner s=1

age=1286, Consuner0 wants to consune

age=1289, PRODUCERO, reply= ConsunerQ got it!
age=1290, PRODUCERO sent item 0.15382515179890965
age=1292, PRODUCERO napping for 745 ns

age=1292, Consuner0 received item 0.15382515179890965
age=1294, Consuner0 napping for 816 ns

age=2046, PRODUCERO produced item 0.3602103173386145
age=2123, Consuner0 wants to consune

age=2124, PRODUCERO, reply= ConsunerQ got it!
age=2125, PRODUCERO sent item 0.3602103173386145
age=2126, PRODUCERO napping for 1954 ns

age=2127, ConsunerO received item 0.3602103173386145
age=2128, Consuner0 napping for 313 ns

age=2453, Consuner0 wants to consumne

age=4096, PRODUCERO produced item 0.9710857065446037
age=4098, PRODUCERO, reply= ConsunerQ got it!
age=4098, PRODUCERO sent item 0.9710857065446037
age=4099, PRODUCERO napping for 961 ns

age=4100, Consumer0 received item 0.9710857065446037
age=4101, Consuner0 napping for 1231 ms

age=5075, PRODUCERO produced item 0.5231916912410289
age=5343, Consuner0 wants to consumne

age=5344, PRODUCERO, reply= ConsunerQ got it!
age=5345, PRODUCERO sent item 0.5231916912410289
age=5346, PRODUCERO napping for 113 ns

age=5347, Consuner0 received item 0.5231916912410289
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age=5348,
age=5473,
age=6024,
age=6025,
age=6025,
age=6026,
age=6027,
age=6028,
age=6074,
age=6077,
age=6094,

i bm conl devel oper Wr ks

Consuner 0 napping for 661 ns

PRODUCERO produced item 0.5591064157961917
Consuner 0 wants to consumne

PRODUCERO, reply= Consunmer0 got it!
PRODUCERO sent item 0.5591064157961917
PRODUCERO nappi ng for 153 ns

Consumer 0 received item 0.5591064157961917
Consumer 0 napping for 721 ns

time to termnate the threads and exit
ConsumnerO interrupted from sl eep

PRODUCERO i nterrupted from sl eep

age=7084, all threads are done
% j ava Producer sConsuners no
Pr oducer sConsurmer s
synchr onous=f al se, nunProducers=1
pNap=2, cNap=2, runTi ne=6
age=47, PRODUCERO napping for 810 ns
age=66, Consuner0 napping for 48 ns
Al threads started
age=126, Consuner0 wants to consune
age=875, PRODUCERO produced item 0.7568324366583216
age=893, PRODUCERO sent item 0.7568324366583216
age=894, PRODUCERO nappi ng for 308 ns
age=896, Consuner0 received item 0.7568324366583216

11226

nunConsuner s=1

age=898,

age=1195,
age=1206,
age=1207,
age=1208,
age=1208,
age=1209,
age=2548,
age=2550,
age=2551,
age=3058,
age=3059,
age=3060,
age=3546,
age=3547,
age=3548,
age=4627,
age=4628,
age=4629,
age=5406,
age=5407,
age=5408,
age=6036,
age=6037,
age=6038,
age=6076,
age=6097,
age=6098,

Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO

Consuner 0 napping for 290 ns

wants to consune

produced item 0.5312913550562778
sent item 0.5312913550562778
nappi ng for 1326 ns

recei ved item 0.5312913550562778
nappi ng for 1840 ns

produced item 0.034237591810933
sent item 0.034237591810933
nappi ng for 989 ns

wants to consume

received item 0.034237591810933
nappi ng for 1558 ns

produced item 0. 6571437055152907
sent item 0.6571437055152907
nappi ng for 1848 ns

wants to consume

received item 0.6571437055152907
nappi ng for 1445 ns

produced item 0.9481282378191348
sent item 0.9481282378191348
nappi ng for 618 ns

produced item 0. 626005963354672
sent item 0.626005963354672
nappi ng for 47 ns

time to term nate the threads and exit
PRODUCERO i nterrupted from sl eep
ConsumnerO interrupted from sl eep

age=7086, all threads are done
% j ava ProducersConsuners yes 1 52 2 6
Producer sConsuner s
synchr onous=t rue, nunProducers=1
pNap=2, cNap=2, runTi ne=6
age=43, PRODUCERO napping for 1429 ns
age=62, Consuner0 napping for 388 ns
age=66, Consunerl napping for 657 ns
age=68, Consuner?2 napping for 1679 ns
age=70, Consuner 3 napping for 495 ns
Al threads started
age=73, Consuner4 napping for 1088 ns
age=462, Consuner0 wants to consune

nunmConsumer s=5
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age=571, Consuner3 wants to consune
age=731, Consunerl wants to consune

i bm conl devel oper Wr ks

age=1174,
age=1482,
age=1501,
age=1503,
age=1504,
age=1505,
age=1506,
age=1507,
age=1752,
age=2364,
age=2366,
age=2366,
age=2368,
age=2368,
age=2370,
age=3124,
age=3126,
age=3127,
age=3128,
age=3129,
age=3130,
age=3692,
age=4203,
age=4432,
age=4433,
age=4434,
age=4435,
age=4436,
age=4437,
age=5332,
age=5334,
age=5334,
age=5335,
age=5336,
age=5337,
age=5392,
age=6082,
age=6085,
age=6087,
age=6088,
age=6089,
age=6091,
age=6102,

Consuner 4
PRODUCERO
PRODUCERQ,
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
Consuner 2
PRODUCERO
PRODUCERQ,
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
PRODUCERO
PRODUCERQ,
PRODUCERO
PRODUCERO
Consuner 1
Consuner 1
Consuner 1
Consuner 0
PRODUCERO
PRODUCERQ,
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
PRODUCERO
PRODUCERQ,
PRODUCERO
PRODUCERO
Consuner 1
Consuner 1
Consuner 0

wants to consume

produced item 0.5470149827381032
repl y= ConsunerQ got it!

sent item 0.5470149827381032
nappi ng for 847 ns

received item 0.5470149827381032
nappi ng for 4 ns

wants to consune

wants to consume

produced item 0.39132362870008386
repl y= ConsunerQ got it!

sent item 0.39132362870008386
nappi ng for 729 ns

recei ved item 0.39132362870008386
nappi ng for 1825 ns

produced item 0.9201218658294597
repl y= Consunerl got it!

sent item 0.9201218658294597
nappi ng for 1292 ns

received item 0.9201218658294597
nappi ng for 552 ns

wants to consune

wants to consume

produced item 0.1103752768928924
repl y= ConsunerQ got it!

sent item 0.1103752768928924
nappi ng for 887 ns

received item0.1103752768928924
nappi ng for 947 ns

produced item 0.615086398663721
repl y= Consunerl got it!

sent item 0.615086398663721
nappi ng for 1651 ns

received item 0.615086398663721
nappi ng for 801 ns

wants to consune

tine to ternmnate the threads and exit

Consuner 0
Consuner 1
Consuner 3
Consuner 2
Consuner 4
PRODUCERO

nterrupted fromreceive
nterrupted from sl eep

nterrupted fromreceive
nterrupted fromreceive
nterrupted fromreceive

i
i
i
i
i
interrupted from sl eep

age=7092, all threads are done
% j ava Producer sConsuners no
Pr oducer sConsuner s
synchr onous=f al se, nunProducers=1
pNap=2, cNap=2, runTi ne=6
age=48, PRODUCERO napping for 295 ns
age=77, Consumer0 napping for 1571 ns
age=98, Consunerl napping for 162 ns
age=100, Consuner2 napping for 160 ns
age=102, Consuner3 napping for 39 ns
Al'l threads started
age=104, Consuner4 napping for 848 ns
age=147, Consuner3 wants to consune
age=266, Consuner2 wants to consune
age=276, Consunerl wants to consune
age=357, PRODUCERO produced item 0.581001917177535
age=374, PRODUCERO sent item 0.581001917177535
age=376, PRODUCERO nappi ng for 1586 ns
age=378, Consunerl received item 0.581001917177535
age=379, Consunerl napping for 596 ns

15226

nunConsuner s=5
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age=959, Consuner4 wants to consune
age=986, Consunerl wants to consune

i bm conl devel oper Wr ks

age=1667,
age=1969,
age=1970,
age=1971,
age=1972,
age=1973,
age=2617,
age=3329,
age=3330,
age=3331,
age=3332,
age=3333,
age=3587,
age=3588,
age=3589,
age=3590,
age=3591,
age=3736,
age=3978,
age=3979,
age=3980,
age=3981,
age=3982,
age=4096,
age=4527,
age=4528,
age=4529,
age=4530,
age=4531,
age=5287,
age=5437,
age=5438,
age=5439,
age=5440,
age=5441,
age=5546,
age=5746,
age=6107,
age=6110,
age=6112,
age=6113,
age=6114,
age=6127,
age=6128,

Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 3
Consuner 3
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 3
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 2
Consuner 2
Consuner 2
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 1
Consuner 1
Consuner 1
Consuner 0

wants to consume

produced item 0.5306153831037835
sent item 0.5306153831037835
nappi ng for 1347 ns

received item 0.5306153831037835
nappi ng for 636 ns

wants to consumne

produced item 0.2682601940276499
sent item 0.2682601940276499
nappi ng for 241 ns

received item 0.2682601940276499
nappi ng for 400 ns

produced item 0.47542284179688665
sent item 0.47542284179688665
nappi ng for 371 ns

received item 0.47542284179688665
nappi ng for 497 ns

wants to consune

produced item 0. 1426846229950136
sent item 0.1426846229950136
nappi ng for 539 ns

received item 0. 1426846229950136
nappi ng for 1760 ns

wants to consune

produced item 0.8579208083111102
sent item 0.8579208083111102
nappi ng for 891 ns

received item 0.8579208083111102
nappi ng for 744 ns

wants to consune

produced item 0. 7190220228546758
sent item 0.7190220228546758
nappi ng for 1192 ns

received item 0.7190220228546758
nappi ng for 97 ns

wants to consune

wants to consume

time to termnate the threads and exit

Consuner 3
Consuner 2
Consuner 1
Consuner 4
PRODUCERO
Consuner 0

nterrupted
nt errupt ed
nterrupt ed
nt errupt ed
nterrupted
nt errupt ed

fromreceive
fromreceive
fromreceive
fromreceive
from sl eep

fromreceive

age=7117, all threads are done

% j ava ProducersConsuners yes 51 2 2 6
Producer sConsuner s
synchronous=t rue, nunProducers=5,
pNap=2, cNap=2, runTi ne=6

age=46, PRODUCERO napping for 904 ns

age=66, PRODUCER1 napping for 257 ns

age=67, PRODUCER2 napping for 1740 ns

age=70, PRODUCER3 napping for 1405 ns

age=73, PRODUCER4 napping for 670 ns

Al threads started

age=76, Consumner0 napping for 1620 ns

age=335, PRODUCERL produced item 0.17631033059969203
age=745, PRODUCER4 produced item 0.5982192991443873
age=967, PRODUCERO produced item 0.346069281928469
age=1485, PRODUCER3 produced item 0.1777369982527307
age=1705, Consuner0 wants to consune

age=1708, PRODUCER1, reply= Consuner0 got it!
age=1709, PRODUCER1 sent item 0.17631033059969203

nunmConsumer s=1
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age=1711,
age=1712,
age=1713,
age=1815,
age=2907,
age=3105,
age=3106,
age=3107,
age=3108,
age=3108,
age=3109,
age=4407,
age=4408,
age=4409,
age=4410,
age=4411,
age=4412,
age=4485,
age=5076,
age=5605,
age=5606,
age=5606,
age=5608,
age=5608,
age=5609,
age=6085,
age=6089,
age=6091,
age=6092,
age=6093,
age=6094,
age=6105,
age=7095,

PRODUCER1
Consuner 0
Consuner 0
PRODUCER2
PRODUCER1
Consuner 0
PRODUCER1
PRODUCER1
PRODUCER1
Consuner 0
Consuner 0
Consuner 0
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 0
Consuner 0
PRODUCER1
PRODUCER2
Consuner 0
PRODUCER1
PRODUCER1
PRODUCER1
Consuner 0
Consuner 0
time to t
PRODUCER4
PRODUCER3
PRODUCER2
PRODUCER1
Consuner 0
PRODUCERO
al |

Producer sConsuner s
synchr onous=f al se,

i bm conl devel oper Wr ks

nappi ng for 1185 ns
received item0.17631033059969203
nappi ng for 1381 ns
produced item 0.11184681708602617
produced item 0.03828430977553221
wants to consune
, reply= Consuner0 got it!
sent item 0.03828430977553221
nappi ng for 1362 ns
recei ved item 0.03828430977553221
nappi ng for 1281 ns
wants to consune
, reply= Consuner0 got it!
sent item0.11184681708602617
nappi ng for 654 ns
received item0.11184681708602617
nappi ng for 1190 ns
produced item 0.08158951384451485
produced item 0.0983728197982997
wants to consune
, reply= Consuner0 got it!
sent item 0.08158951384451485
nappi ng for 969 ns
recei ved item 0.08158951384451485
nappi ng for 1542 ns
erm nate the threads and exit
interrupted from send
interrupted from send
interrupted from send
interrupted from sl eep
interrupted from sl eep
interrupted from send

threads are done
% j ava Producer sConsumers no

51226

nunPr oducer s=5, nunConsuner s=1

runTi me=6

nappi ng for
nappi ng for
nappi ng for
nappi ng for
nappi ng for

pPNap=2,
age=49,
age=68,
age=89,
age=91,
age=94,

cNap=2,
PRODUCERO
PRODUCERL
PRODUCER2
PRODUCER3
PRODUCER4

1009 ns
499 ns
570 ns
676 ns
1718 ns

All

age=578,
age=596,
age=597,
age=667,
age=669,
age=670,
age=778,
age=779,
age=780,
age=1070,
age=1071,
age=1072,
age=1268,
age=1269,
age=1270,
age=1271,
age=1274,
age=1275,
age=1818,
age=1819,
age=1820,

Concurrent programming in the Java language

threads started
age=97, Consuner0 napp

PRODUCER1
PRODUCER1
PRODUCER1
PRODUCER2
PRODUCER2
PRODUCER2
PRODUCER3
PRODUCER3
PRODUCER3
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 0
Consuner 0
Consuner 0
PRODUCER4
PRODUCER4
PRODUCER4

ng for 1153 ns

produced item 0.654109824432186
sent item 0.654109824432186
nappi ng for 1240 ns

produced item 0. 18068514475674902
sent item 0.18068514475674902
nappi ng for 589 ns

produced item 0.4102712629046613
sent item 0.4102712629046613
nappi ng for 1802 ns

produced item 0.5091696195916051
sent item 0.5091696195916051
nappi ng for 1319 ns

produced item 0.11994991872131833
sent item 0.11994991872131833
nappi ng for 1459 ns

wants to consune

received item 0.11994991872131833
nappi ng for 983 ns

produced item 0.3179813502495561
sent item 0.3179813502495561
nappi ng for 904 ns
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age=1848,
age=1849,
age=1850,
age=2270,
age=2271,
age=2272,
age=2398,
age=2399,
age=2400,
age=2448,
age=2449,
age=2450,
age=2527,
age=2529,
age=2530,
age=2597,
age=2599,
age=2600,
age=2601,
age=2602,
age=2603,
age=2738,
age=2739,
age=2740,
age=2741,
age=2742,
age=2743,
age=2920,
age=2921,
age=2922,
age=3355,
age=3357,
age=3358,
age=3568,
age=3569,
age=3570,
age=3618,
age=3619,
age=3620,
age=3969,
age=3970,
age=3971,
age=4098,
age=4099,
age=4100,
age=4377,
age=4379,
age=4380,
age=4488,
age=4489,
age=4490,
age=4558,
age=4559,
age=4560,
age=4767,
age=4769,
age=4770,
age=5378,
age=5379,
age=5380,
age=5381,
age=5382,
age=5383,
age=5498,
age=5499,

Concurrent programming in the Java language

PRODUCER1
PRODUCER1
PRODUCER1
Consuner 0
Consuner 0
Consuner 0
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCER1
PRODUCER1
PRODUCER1
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCER3
PRODUCER3
PRODUCER3
PRODUCER2
PRODUCER2
PRODUCER2
PRODUCER4
PRODUCER4
PRODUCER4
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 0
Consuner 0
Consuner 0
PRODUCER1
PRODUCER1
PRODUCER1
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 0
Consuner 0
Consuner 0
PRODUCER3
PRODUCER3
PRODUCER3
PRODUCER4
PRODUCER4
PRODUCER4
PRODUCER3
PRODUCER3
PRODUCER3
PRODUCER1
PRODUCER1
PRODUCER1
PRODUCER3
PRODUCER3
PRODUCER3
PRODUCER4
PRODUCER4

i bm conl devel oper Wr ks

produced item 0. 6786836744500554
sent item 0.6786836744500554
nappi ng for 584 ns

wants to consune

received item 0. 18068514475674902
nappi ng for 1020 ns

produced item 0. 6765052327934625
sent item 0.6765052327934625
nappi ng for 112 ns

produced item 0. 6087623006574409
sent item 0.6087623006574409
nappi ng for 1110 ns

produced item 0.2943617678806405
sent item 0.2943617678806405
nappi ng for 52 ns

produced item 0.43951489579213454
sent item 0.43951489579213454
nappi ng for 1010 ns

produced item 0. 6752658089401261
sent item 0.6752658089401261
nappi ng for 1878 ns

produced item 0.3501856253437148
sent item 0.3501856253437148
nappi ng for 163 ns

produced item 0. 08523336769878354
sent item 0.08523336769878354
nappi ng for 1810 ns

produced item 0.13301474356217313
sent item 0.13301474356217313
nappi ng for 1163 ns

wants to consume

recei ved item 0.08523336769878354
nappi ng for 1003 ns

produced item 0. 7517292199496083
sent item 0.7517292199496083
nappi ng for 1800 ns

produced item 0. 268743465819824
sent item 0.268743465819824
nappi ng for 337 ns

produced item 0.32319739222576216
sent item 0.32319739222576216
nappi ng for 1715 ns

produced item 0.8618141010061056
sent item 0.8618141010061056
nappi ng for 1896 ns

wants to consune

received item 0.13301474356217313
nappi ng for 1435 ns

produced item 0.23912464069393813
sent item 0.23912464069393813
nappi ng for 263 ns

produced item 0. 10655946770202618
sent item 0.10655946770202618
nappi ng for 924 ns

produced item 0.12318563460348397
sent item 0.12318563460348397
nappi ng for 591 ns

produced item 0.3722613130125716
sent item 0.3722613130125716
nappi ng for 1625 ns

produced item 0. 16025856103329428
sent item 0.16025856103329428
nappi ng for 1701 ns

produced item 0. 733038334914754
sent item 0.733038334914754
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age=5500,
age=5698,
age=5699,
age=5700,
age=5827,
age=5830,
age=5831,
age=6008,
age=6009,
age=6010,
age=6098,
age=6101,
age=6103,
age=6104,
age=6105,
age=6106,
age=6118,
age=7108,

PRODUCER4
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0
Consuner 0
PRODUCER2
PRODUCER2
PRODUCER2
tine to t
PRODUCER4
PRODUCER3
PRODUCER2
PRODUCER1
Consuner 0
PRODUCERO
al |

i bm conl devel oper Wr ks

nappi ng for 688 ns
produced item 0.5541625041131112
sent item 0.5541625041131112
nappi ng for 1411 ns
wants to consumne
received item 0. 10655946770202618
nappi ng for 1386 ns
produced item 0. 7258819670653431
sent item 0.7258819670653431
nappi ng for 1982 ns
erm nate the threads and exit
interrupted from sl eep
interrupted from sl eep
interrupted from sl eep
interrupted from sl eep
interrupted from sl eep
interrupted from sl eep

t hreads are done

% j ava ProducersConsuners yes 552 2 6
Pr oducer sConsuner s
synchronous=tr ue,

nunPr oducer s=5, nunConsuner s=5

pNap=2, cNap=2, runTi ne=6

age=42, PRODUCERO napping for 1664 ns
age=61, PRODUCER1 napping for 38 ns
age=64, PRODUCER2 napping for 1016 ns
age=65, PRODUCER3 napping for 1829 ns
age=69, PRODUCER4 napping for 60 ns
age=72, Consumner0 napping for 56 ns
age=74, Consunerl napping for 1142 ns
age=76, Consuner?2 napping for 1969 ns
age=78, Consuner 3 napping for 1500 ns
Al'l threads started

age=81, Consuner4 napping for 25 ns

age=111,
age=129,
age=292,
age=294,
age=295,
age=296,
age=297,
age=131,
age=190,
age=299,
age=300,
age=301,
age=302,
age=303,
age=933,
age=1070,
age=1091,
age=1092,
age=1093,
age=1094,
age=1095,
age=1096,
age=1190,
age=1192,
age=1193,
age=1194,
age=1195,
age=1196,
age=1221,
age=1230,
age=1231,
age=1232,

Concurrent programming in the Java language

PRODUCER1
Consuner 4
PRODUCER1,
PRODUCER1
PRODUCER1
Consuner 4
Consuner 4
PRODUCER4
Consuner 0
Consuner 0
Consuner 0
PRODUCER4,
PRODUCER4
PRODUCER4
Consuner 0
Consuner 4
PRODUCER2
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 4
Consuner 4
PRODUCER2
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 0
Consuner 0
PRODUCER1
Consuner 1
PRODUCER1
PRODUCER1

produced item 0.9185428067197055
wants to consume

repl y= Consuner4 got it!

sent item 0.9185428067197055
nappi ng for 914 ns

received item 0.9185428067197055
nappi ng for 766 ns

produced item 0. 08777957250723711
wants to consune

received item 0.08777957250723711
nappi ng for 620 ns

repl y= ConsunerQ got it!

sent item 0.08777957250723711
nappi ng for 1479 ns
wants to consune

wants to consume

produced item 0.8940799526535598
, reply= Consuner4 got it!

sent item 0.8940799526535598
nappi ng for 87 ns

recei ved item 0.8940799526535598
nappi ng for 1535 ns

produced item 0.10081751591092203
, reply= Consuner0 got it!

sent item 0.10081751591092203
nappi ng for 1821 ns

received item0.10081751591092203
nappi ng for 1396 ns

produced item 0. 3663133766503859
wants to consumne

, reply= Consumerl got it!

sent item 0.3663133766503859
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age=1233,
age=1234,
age=1235,
age=1581,
age=1721,
age=1722,
age=1723,
age=1724,
age=1725,
age=1726,
age=1750,
age=1791,
age=1792,
age=1794,
age=1796,
age=1798,
age=1799,
age=1903,
age=2021,
age=2051,
age=2052,
age=2053,
age=2054,
age=2055,
age=2056,
age=2161,
age=2290,
age=2291,
age=2292,
age=2293,
age=2294,
age=2295,
age=2600,
age=2601,
age=2602,
age=2603,
age=2604,
age=2605,
age=2640,
age=2670,
age=2672,
age=2673,
age=2674,
age=2674,
age=2676,
age=2700,
age=2820,
age=2821,
age=3033,
age=3034,
age=3035,
age=3036,
age=3037,
age=3038,
age=3120,
age=3121,
age=3123,
age=3124,
age=3125,
age=3125,
age=3126,
age=3131,
age=3132,
age=3133,
age=3134,

Concurrent programming in the Java language

PRODUCER1
Consuner 1
Consuner 1
Consuner 3
PRODUCERO
PRODUCERQ,
PRODUCERO
PRODUCERO
Consuner 3
Consuner 3
Consuner 1
PRODUCER4
Consuner 1
Consuner 1
PRODUCER4,
PRODUCER4
PRODUCER4
PRODUCER3
PRODUCER4
Consuner 2
PRODUCERS,
PRODUCER3
PRODUCER3
Consuner 2
Consuner 2
PRODUCER1
Consuner 1
Consuner 1
Consuner 1
PRODUCER4,
PRODUCER4
PRODUCER4
Consuner 0
PRODUCER1,
PRODUCER1
PRODUCER1
Consuner 0
Consuner 0
Consuner 4
PRODUCER1
PRODUCER1,
PRODUCER1
PRODUCER1
Consuner 4
Consuner 4
Consuner 2
Consuner 4
Consuner 0
PRODUCER2
PRODUCER?,
PRODUCER2
PRODUCER2
Consuner 2
Consuner 2
Consuner 3
PRODUCER4
Consuner 3
Consuner 3
PRODUCER4,
PRODUCER4
PRODUCER4
PRODUCERO
PRODUCERQ,
PRODUCERO
PRODUCERO

i bm conl devel oper Wr ks

nappi ng for 918 ns
received item 0. 3663133766503859
nappi ng for 503 ns
wants to consune
produced item 0. 16926696419542775
repl y= Consuner3 got it!
sent item 0.16926696419542775
nappi ng for 1393 ns
received item 0.16926696419542775
nappi ng for 1382 ns
wants to consume
produced item 0.24476649246179505
received item 0.24476649246179505
nappi ng for 484 ns
repl y= Consunerl got it!
sent item 0.24476649246179505
nappi ng for 220 ns
produced item 0.800190863174061
produced item 0.8202427064995859
wants to consune
repl y= Consuner2 got it!
sent item 0.800190863174061
nappi ng for 1756 ns
recei ved item 0.800190863174061
nappi ng for 638 ns
produced item 0.9924100353971543
wants to consume
recei ved item 0.8202427064995859
nappi ng for 1935 ns
repl y= Consunerl got it!
sent item 0.8202427064995859
nappi ng for 816 ns
wants to consume
repl y= Consunmer0 got it!
sent item 0.9924100353971543
nappi ng for 52 ns
received item 0.9924100353971543
nappi ng for 203 ns
wants to consume
produced item 0.5720839002063113
repl y= Consuner4 got it!
sent item 0.5720839002063113
nappi ng for 830 ns
recei ved item 0.5720839002063113
nappi ng for 135 ns
wants to consune
wants to consume
wants to consune
produced item 0.38032840213175745
repl y= Consuner2 got it!
sent item 0.38032840213175745
nappi ng for 1095 ns
received item 0.38032840213175745
nappi ng for 1230 ns
wants to consumne
produced item 0.9604224841343072
received item 0.9604224841343072
nappi ng for 1633 ns
repl y= Consuner3 got it!
sent item 0.9604224841343072
nappi ng for 608 ns
produced item 0. 9650427611915405
repl y= Consuner4 got it!
sent item 0.9650427611915405
nappi ng for 1713 ns
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age=3135,
age=3136,
age=3450,
age=3511,
age=3512,
age=3513,
age=3514,
age=3515,
age=3516,
age=3740,
age=3742,
age=3743,
age=3744,
age=3745,
age=3746,
age=3821,
age=3962,
age=3963,
age=3964,
age=3965,
age=3966,
age=3967,
age=4141,
age=4240,
age=4241,
age=4242,
age=4243,
age=4244,
age=4245,
age=4270,
age=4350,
age=4550,
age=4552,
age=4553,
age=4554,
age=4554,
age=4556,
age=4761,
age=4762,
age=4763,
age=4764,
age=4765,
age=4766,
age=4771,
age=4790,
age=4861,
age=4862,
age=4863,
age=4864,
age=4864,
age=4866,
age=4900,
age=4961,
age=4962,
age=4963,
age=4964,
age=4965,
age=4966,
age=5041,
age=5331,
age=5332,
age=5333,
age=5334,
age=5334,
age=5336,

Concurrent programming in the Java language

Consuner 4
Consuner 4
Consuner 4
PRODUCER1
PRODUCER1,
PRODUCER1
PRODUCER1
Consuner 4
Consuner 4
PRODUCER4
PRODUCER4,
PRODUCER4
PRODUCER4
Consuner 0
Consuner 0
PRODUCER3
Consuner 0
PRODUCERS,
PRODUCER3
PRODUCER3
Consuner 0
Consuner 0
PRODUCER2
Consuner 1
PRODUCER2,
PRODUCER2
PRODUCER2
Consuner 1
Consuner 1
Consuner 2
Consuner 0
PRODUCER3
PRODUCERS,
PRODUCER3
PRODUCER3
Consuner 2
Consuner 2
PRODUCER1
PRODUCER1,
PRODUCER1
PRODUCER1
Consuner 0
Consuner 0
Consuner 3
Consuner 4
PRODUCERO
PRODUCERQ,
PRODUCERO
PRODUCERO
Consuner 3
Consuner 3
Consuner 0
PRODUCER3
PRODUCERS,
PRODUCER3
PRODUCER3
Consuner 4
Consuner 4
Consuner 2
PRODUCER4
Consuner 2
Consuner 2
PRODUCER4,
PRODUCER4
PRODUCER4

i bm conl devel oper Wr ks

received item 0.9650427611915405
nappi ng for 307 ns
wants to consume
produced item 0. 918506532764693
repl y= Consuner4 got it!
sent item 0.918506532764693
nappi ng for 1238 ns
received item 0. 918506532764693
nappi ng for 1264 ns
produced item 0. 754027144422452
repl y= ConsunerQ got it!
sent item 0.754027144422452
nappi ng for 1578 ns
received item 0. 754027144422452
nappi ng for 208 ns
produced item 0.27122994909004716
wants to consumne
repl y= Consunmer0 got it!
sent item 0.27122994909004716
nappi ng for 579 ns
received item 0.27122994909004716
nappi ng for 372 ns
produced item 0.27589255387330824
wants to consune
repl y= Consunerl got it!
sent item 0.27589255387330824
nappi ng for 1469 ns
recei ved item 0.27589255387330824
nappi ng for 1952 ns
wants to consune
wants to consume
produced item 0.8619194399545967
repl y= Consuner2 got it!
sent item 0.8619194399545967
nappi ng for 398 ns
received item 0.8619194399545967
nappi ng for 472 ns
produced item 0. 7701099520047171
repl y= ConsunerQ got it!
sent item 0.7701099520047171
nappi ng for 1625 ns
received item 0.7701099520047171
nappi ng for 129 ns
wants to consune
wants to consume
produced item 0.2228435588271499
repl y= Consuner3 got it!
sent item 0.2228435588271499
nappi ng for 951 ns
received item 0.2228435588271499
nappi ng for 675 ns
wants to consune
produced item 0. 6894975962370399
repl y= Consuner4 got it!
sent item 0.6894975962370399
nappi ng for 743 s
received item 0.6894975962370399
nappi ng for 403 ns
wants to consumne
produced item 0. 8065414987883718
received item 0.8065414987883718
nappi ng for 1824 ns
repl y= Consuner2 got it!
sent item 0.8065414987883718
nappi ng for 1217 ns
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age=5380,
age=5551,
age=5721,
age=5722,
age=5723,
age=5724,
age=5725,
age=5726,
age=5727,
age=5728,
age=5729,
age=5730,
age=5731,
age=5732,
age=5831,
age=5832,
age=5833,
age=5834,
age=5835,
age=5836,
age=6091,
age=6094,
age=6096,
age=6097,
age=6098,
age=6099,
age=6100,
age=6101,
age=6103,
age=6104,
age=6111,
age=7101,

Consuner 4
Consuner 3
PRODUCER2
PRODUCER3
PRODUCERS,
PRODUCER3
PRODUCER3
Consuner 3
Consuner 3
PRODUCER?,
PRODUCER2
PRODUCER2
Consuner 4
Consuner 4
PRODUCERO
PRODUCERQ,
PRODUCERO
PRODUCERO
Consuner 0
Consuner 0

tine to tenﬁnatethe

PRODUCER3
PRODUCER1
PRODUCER2
Consuner 1
Consuner 2
Consuner 3
Consuner 4
PRODUCER4
Consuner 0
PRODUCERO
al |

Pr oducer sConsuner s
synchr onous=f al se,

i bm conl devel oper Wr ks

wants to
wants to
pr oduced

consune
consune
item 0.9920886064917681
produced item 0. 903554039796397
repl y= Consuner3 got it!
sent item 0.903554039796397
nappi ng for 828 ns
recei ved item 0. 903554039796397
nappi ng for 997 ns
repl y= Consuner4 got it!
sent item 0.9920886064917681
nappi ng for 1454 ns
received item 0.9920886064917681
nappi ng for 1344 ns
produced item 0. 13174758677755616
repl y= ConsunmerQ got it!
sent item 0.13174758677755616
nappi ng for 689 ns
received item 0.13174758677755616
nappi ng for 1170 ns
threads and exit
from sl eep
from sl eep
from sl eep
from sl eep
from sl eep
from sl eep
from sl eep
from sl eep
from sl eep
from sl eep

nt errupt ed
nterrupt ed
nt errupt ed
nterrupt ed
nt errupt ed
nterrupt ed
nt errupt ed
nterrupt ed
nt errupt ed
nterrupt ed

threads are done
% j ava Producer sConsuners no

55226

nunPr oducer s=5, nunConsumner s=5

pNap=2, cNap=2, runTi ne=6

age=44, PRODUCERO napping for 1548 ns
age=63, PRODUCER1 napping for 677 mns
age=66, PRODUCER2 napping for 1441 ns
age=68, PRODUCER3 napping for 1283 ns
age=71, PRODUCER4 napping for 435 ns
age=74, Consumrer0 napping for 1925 ns
age=76, Consunerl napping for 1681 ns
age=78, Consuner?2 napping for 1632 ns
age=81, Consuner 3 napping for 1953 ns
Al'l threads started

age=83, Consuner4 napping for 1600 ns

age=513,
age=530,
age=532,
age=532,
age=533,
age=534,
age=753,
age=754,
age=755,
age=1125,
age=1126,
age=1127,
age=1363,
age=1364,
age=1365,
age=1523,
age=1524,
age=1525,

Concurrent programming in the Java language

PRODUCER4
PRODUCER4
PRODUCER4
PRODUCER4
PRODUCER4
PRODUCER4
PRODUCERL
PRODUCERL
PRODUCERL
PRODUCERL
PRODUCERL
PRODUCERL
PRODUCERS
PRODUCER3
PRODUCERS
PRODUCER2
PRODUCER2
PRODUCER2

produced item 0.3410400811142391
sent item 0.3410400811142391
nappi ng for 1 ns
produced item 0.9047856169302597
sent item 0.9047856169302597
nappi ng for 1025 ns
produced item 0. 8843759516570732
sent item 0.8843759516570732
nappi ng for 357 ns
produced item 0.19197557779325958
sent item 0.19197557779325958
nappi ng for 491 ns
produced item 0.830373247233264
sent item 0.830373247233264
nappi ng for 901 ns
produced item 0.8098838675941346
sent item 0.8098838675941346
nappi ng for 436 ns
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age=1573,
age=1574,
age=1575,
age=1603,
age=1604,
age=1605,
age=1632,
age=1634,
age=1635,
age=1693,
age=1695,
age=1697,
age=1722,
age=1723,
age=1724,
age=1772,
age=1773,
age=1774,
age=1905,
age=1906,
age=1907,
age=1932,
age=1933,
age=1935,
age=1943,
age=1944,
age=1945,
age=1973,
age=1974,
age=1975,
age=2012,
age=2014,
age=2015,
age=2042,
age=2043,
age=2044,
age=2093,
age=2094,
age=2095,
age=2173,
age=2174,
age=2175,
age=2283,
age=2284,
age=2285,
age=2342,
age=2344,
age=2345,
age=2392,
age=2393,
age=2395,
age=2533,
age=2534,
age=2535,
age=2682,
age=2683,
age=2684,
age=2902,
age=2903,
age=2904,
age=2922,
age=2923,
age=2924,
age=3123,
age=3124,
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PRODUCER4
PRODUCER4
PRODUCER4
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCER1
PRODUCER1
PRODUCER1
Consuner 4
Consuner 4
Consuner 4
Consuner 2
Consuner 2
Consuner 2
Consuner 1
Consuner 1
Consuner 1
PRODUCER4
PRODUCER4
PRODUCER4
Consuner 1
Consuner 1
Consuner 1
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 0
Consuner 0
Consuner 0
Consuner 3
Consuner 3
Consuner 3
PRODUCER2
PRODUCER2
PRODUCER2
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCER3
PRODUCER3
PRODUCER3
Consuner 2
Consuner 2
Consuner 2
Consuner 2
Consuner 2
Consuner 2
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 1
Consuner 1
Consuner 1
PRODUCER4
PRODUCER4
PRODUCER4
Consuner 0
Consuner 0
Consuner 0
PRODUCER1
PRODUCER1

i bm conl devel oper Wr ks

produced item 0.6027106304058345
sent item 0.6027106304058345
nappi ng for 319 ns

produced item 0.4292486419460507
sent item 0.4292486419460507
nappi ng for 325 ns

produced item 0.5872721123774989
sent item 0.5872721123774989
nappi ng for 1474 ns

wants to consune

received item 0.19197557779325958
nappi ng for 1939 ns

wants to consume

received item 0.3410400811142391
nappi ng for 608 ns

wants to consune

received item 0.4292486419460507
nappi ng for 148 ns

produced item 0. 15349615717846132
sent item 0.15349615717846132
nappi ng for 974 ns

wants to consune

received item 0. 15349615717846132
nappi ng for 734 ns

produced item 0.6143545981931535
sent item 0.6143545981931535
nappi ng for 214 ns

produced item 0.5517125342572194
sent item 0.5517125342572194
nappi ng for 105 ns

wants to consume

received item 0.5517125342572194
nappi ng for 896 ns

wants to consune

received item 0.5872721123774989
nappi ng for 1964 ns

produced item 0.6032968491632188
sent item 0.6032968491632188
nappi ng for 1052 ns

produced item 0. 306508087515337
sent item 0.306508087515337
nappi ng for 346 ns

produced item 0. 039727663768907906
sent item 0.039727663768907906
nappi ng for 1444 ns

wants to consune

received item 0.039727663768907906
nappi ng for 32 ns

wants to consume

recei ved item 0.306508087515337
nappi ng for 1172 ns

produced item 0.9501617999455061
sent item 0.9501617999455061
nappi ng for 1394 ns

wants to consumne

received item 0.6027106304058345
nappi ng for 1554 ns

produced item 0.9917188318473676
sent item 0.9917188318473676
nappi ng for 940 ns

wants to consumne

received item 0.6032968491632188
nappi ng for 1654 ns

produced item 0.9290907832359444
sent item 0.9290907832359444
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age=3125,
age=3163,
age=3164,
age=3165,
age=3583,
age=3584,
age=3585,
age=3642,
age=3644,
age=3645,
age=3743,
age=3744,
age=3745,
age=3853,
age=3854,
age=3855,
age=3943,
age=3944,
age=3946,
age=3953,
age=3954,
age=3955,
age=4022,
age=4024,
age=4025,
age=4033,
age=4034,
age=4035,
age=4035,
age=4037,
age=4038,
age=4072,
age=4074,
age=4075,
age=4142,
age=4144,
age=4145,
age=4182,
age=4184,
age=4185,
age=4233,
age=4234,
age=4235,
age=4252,
age=4253,
age=4254,
age=4333,
age=4334,
age=4335,
age=4383,
age=4384,
age=4385,
age=4402,
age=4404,
age=4405,
age=4513,
age=4514,
age=4515,
age=4593,
age=4594,
age=4595,
age=4663,
age=4664,
age=4665,
age=4872,
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PRODUCER1
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 2
Consuner 2
Consuner 2
Consuner 4
Consuner 4
Consuner 4
PRODUCER3
PRODUCER3
PRODUCER3
PRODUCER4
PRODUCER4
PRODUCER4
PRODUCERO
PRODUCERO
PRODUCERO
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 3
Consuner 3
Consuner 3
PRODUCER1
PRODUCER1
PRODUCER1
Consuner 4
Consuner 4
Consuner 4
Consuner 4
Consuner 4
Consuner 4
Consuner 2
Consuner 2
Consuner 2
Consuner 3
Consuner 3
Consuner 3
PRODUCER4
PRODUCER4
PRODUCER4
Consuner 1
Consuner 1
Consuner 1
PRODUCER2
PRODUCER2
PRODUCER2
PRODUCER4
PRODUCER4
PRODUCER4
Consuner 2
Consuner 2
Consuner 2
PRODUCER2
PRODUCER2
PRODUCER2
Consuner 0
Consuner 0
Consuner 0
PRODUCER1
PRODUCER1
PRODUCER1
Consuner 1

i bm conl devel oper Wr ks

nappi ng for 897 ns

produced item 0. 7092244510592798
sent item 0.7092244510592798
nappi ng for 775 ns

wants to consumne

received item 0.6143545981931535
nappi ng for 544 ns

wants to consune

received item 0.7092244510592798
nappi ng for 371 ns

produced item 0.09280502991799322
sent item 0.09280502991799322
nappi ng for 1858 ns

produced item 0. 7592324485274388
sent item 0.7592324485274388
nappi ng for 366 ns

produced item 0. 7209106579261657
sent item 0.7209106579261657
nappi ng for 1845 ns

produced item 0.47272956301074043
sent item 0.47272956301074043
nappi ng for 365 ns

wants to consumne

recei ved item 0.09280502991799322
nappi ng for 142 ns

produced item 0.3280222480542785
sent item 0.3280222480542785
nappi ng for 617 ns

wants to consume

recei ved item 0.3280222480542785
nappi ng for 23 ns

wants to consune

received item 0.47272956301074043
nappi ng for 1886 ns

wants to consume

received item 0.7209106579261657
nappi ng for 245 ns

wants to consune

received item 0.7592324485274388
nappi ng for 1482 ns

produced item 0.9186461316635379
sent item 0.9186461316635379
nappi ng for 138 ns

wants to consune

received item 0.8098838675941346
nappi ng for 601 ns

produced item 0. 35806399650517884
sent item 0.35806399650517884
nappi ng for 166 ns

produced item 0.2058488238208972
sent item 0.2058488238208972
nappi ng for 1147 ns

wants to consumne

received item 0.2058488238208972
nappi ng for 1199 ns

produced item 0.5743572081217496
sent item 0.5743572081217496
nappi ng for 1721 ns

wants to consumne

recei ved item 0. 35806399650517884
nappi ng for 1554 ns

produced item 0.2768196943978283
sent item 0.2768196943978283
nappi ng for 1674 ns

wants to consumne
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age=4874,
age=4875,
age=4902,
age=4903,
age=4905,
age=4923,
age=4923,
age=4924,
age=4952,
age=4953,
age=4954,
age=5332,
age=5333,
age=5334,
age=5543,
age=5544,
age=5545,
age=5613,
age=5614,
age=5615,
age=5615,
age=5616,
age=5617,
age=5682,
age=5683,
age=5684,
age=5804,
age=5806,
age=5808,
age=5963,
age=5963,
age=5965,
age=5972,
age=5973,
age=5974,
age=6093,
age=6096,
age=6098,
age=6099,
age=6100,
age=6101,
age=6103,
age=6113,
age=6114,
age=6115,
age=6116,
age=7103,

Consuner 1
Consuner 1
Consuner 1
Consuner1
Consuner 1
Consuner 1
Consuner 1
Consuner 1
Consuner 1
Consuner 1
Consuner 1
Consuner 1
Consuner 1
Consuner 1
PRODUCER4
PRODUCER4
PRODUCER4
PRODUCER3
PRODUCER3
PRODUCER3
Consuner 2
Consuner 2
Consuner 2
Consuner 3
Consuner 3
Consuner 3
PRODUCERO
PRODUCERO
PRODUCERO
Consuner 1
Consuner 1
Consuner 1
Consuner 4
Consuner 4
Consuner 4

received item 0.2768196943978283
nappi ng for 17 ns

wants to consume

received item 0.5743572081217496
nappi ng for 8 ns

wants to consune

received item 0.830373247233264
nappi ng for 20 ns

wants to consumne

received item 0. 8843759516570732
nappi ng for 361 ns

wants to consune

received item 0.9047856169302597
nappi ng for 613 ns

produced item 0.6109297009381629
sent item 0.6109297009381629
nappi ng for 1325 ns

produced item 0.874675354317203
sent item 0.874675354317203
nappi ng for 664 ns

wants to consume

received item 0.6109297009381629
nappi ng for 1072 ns

wants to consune

received item 0.874675354317203
nappi ng for 474 ns

produced item 0.1782579961776114
sent item 0.1782579961776114
nappi ng for 640 ns

wants to consune

received item 0.1782579961776114
nappi ng for 1642 ns

wants to consume

received item0.9186461316635379
nappi ng for 891 ns

time to termnate the threads and exit

PRODUCER4
Consuner 0
Consuner 1
Consuner 4
Consuner 3
Consuner 2
PRODUCERO
PRODUCER1
PRODUCER2
PRODUCER3

nterrupted from sl eep
nterrupted from sl eep
nterrupted from sl eep
nterrupted from sl eep
nterrupted from sl eep
nterrupted from sl eep
nterrupted from sl eep
nterrupted from sl eep
nterrupted from sl eep
nterrupted from sl eep

all threads are done

Concurrent programming in the Java language
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Page 97 of 124



Presented by developerWorks, your source for great tutorials i bm com devel oper Wr ks

Section 12. Remote Method Invocation (RMI)

Some definitions

RMI is a Java package (j ava. r m ) used to make remote procedure calls.

RMI allows a thread in one JVM to invoke a method in an object in another JVM that is
perhaps on a different computer.

Object serialization is used to send an object from one JVM to another as an argument of a
remote method invocation. This converts an object into a byte stream that is sent through a
socket and converted into a copy of the object on the other end. A new thread is created in
the remote object to execute the called method's code.

Example Compute.java on page 99 shows several clients accessing a remote server
executing in a different JVM, which can be on a different physical machine. Sample run of
Compute.java server on page 102 shows the sample server outpuSample run of
Compute.java clients on page 105 shows the sample client output.

Notice that the sample output shows the clients' remote method invocations are interleaved --
that is, overlapping executions by new threads created in the server for each RMI. There are
no race conditions or synchronization problems in this example because the clients are
independent and do not share any data.

In the sample run, the clients all execute in one JVM and the server in another JVM. Both
JVMs are on the same physical machine. If the clients are on a different physical machine,
pass the name of the machine on which the server runs as a command-line argument when
starting the clients.

RMI can be used by a thread in one JVM to send a message to or rendezvous with a thread
in another JVM. A thread willing to receive or rendezvous registers an interface that other
threads can use and implements the interface using a message passing or rendezvous
object.

Background material on RMI

RMI, or remote method invocation, is the ability to make remote procedure calls. We use
"remote procedure calls" to describe an extended rendezvous between two threads in
different JVMs, perhaps on different physical machines.

Sun's RMI allows a thread in one JVM to invoke (call) a method in an object in another JVM
that is perhaps on a different physical machine. A new thread is created in the other (remote)
JVM to execute the called method.

The Conput eSer ver remote object implements a Conput e interface containing a

comput e() method that a local d i ent can call, passing a Wr k object whose doWbr k()
method the server calls. The client is using the remote server to have work performed on its
behalf (adding vectors). Presumably the server is running on a computer architecture that
can perform the work more efficiently. Parameters to the remote method and the method's
return results, if any, are passed from one JVM to the other using object serialization over the
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network.

User-written classes

Rendezvous client and server classes for RMI include:

* Interface RemoteRendezvous.java on page 107
* Class RemoteRendezvousClient.java on page 108 . Used by client or peer
* Class RemoteRendezvousServer.java on page 109 . Used by server or peer

Examples of RMI

Rendezvous Example Transact.java on page 110 -- Several clients access a remote server
executing in a different JVM, which can be on a different physical machine. Server and client
output is in Sample run of Transact.java server on page 113 an8&ample run of Transact.java
clients on page 114 .

Multiple clients transact (read and write operations) with a database on a remote server. The
transactions are serialized to avoid race conditions on the shared database maintained by
the server. Also, the server gives client number zero highest priority by always handling its
transaction first among those waiting to be performed.

In the sample run, the clients all execute in one JVM and the server in another JVM. Both
JVMs are on the same physical machine. If the clients are on a different physical machine,
pass the name of the machine on which the server runs as a command-line argument when
starting the clients.

Message passing Example Ring.java on page 115 -- Several peers are arranged in a circular
ring. Each ring member executes in its own JVM and the ring members need not all be on
the same physical machine. A single token object is passed around the ring from each
member to its successor. These are the sample outputs (Sample run of Ring.java ring
member 0 on page 119Sample run of Ring.java ring member 1 on page 120 , an8ample run
of Ring.java ring member 2 on page 121 ) in a three-member ring.

In the sample run, the three ring members execute in different JVMs, all on the same
physical machine. If the JVMs are on different physical machines, give each ring member on
its command line the machine name of its successor. Each physical machine running one or
more ring member JVMs needs to be executing one instance of r i r egi st ry, started
either manually or internally by one of the ring members on that machine.

The next several panels display the code described in this section. To view the code, click
Next; or you can go directly to the next section, Wrapup on page 122 , and return to the code
samples at another time.

Example Compute.java

i mport java.io. Serializable;
i mport java.rm.*;
i mport java.rmni.server. Uni cast Renot e(bj ect ;
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import java.rm.registry.*;
public interface Conpute extends Renote {
public static final String SERVER NAME = "Conput eServer";
public static final String SERVER MACHI NE = "Il ocal host";
public static final int SERVER PORT = 8989;
public static final int RUN_TIME = 20;
public abstract Work conpute(Wrk w)
t hrows Renot eException, InterruptedException;

cl ass Wrk extends Sugar inplenents Serializable {
private final int N= 3;
private String nanme = null;
private double[] a = null, b =null, ¢ = null;
private bool ean performed = fal se;
public Wrk(String nanme) {
thi s. name = nane;
a = new double[N]; b = new double[N]; ¢ = new doubl e[ N;
for (int i =0; i <N i++)
a[i] = randon(-N, N); b[i] = random(-N, N);

public void doWrk() throws InterruptedException {
/1l sleep to sinulate sone conputation tinme
Thr ead. sl eep(1+(i nt)random 1000*N));
for (int i =0; i <N i++) c[i] =a[i] + b[i];
performed = true;

}
public String toString() {

String value = "\n" + nane;

val ue += "\ na=";

for (int i =0; i <N i++) value +=" " + a[i];
val ue += "\ nb=";

for (int i =0; i <N i++) value +=" " + b[i];

if (perfornmed) {
val ue += "\ nc=";
for (int i =0; i <N i++) value +=" " + c[i];

return val ue;

}

cl ass Conput eServer extends Uni cast Renpot e(oj ect
i npl enents Conpute {
public ConputeServer() throws RenoteException { }
public Work conmpute(Wsrk w)
t hrows Renot eException, InterruptedException {
System out. printl n(SERVER_ NAME + " " + Thread. current Thread()
+ " got work request:" + w);
w. doWor k() ;
System out. printl n(SERVER NAME + " " + Thread. current Thread()
+ " sending reply:" + w;
return w

public static void main(String args[]) {
int serverPort = Conpute. SERVER PORT;
int runTime = Conpute. RUN Tl ME; /1 seconds

try {
serverPort = Integer.parselnt(args[0]);
runTime = I nteger.parselnt(args[1]);

} catch (Exception e) { /* use defaults */ }
Systemout.println("Server: serverMchi ne=" + SERVER MACHI NE
+ ", serverNanme=" + SERVER NAME + ", serverPort="
+ serverPort + ", runTinme=" + runTine);
/1l create a registry and register this server
try {
Regi stry registry = Locat eRegi stry. createRegi stry(serverPort);
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Conput eServer server =
regi stry. bi nd( SERVER_NAME,
} catch (Exception e) {

server);

i bm conl devel oper Wr ks

new Conput eServer () ;

Systemerr.printl n(SERVER_NAME + " exception " + e);

System exit(1);

}
Systemout.println("server " + SERVER NAMVE

+ " has been created and bound in the registry");
try {

Thr ead. sl eep((runTi ne+10) *1000) ;

} catch (InterruptedException e) { /* ignored */ }

Systemout.println("tine to term nate the
System exit(0);

cl ass
pri
pri
pri
pri
pri
pri

vat e nul | ;
vat e
vat e
vat e
vat e
vat e
t his.
this.
t his.
this.

(me =

String nane =
int id=-1;
Conput e server =
int napTime = 0;
Thread me = nul | ;
Cient(int id, Conpute server,
name = "Client " + id;
id=id;

server = server;

napTi me = napTi ne;

new Thread(this)).start();

nul | ;

}
public void timeToQuit() { nme.interrupt(); }

Cient extends Sugar inplenments Runnabl e {

Server and exit");

i nt napTine) {

public void pauseTil Done() throws InterruptedException

{ me.join(); }
public void run() {

i nt nappi ng;
Wrk w = null;
if (Thread.currentThread() !'= ne) return;
while (true) {
if (Thread.interrupted()) {
Systemout. println("age=" + age() +

+ " interrupted");
return;
P _ _
napping = 1 + (int) randonm(napTine);
try {

Thr ead. sl eep( nappi ng) ;
} catch (InterruptedException e) {
System out. println("age=" + age() +
+ " interrupted out of sleep");
return;

w = new Wor k( nane) ;
Systemout.println("age=" + age() + ",
+ nane + " sending to server work:"
try {
w = server.conpute(w);
} catch (Exception e) {

Systemerr.println("Client exception

) + nane

) + nane

+ wW;

+ e);

return;
} .
Systemout.println("age=" + age() + ", "
+ name + " received fromserver reply:" + w;

}

public static void nmain(String[] args) {
String serverName = Conput e. SERVER NAME;
String serverMachine =

Concurrent programming in the Java language

Conput e. SERVER_MACHI NE;
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int serverPort Conput e. SERVER_PORT;

int nunCients 3;
int napTime = 4; /1 both in
int runTime = Conpute. RUN_TI ME; /'l seconds

try {
server Machi ne = args[0];
serverName = args[1];
server Port I nt eger. parselnt(args[2]);
nuntCl i ents I nt eger. parselnt(args[3]);
napTi me = I nteger. parselnt(args[4]);
runTime = I nteger.parselnt(args[5]);
} catch (Exception e) { /* use defaults */ }
Systemout.println("Client: serverMchi ne="

+ server Machi ne

+ ", serverName=" + serverName + ", serverPort=" + serverPort
+ "\n nunCients=" + nunClients + ", napTime=" + napTi ne
+ ", runTime=" + runTine);
Comput e server = null;
try {
server = (Conpute)
Nam ng. | ookup("rmi://" + serverMachine + ":"
+ serverPort + "/" + serverNane);
} catch (Exception e) {
Systemerr.printin("Client exception " + e);
Systemexit(1l);
Cient[] ¢ = new dient[nundients];
for (int i =0; i <nunCients; i++)
c[i] = newdient(i, server, 1000*napTi ne);
Systemout.printin("All dient threads started");
/1 let the ients run for a while
try {
Thr ead. sl eep(runTi me*1000) ;
Systemout. println("age=" + age()
+ ", time to termnate the Cients and exit");

for (int i =0; i <nunCients; i++)
c[i].timeToQuit();
Thr ead. sl eep(1000);
for (int i =0; i <nunCients; i++)
c[i]. pauseTil Done();
} catch (InterruptedException e) { /* ignored */ }
Systemout. println("age=" + age()
+ ", all dients are done");
System exit(0);

I* To run:

machi neA% j avac Conpute.java

machi neA% r mi ¢ Conput eSer ver

machi neA% j ava Conput eServer &

machi neA% rsh machi neB "java Cient nachi neA"
*/

Sample run of Compute.java server

% j avac Conpute.java

% rm c ConputeServer

% j ava Conput eServer &

Server: server Machi ne=l ocal host, server Nanme=Conput eServer, serverPort=8989, runTi ne=20

server Conput eServer has been created and bound in the registry

Conmput eServer Thread[ TCP Connection(4)-barry. popesteen.org/134.210.51.61,5, RM runti ne]
got work request:

Concurrent programming in the Java language Page 102 of 124



Presented by developerWorks, your source for great tutorials i bm com devel oper Wr ks

Cient 2
a= -2.6956833547799772 2.7056242913415076 1.5467036159966847
b= 0.9272845052351353 2. 375308405708611 1.7315712879212102

Comput eSer ver Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

got work request:
Client 1
a= 2.198285066955644 1.1014851982887102 2.1195367406109042
= -2.40242980205884 -0.2716969010229877 1.7543779582559216

Comput eServer Thread[ TCP Connection(4)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client 2
a= -2.6956833547799772 2. 7056242913415076 1.5467036159966847
b= 0.9272845052351353 2. 375308405708611 1.7315712879212102
c= -1.768398849544842 5.080932697050119 3.278274903917895

Conput eServer Thread[ TCP Connecti on(6)-barry. popesteen. org/ 134. 210.

got work request:
Client O
a= 1.1018592459170318 2.998499863398912 -2.2753431857554913
b= 1. 60740034099687 2.4918661638800934 -0.35813980483005325

Comput eSer ver Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client 1
a= 2.198285066955644 1.1014851982887102 2.1195367406109042
b= -2.40242980205884 -0.2716969010229877 1.7543779582559216
c= -0.20414473510319597 0. 8297882972657225 3. 873914698866826

Comput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

got work request:
Client 2
a= -0.8261092470419777 0.721414082931692 -0.42645707078792716
b= -0.5302742195582928 0.8483683515941847 -1.0025008898402417

Conmput eServer Thread[ TCP Connecti on(6)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client O
a= 1.1018592459170318 2.998499863398912 -2.2753431857554913
b= 1. 60740034099687 2.4918661638800934 -0.35813980483005325
c= 2.709259586913902 5.490366027279006 -2.6334829905855446

Conput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client 2
a= -0.8261092470419777 0.721414082931692 -0.42645707078792716
b= -0.5302742195582928 0. 8483683515941847 -1.0025008898402417
= -1.3563834666002705 1.5697824345258766 -1.4289579606281688

Conmput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

got work request:
Client 2
a= -0.10302907032858588 2.122280172623806 -2.972889012811118
b= -2.1063144034959604 1.2484700810438456 -0.34516873732456776

Comput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client 2
a= -0.10302907032858588 2.122280172623806 -2.972889012811118
= -2.1063144034959604 1.2484700810438456 -0.34516873732456776
c= -2.2093434738245463 3. 3707502536676515 - 3. 3180577501356856

Comput eSer ver Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

got work request:
Client 1
a= 1.8732549025182514 1.6775852683316153 -1.3943090135761338
b= 0.4459518118556396 0.010579789697764852 -2.106450761604641

Conmput eServer Thread[ TCP Connecti on(6)-barry. popesteen. org/ 134. 210.

got work request:
Client O

= -2.8410081979322523 2.5649645745053986 -0.026610740169620506
b= 0. 7851856936449471 0.616151284898736 -2.9907779217992445

Comput eSer ver Thread[ TCP Connecti on(4)-barry. popesteen. org/ 134. 210.

got work request:
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Cient 2
a= -1.5686083274058547 1.9379634892476183 0. 7979989612913752
b= -2.4602035559398168 2.111407097419087 -0.13995152334940153

Comput eSer ver Thread[ TCP Connecti on(4)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client 2
a= -1.5686083274058547 1.9379634892476183 0. 7979989612913752
= -2.4602035559398168 2.111407097419087 -0.13995152334940153
c= -4.028811883345671 4.049370586666705 0.6580474379419736

Comput eSer ver Thread[ TCP Connecti on(6)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client O
a= -2.8410081979322523 2.5649645745053986 -0.026610740169620506
b= 0.7851856936449471 0.616151284898736 -2.9907779217992445
c= -2.0558225042873053 3.1811158594041347 -3.017388661968865

Comput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client 1
a= 1.8732549025182514 1.6775852683316153 -1.3943090135761338
b= 0.4459518118556396 0.010579789697764852 -2.106450761604641
c= 2.319206714373891 1.68816505802938 -3.5007597751807746

Comput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

got work request:
Client 1
a= 1.13032496867271 1.7356634369443213 -1.039424286223417
b= 1.6589595605000858 -2.2151755327196945 -2.2322555512103297

Conmput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Cient 1
a= 1.13032496867271 1.7356634369443213 -1.039424286223417
b= 1. 6589595605000858 -2.2151755327196945 -2.2322555512103297
c= 2.7892845291727957 -0.4795120957753731 -3.271679837433747

Conput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

got work request:
Client O
a= -0.27919433374176084 -1.6389486800885282 0.49400802045625003
b= -1.0951363826810552 -1.7985257452276389 1.0206951985241437

Comput eSer ver Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client O
a= -0.27919433374176084 -1.6389486800885282 0.49400802045625003
= -1.0951363826810552 -1.7985257452276389 1.0206951985241437
c= -1.374330716422816 -3.437474425316167 1.5147032189803937

Comput eSer ver Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

got work request:
Client 2
a= -2.657830948742076 0.9247497273131033 -1.1837878935327522
b= -0.7360974998678449 -2.5187722515825985 1.3749770142429956

Conmput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

sendi ng reply:
Client 2

= -2.657830948742076 0.9247497273131033 -1.1837878935327522
b= -0.7360974998678449 -2.5187722515825985 1.3749770142429956
c= -3.393928448609921 -1.5940225242694952 0.1911891207102434

Conput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/ 134. 210.

got work request:
Client O
a= 1.4082232953660423 -0.9931870973853112 1. 3910761385634984
b= -2.889407167103009 -0.7824050505085749 2.903892793441319

Comput eSer ver Thread[ TCP Connecti on(6)-barry. popesteen. org/ 134. 210.

got work request:
Client 1
a= -0.955428681740063 -2.5673385086416904 -2.780364026600216
b= -1.8793447696742414 -1.1507818551369844 2.7499555247812895

Conmput eServer Thread[ TCP Connecti on(6)-barry. popesteen. org/ 134. 210.
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sendi ng reply:
Cient 1
a= -0.955428681740063 -2.5673385086416904 -2.780364026600216
b= -1.8793447696742414 -1.1507818551369844 2.7499555247812895
C= -2.8347734514143044 -3.7181203637786746 -0.030408501818926403
Comput eServer Thread[ TCP Connecti on(5)-barry. popesteen.org/134.210.51. 61,5, RM
sendi ng reply:
Cient O
a= 1.4082232953660423 -0.9931870973853112 1.3910761385634984
b= -2.889407167103009 -0.7824050505085749 2.903892793441319
c= -1.4811838717369668 -1.775592147893886 4.294968932004817
Comput eServer Thread[ TCP Connecti on(5)-barry. popesteen.org/134.210.51. 61,5, RM
got work request:
Cient 2
a= 1.9275748750871307 -1.585790045655693 -0.5744877856676425
b= - 1. 6055158235742573 -2.439632153002778 -1.8423081956633163
Conmput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/134.210.51. 61,5, RM
sendi ng reply:
Cient 2
a= 1.9275748750871307 -1.585790045655693 -0.5744877856676425
b= -1.6055158235742573 -2.439632153002778 -1.8423081956633163
c= 0.3220590515128734 -4.025422198658471 -2.4167959813309587
Comput eServer Thread[ TCP Connecti on(5)-barry. popesteen. org/134.210.51. 61,5, RM
got work request:
Cient 1
a= -2.0501067221742413 -0.8359759895038006 2.8004561794994416
b= 0.3434141542833764 1.5887901295117377 1.613726707462031
Comput eServer Thread[ TCP Connecti on(6)-barry. popesteen.org/134.210.51. 61,5, RM
got work request:
Cient O
a= 2.6637065224520526 2.744898828042219 2.6241017194381673
= -2.120103401814829 2.031211204287832 -0.6996379517312672
time to term nate the Server and exit

Sample run of Compute.java clients

% java Cient
CGient: serverMchi ne=l ocal host, server Nane=Conput eServer, serverPort=8989
nunC i ent s=3, napTi ne=4, runTi me=20
Al dient threads started
age=2755, dient 2 sending to server work:
Cient 2
a= -2.6956833547799772 2. 7056242913415076 1.5467036159966847
b= 0.9272845052351353 2. 375308405708611 1.7315712879212102
age=2848, dient 1 sending to server work:
Cient 1
a= 2.198285066955644 1.1014851982887102 2.1195367406109042
b= -2.40242980205884 -0.2716969010229877 1.7543779582559216
age=3918, dient 0 sending to server work:
Cient O
a= 1.1018592459170318 2.998499863398912 -2.2753431857554913
b= 1. 60740034099687 2.4918661638800934 -0.35813980483005325
age=4362, dient 2 received fromserver reply:
Cient 2
a= -2.6956833547799772 2. 7056242913415076 1.5467036159966847
b= 0.9272845052351353 2. 375308405708611 1.7315712879212102

= -1.768398849544842 5.080932697050119 3.278274903917895
age=4423, Client 1 received fromserver reply:
Cient 1
a= 2.198285066955644 1.1014851982887102 2.1195367406109042

= -2.40242980205884 -0.2716969010229877 1.7543779582559216
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c= -0.20414473510319597 0. 8297882972657225 3. 873914698866826
age=4941, Cdient 2 sending to server work:

Cient 2

a= -0.8261092470419777 0.721414082931692 -0.42645707078792716
b= -0.5302742195582928 0.8483683515941847 -1.0025008898402417
age=5193, Cient O received fromserver reply:

Cient O

a= 1.1018592459170318 2.998499863398912 -2.2753431857554913
b= 1.60740034099687 2.4918661638800934 -0.35813980483005325
c= 2.709259586913902 5. 490366027279006 -2.6334829905855446
age=5223, Cient 2 received fromserver reply:

Cient 2

a= -0.8261092470419777 0.721414082931692 -0.42645707078792716
b= -0.5302742195582928 0.8483683515941847 -1.0025008898402417
c= -1.3563834666002705 1.5697824345258766 - 1.4289579606281688
age=5912, Cdient 2 sending to server work:

Cient 2

= -0.10302907032858588 2.122280172623806 -2.972889012811118
b= -2.1063144034959604 1.2484700810438456 -0.34516873732456776
age=8254, Client 2 received fromserver reply:

Cient 2

= -0.10302907032858588 2.122280172623806 -2.972889012811118
b= -2.1063144034959604 1.2484700810438456 -0.34516873732456776
c= -2.2093434738245463 3. 3707502536676515 - 3. 3180577501356856
age=8431, Cient 1 sending to server work:

Cient 1

a= 1.8732549025182514 1.6775852683316153 -1.3943090135761338
b= 0.4459518118556396 0.010579789697764852 -2.106450761604641
age=8521, Cient 0 sending to server work:

Cient O

a= -2.8410081979322523 2.5649645745053986 -0.026610740169620506
b= 0.7851856936449471 0.616151284898736 -2.9907779217992445
age=8621, Cient 2 sending to server work:

Cient 2

a= -1.5686083274058547 1.9379634892476183 0. 7979989612913752
b= -2.4602035559398168 2.111407097419087 -0.13995152334940153
age=10054, dient 2 received fromserver reply:

Cient 2

a= -1.5686083274058547 1.9379634892476183 0. 7979989612913752
b= -2.4602035559398168 2.111407097419087 -0.13995152334940153
c= -4.028811883345671 4.049370586666705 0.6580474379419736
age=10343, dient O received fromserver reply:

Cient O

a= -2.8410081979322523 2.5649645745053986 -0.026610740169620506
b= 0.7851856936449471 0.616151284898736 -2.9907779217992445
c= -2.0558225042873053 3.1811158594041347 -3.017388661968865
age=11144, dient 1 received fromserver reply:

Cient 1

a= 1.8732549025182514 1.6775852683316153 -1.3943090135761338
b= 0.4459518118556396 0.010579789697764852 -2.106450761604641
c= 2.319206714373891 1.68816505802938 -3.5007597751807746
age=11591, dient 1 sending to server work:

Cient 1

a= 1.13032496867271 1.7356634369443213 -1.039424286223417

b= 1.6589595605000858 -2.2151755327196945 -2.2322555512103297
age=12303, dient 1 received fromserver reply:

Cient 1

a= 1.13032496867271 1.7356634369443213 -1.039424286223417

b= 1.6589595605000858 -2.2151755327196945 -2.2322555512103297
c= 2.7892845291727957 -0.4795120957753731 -3.271679837433747
age=12431, Cdient 0 sending to server work:

Cient O

a= -0.27919433374176084 -1.6389486800885282 0.49400802045625003
b= -1.0951363826810552 -1.7985257452276389 1.0206951985241437
age=12709, dient 0 received fromserver reply:
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Cient O

a= -0.27919433374176084 -1.6389486800885282 0.49400802045625003
b= -1.0951363826810552 -1.7985257452276389 1.0206951985241437
c= -1.374330716422816 -3.437474425316167 1.5147032189803937
age=12802, Cient 2 sending to server work:

Cient 2

a= -2.657830948742076 0.9247497273131033 -1.1837878935327522
= -0.7360974998678449 -2.5187722515825985 1.3749770142429956
age=14454, Cdient 2 received fromserver reply:

Cient 2

a= -2.657830948742076 0.9247497273131033 -1.1837878935327522
b= -0.7360974998678449 -2.5187722515825985 1.3749770142429956
c= -3.393928448609921 - 1.5940225242694952 0.1911891207102434
age=15061, Cdient 0 sending to server work:

Cient O

a= 1.4082232953660423 -0.9931870973853112 1.3910761385634984
b= -2.889407167103009 -0.7824050505085749 2.903892793441319
age=15711, dient 1 sending to server work:

Cient 1

a= -0.955428681740063 -2.5673385086416904 -2.780364026600216
b= -1.8793447696742414 -1.1507818551369844 2.7499555247812895
age=16123, Cdient 1 received fromserver reply:

Cient 1

a= -0.955428681740063 -2.5673385086416904 -2.780364026600216
b= -1.8793447696742414 -1.1507818551369844 2.7499555247812895
C= -2.8347734514143044 -3.7181203637786746 -0.030408501818926403
age=17493, Cdient 0 received fromserver reply:

Cient O

a= 1.4082232953660423 -0.9931870973853112 1.3910761385634984
b= -2.889407167103009 -0.7824050505085749 2.903892793441319
c= -1.4811838717369668 -1.775592147893886 4.294968932004817
age=17761, Cient 2 sending to server work:

Cient 2

a= 1.9275748750871307 -1.585790045655693 -0.5744877856676425
b= -1.6055158235742573 -2.439632153002778 -1.8423081956633163
age=18914, dient 2 received fromserver reply:

Cient 2

a= 1.9275748750871307 - 1.585790045655693 -0.5744877856676425
b= -1.6055158235742573 -2.439632153002778 -1.8423081956633163
c= 0.3220590515128734 -4.025422198658471 -2.4167959813309587
age=19181, dient 1 sending to server work:

Cient 1

a= -2.0501067221742413 -0.8359759895038006 2.8004561794994416
b= 0.3434141542833764 1.5887901295117377 1.613726707462031
age=19621, Cdient 0 sending to server work:

Cient O

a= 2.6637065224520526 2.744898828042219 2.6241017194381673

b= -2.120103401814829 2.031211204287832 -0.6996379517312672
age=20771, tinme to termnate the Clients and exit

age=20773, Cdient 2 interrupted out of sleep

age=21781, all Cients are done

Interface RemoteRendezvous.java

i mport java.rm.*;
public interface RenoteRendezvous extends Renote {
public abstract Transaction serverGetdient
(RendezvousCondi ti on condition)
t hrows Renot eException, |nterruptedException
public abstract Transaction serverGetdient()
t hrows Renot eException, |nterruptedException
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public abstract bject clientTransact Server(Chject nessage)
t hrows Renot eException, InterruptedException;
public abstract void send(Object nessage)
t hrows Renot eException, InterruptedException;
public abstract void call (Object nessage)
t hrows Renot eException, InterruptedException;
public abstract bject receive(RendezvousCondition condition)
t hrows Renot eException, InterruptedException;
public abstract bject receive()
t hrows Renot eException, InterruptedException;

Class RemoteRendezvousClient.java

i mport java.rmi.*;
inmport java.rm.registry.*;
public class RenoteRendezvousC ient inplenents RenoteRendezvous {
private RenoteRendezvous server = null;
publ i c Renot eRendezvousC ient (String serverNang,
String serverMachi ne, int serverPort)
t hr ows Not BoundExcepti on, UnknownHost Excepti on, RenoteException {
Regi stry registry = null;
System out. println("Renot eRendezvousClient: calling getRegistry("
+ serverMachine + "," + serverPort + ")");
if (serverPort > 0)
regi stry = LocateRegi stry. get Regi stry(serverMachi ne, serverPort);
el se
registry = Locat eRegi stry. get Regi stry(server Machi ne);
System out. printl n("Renot eRendezvousClient: getRegistry("
+ serverMachine + "," + serverPort + ") called");
System out. printl n("Renot eRendezvousCient: calling | ookup("
+ serverNane + ")");
server = (RenoteRendezvous) registry. | ookup(serverNane);
System out . printl n("Renot eRendezvousC i ent: | ookup("
+ serverNanme + ") called");

publ i c Renpot eRendezvousC ient(String serverNanme, String serverMachi ne)
t hr ows Not BoundExcepti on, UnknownHost Excepti on, RenoteException {
thi s(server Nane, serverMachi ne, 0);

public Transaction serverGetdient
(RendezvousCondi ti on condition)
t hr ows Renot eException, InterruptedException {
return server.serverGetdient(condition);

public Transaction serverCGetdient()
t hr ows Renot eException, InterruptedException {
return server.serverGetdient();

public Object clientTransact Server(Chject nmessage)
t hrows Renot eException, InterruptedException {
return server.clientTransact Server (nessage);

public void send(Object nessage)
t hrows Renot eException, InterruptedException {
server. send(nessage) ;

public void call (Object nessage)

t hrows Renot eException, InterruptedException {
server.call (nessage);
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public Object receive(RendezvousCondition condition)
t hrows Renot eException, InterruptedException {
return server.receive(condition);

public Object receive()
t hrows Renot eException, InterruptedException {
return server.receive();

Class RemoteRendezvousServer.java

i mport java.rm.*;
import java.rm.registry.*;
i mport java.rm.server. Uni cast Renot eQbj ect ;
i mport java.rm.server. Export Exception
public cl ass Renpt eRendezvousServer extends Uni cast Renot eObj ect
i npl ement s Renot eRendezvous {
private Rendezvous local = null;
publ i c Renot eRendezvousServer (String serverName, int serverPort)
t hrows Renot eExcepti on, AccessException, Al readyBoundException {

super () ;

| ocal = new Rendezvous();
Regi stry registry = null
try {

/Il See if a registry already exists.
System out. printl n("Renot eRendezvousServer: calling createRegistry("
+ serverPort + ")");
if (serverPort > 0)
registry = Locat eRegi stry. creat eRegi stry(serverPort);
el se
regi stry = LocateRegi stry. createRegi stry(Regi stry. REG STRY_POCRT) ;
System out. printl n("Renot eRendezvousServer: createRegistry("
+ serverPort + ") called");
} catch (ExportException e) {
System out. printl n("ExportException: A regsitry already exists.");
System out. println("Renot eRendezvousServer: calling getRegistry("
+ serverPort + ")");
if (serverPort > 0)
registry = Locat eRegi stry. get Regi stry(serverPort);
el se
registry = LocateRegi stry. getRegistry();
System out. printl n("Renot eRendezvousServer: getRegistry("
+ serverPort + ") called");
}
System out . printl n(" Renot eRendezvousServer: calling bind("
+ serverNanme + ")");
regi stry. bi nd(serverNane, this);
System out . printl n(" Renot eRendezvousServer: bind("
+ serverNane + ") called");

publ i ¢ Renpt eRendezvousServer (String server Nane)
t hr ows Renot eExcepti on, AccessException, AlreadyBoundException {
t hi s(server Nane, 0);

public Transaction serverGetdient
(RendezvousCondi ti on condition)
t hrows Renot eException, InterruptedException {
return | ocal .serverGetdient(condition);

public Transaction serverGetdient()
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t hrows Renot eException, InterruptedException {
return |l ocal .serverGtdient();

public Object clientTransact Server(Cbject nmessage)
t hrows Renot eException, InterruptedException {
return | ocal.clientTransact Server (nessage);

public void send(Object nessage)
t hrows Renot eException, InterruptedException {
| ocal . send( nmessage) ;

public void call (Object nmessage)
t hrows Renot eException, InterruptedException {
| ocal . cal | (nmessage);

public Object receive(RendezvousCondition condition)
t hrows Renot eException, InterruptedException {
return | ocal .receive(condition);

public Object receive()
t hrows Renot eException, InterruptedException {
return | ocal .receive();
}
}

Example Transact.java

i mport java.util.Vector;

i mport java.io.Serializable;

import java.rm.*;

public class Transact {
public static final String SERVER_NAME = "Transact Server"
public static final String SERVER MACHI NE = "Il ocal host";
public static final int SERVER PORT = 8989;
public static final int RUNTIME = 20;

cl ass Request extends Sugar inplenents Serializable {
private String nane = null
private int tinme;
private int performed = 0;
public Request(String name, int time) {
thi s. name = nane;
this.time = tine;

}

public void doRequest() throws InterruptedException {
Systemout.println("age=" + age() + ", performng:" + this);
performed = 1+(int)randon(tine);
/!l sleep to simulate sone transaction tinme
Thr ead. sl eep(perforned);

Systemout.println("age=" + age() + ", perfornmed:" + this);

}
public String getNane() { return nane; }
public String toString() {

return "\n" + pame + ", " + time +
}
class ServerCondition inplenments RendezvousCondition {
public ServerCondition() { }
publ i c bool ean checkCondition

(int nmessageNum Vector bl ockedMessages,
i nt nunBl ockedServers) {

+ perfornmed;
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bj ect nessage = bl ockedMessages. el enent At (nessageNumn) ;
String client = ((Request) nessage).get Nane();
if (client.equals("COient 0")) return true;
int size = bl ockedMessages. si ze();
/*
* |f "Client 0" is not anywhere in the queue, then rendezvous
* with any client.
*/
for (int i 0; i <size; i++) {
nmessage bl ockedMessages. el ement At (i) ;
client = ((Request) nessage).get Nane();
if (client.equals("Cient 0")) return false;

return true;

}

cl ass Transact Server extends Sugar RE i npl ements Runnabl e {
private String serverNane = nul | ;
private RenoteRendezvousServer rend = null;
private ServerCondition sc = null;
private Thread ne = null;
public Transact Server(String serverName, int serverPort)
t hrows Al readyBoundExcepti on, AccessException, RenoteException {
this. serverNane = server Nane;
rend = new Renot eRendezvousServer (server Nane, serverPort);
sc = new ServerCondition();
(me = new Thread(this)).start();

}
public void run() {
if (Thread.currentThread() !'= nme) return;
while (true) {
if (Thread.interrupted()) {

Systemout.println("age=" + age() + ", " + serverNane
+ " interrupted");
return;
}
try {

Transaction t = rend. serverGetCient(sc);
hj ect m= t.server Get Request ();
if (m!=null) {
((Request) m.doRequest();
t.server MakeRepl y(m;
} else
System out. printl n(serverNane +
} catch (RenoteException e) {
Systemout.println("age=" + age() + ", " + serverNane
+ " rendezvous renote exception");
e.printStackTrace();
} catch (InterruptedException e) {
Systemout.println("age=" + age() + ", " + serverNane
+ " interrupted out of rendezvous");
return;

got null request");

}

public static void main(String args[]) {
String serverName = Transact. SERVER NAME;
String serverMachi ne = Transact. SERVER_MACHI NE;
int serverPort = Transact. SERVER PORT,;
int runTine = Transact. RUN_TI Mg; /'l seconds

try {
serverPort = Integer.parselnt(args[0]);
runTime = I nteger.parselnt(args[1]);

} catch (Exception e) { /* use defaults */ }
Systemout.println("Server: serverMchi ne=" + serverMachi ne
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+ ", serverName=" + serverNane + ", serverPort="

+ serverPort + ", runTinme=" + runTine);

try {
Transact Server server = new Transact Server (serverNane, serverPort);
} catch (Exception e) {

Systemerr.println(serverNane + " exception " + e);
e.printStackTrace();
Systemexit(1l);

}

Systemout.println("age=" + age() + ", " + serverNane
+ " has been created and bound in the registry");

try {
Thr ead. sl eep((runTi ne+10) *1000) ;

} catch (InterruptedException e) { /* ignored */ }

Systemout.println("age=" + age() + ", " + serverNane
+ ", time to termnate and exit");

System exit(0);

class dient extends SugarRE inpl ements Runnabl e {
private String nane = null;
private int id = -1;
private RenoteRendezvousCient rend = null;
private int napTime = 0;
private Thread ne = null;
private Client(int id, RenoteRendezvousClient rend, int napTine) {
this.name = "Client " + id;
this.id =id;
this.rend = rend;
thi s. napTi me = napTi ne;
(me = new Thread(this)).start();

public void timeToQuit() { nme.interrupt(); }

public void pauseTil Done() throws InterruptedException
{ me.join(); }

public void run() {

i nt nappi ng;
Request r = null;
if (Thread.currentThread() !'= ne) return;

while (true) {
if (Thread.interrupted()) {

Systemout.println("age=" + age() + ", " + nane
+ " interrupted");
return;
napping = 1 + (int) randonm(napTine);
try {

Thr ead. sl eep( nappi ng) ;
} catch (InterruptedException e) {
System out. println("age=" + age() +
+ " interrupted out of sleep");
return;

+ nane

}
r = new Request (nane, napTine);
Systemout.println("age=" + age() + ",
+ nane + " sending to server request:" + r);
try {
r = (Request) rend.clientTransact Server(r);
} catch (Exception e) {
Systemerr.println("Client exception
e.printStackTrace();
return;

+ e);

}
System out. println("age=" + age() + ", "
+ name + " received fromserver reply:" + r);
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}

public static void nmain(String[] args) {

String serverName = Transact. SERVER NAMNE;

i bm conl devel oper Wr ks

String serverMachi ne = Transact. SERVER_MACHI NE;

int serverPort = Transact.SERVER PORT;

int nunCients 3;
i nt napTime = 4; /1 both in
int runTinme = Transact. RUN_TI Mg /1 seconds

try {
server Machi ne = args[0];
server Nanme = args[1];
server Port

nunClients = Integer.parselnt(args[3
napTi me = | nteger. parselnt(args[4]);
runTime = I nteger.parselnt(args[5]);

I nt eger. parselnt(args[2

} catch (Exception e) { /* use defaults */ }
Systemout.println("Client: serverMchine=" + serverMachine

+ ", serverName=" + serverName + ", serverPort=" + serverPort
+ "\n nunCients=" + nunClients + ", napTi me=" + napTi ne
+ ", runTime=" + runTine);
Renmot eRendezvousClient rend = null;
try {
rend = new Renpt eRendezvousd i ent (server Nang,
server Machi ne, serverPort);
} catch (Exception e) {
Systemerr.printin("Client exception " + e);
e.printStackTrace();
Systemexit(1l);
Aient[] ¢ = new dient[nunCients];
for (int i =0; i <nunCients; i++)
c[i] = newdient(i, rend, 1000*napTi ne);
Systemout.printin("All dient threads started");
/1 let the dients run for a while
try {
Thr ead. sl eep(runTi ne*1000) ;
System out. println("age=" + age()
+ ", time to terminate the Cients and exit");
for (int i =0; i <nunCients; i++)

c[i].timeToQuit();

Thr ead. sl eep(1000);

for (int i =0; i <nunCients; i++)
c[i].pauseTil Done();

} catch (InterruptedException e) { /* ignored */ }

System out. println("age=" + age()
+ ", all dients are done");
System exit (0);

}

[* To run:

machi neA% j avac Transact.java

nmachi neA% rm ¢ Renot eRendezvousSer ver

machi neA% j ava Transact Server &

machi neA% rsh nmachi neB "java Cient nachi neA"
*/

Sample run of Transact.java server

% j avac Transact.java
% rm c Renot eRendezvousServer
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% j ava Transact Server &

Server: server Machi ne=l ocal host, server Nane=Transact Server, serverPort=8989, runTi ne=2(
Renot eRendezvousServer: calling createRegi stry(8989)
Renot eRendezvousServer: createRegi stry(8989) called
Renot eRendezvousServer: calling bind(Transact Server)
Renot eRendezvousServer: bind(Transact Server) called
age=247, Transact Server has been created and bound in the registry
age=11737, perforning:

Client 1, 4000, O

age=13946, perforned:

Client 1, 4000, 2194

age=13948, perforning:

Client 0, 4000, O

age=16815, perforned:

Client 0, 4000, 2852

age=16816, perforning:

Client 2, 4000, O

age=19025, perforned:

Client 2, 4000, 2193

age=19026, perforning:

Client 1, 4000, O

age=21025, perforned:

Client 1, 4000, 1983

age=21026, perforning:

Client 0, 4000, O

age=22675, perforned:

Cient 0, 4000, 1637

age=22676, perforning:

Client 2, 4000, O

age=25345, perforned:

Client 2, 4000, 2658

age=25346, perforning:

Client 1, 4000, O

age=26055, perforned:

Client 1, 4000, 700

age=26211, perforning:

Client 2, 4000, O

age=26607, perforned:

Client 2, 4000, 367

age=26619, perforning:

Client 0, 4000, O

age=29055, perforned:

Client 0, 4000, 2427

age=29201, perforning:

Client 1, 4000, O

age=30255, TransactServer, time to ternmnate and exit

Sample run of Transact.java clients

% java Cient

Cient: serverMchi ne=l ocal host, serverNane=Transact Server, serverPort=8989
nuntCl i ent s=3, napTi me=4, runTi ne=20

Renmot eRendezvousClient: calling getRegistry(local host, 8989)

Renot eRendezvousd i ent: getRegi stry(l ocal host, 8989) call ed

Renot eRendezvousd ient: calling | ookup(Transact Server)

Renot eRendezvousCl i ent: | ookup(Transact Server) called

All Cient threads started

age=1654, Cient 1 sending to server request:

Client 1, 4000, O

age=1850, Cient 2 sending to server request:

Cient 2, 4000, O
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age=2832,
Client O,
age=3908,
Cient 1,
age=6121,
Cient 1,
age=6776,
Cient O,
age=8986,
Cient 2,
age=9101,
Client O,
age=10860, Cient 2 sending to server request:
Client 2, 4000, O

age=10986, Cient 1 received fromserver reply:
Client 1, 4000, 1983

age=12636, Cient 0 received fromserver reply:
Client 0, 4000, 1637

age=13310, Cient 1 sending to server request:
Client 1, 4000, O

age=15306, Cient 2 received fromserver reply:
Client 2, 4000, 2658

age=16015, dient 1 received fromserver reply:
Client 1, 4000, 700

age=16160, Cient 2 sending to server request:
Client 2, 4000, O

age=16430, Cient 0 sending to server request:
Client 0, 4000, O

age=16570, Cdient 2 received fromserver reply:
Cient 2, 4000, 367

age=19015, dient 0 received fromserver reply:
Client 0, 4000, 2427

age=19150, Cient 1 sending to server request:
Client 1, 4000, O

age=20080, Cient 2 sending to server request:
Client 2, 4000, O

age=20290, Cient 0 sending to server request:
Client 0, 4000, O

age=20730,

Cient 0 sending to server request:
4000, O

Cient 1 received fromserver reply:
4000, 2194

Cient 1 sending to server request:
4000, O

Cient 0 received fromserver reply:
4000, 2852

Cient 2 received fromserver reply:
4000, 2193

Cient 0 sending to server request:
4000, O

tine to ternmnate the Clients and exit

age=21740, all Cients are done

i bm conl devel oper Wr ks

Example Ring.java

i mport java.io.Serializable;
i mport java.rm.*;
public class Ring {

public
public

static final String RI NG NAME = "Ri ngMenber";

static final String RING MACH NE = "l ocal host";

cl ass Token inplenents Serializable {
private int value = 0;
private String owner = null;

}

public
public
public
public
public
public

return "\'n Token: owner ='

}

Token(String o, int v) { ower = o; value

String getOmer() { return owner; }
int getValue() { return value; }

void setOmer(String o) { owner = o; }
voi d setValue(int v) { value = v; }
String toString() {

Concurrent programming in the Java language

+ owner + ", val ue=

:V;}

+ val ue;
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cl ass Ri ngMenber extends Sugar RE i npl enents Runnabl e {
privat e RenoteRendezvousServer channel = null
private String nane = null
private int id = 0;
private RenoteRendezvousd ient successor = null;
private String successorMachine = null
private String successorNane = null
private int napTime = 0; /'l seconds
private Thread ne = null;
public Ri ngMenber(int d, String i, String m String n, int t)
t hrows Al readyBoundExcepti on, AccessException, RenoteException {
id = d;
name = i;
successor Machine = m
successor Nane = n;
napTinme = t;
channel = new Renot eRendezvousServer (nane);
}
private void start() { (nme = new Thread(this)).start(); }
public void timeToQuit() { me.interrupt(); }
public void pauseTil Done() throws |nterruptedException
{ me.join(); }
public void run() {
Token t = null

if (Thread.currentThread() != ne) return
Systemout.println("age=" + age() + ", " + name + " go!");
if (id==0) {

/'l Special case: create the token and pause
/1 for all other ring nenbers to initialize
/1 and register thensel ves.
try {

Thr ead. sl eep(5000); // Yes, this is a kludge!
} catch (InterruptedException e) { }
try {

successor =

new Renot eRendezvousd i ent (successor Nane, successor Machi ne);

Systemout.println("age=" + age() + ", " + nanme
+ ", successor | ooked up");
} catch (Exception e) {
Systemerr.println("age=" + age() + ", " + nane
+ ", successor exception " + e);
e.printStackTrace();
return;
}
t = new Token(nane, 1000);
Systemout.println("age=" + age() + ", " + nane
+ " creating initial token" + t);
try {
send(successor, t);
} catch (Exception e) {
Systemerr.println("age=" + age() + ", " + nane
+ ", initial token exception " + e);
e.printStackTrace();
return;
} _
Systemout.println("age=" + age() + ", " + nane

+ " passed initial token to successor
while (true) {
if (Thread.interrupted()) {

+ successor Nane) ;

Systemout.println("age=" + age() + ", " + nane
+ " interrupted in run");
return;
}
t =null;
try {
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t = (Token) receive(channel);
} catch (RenoteException e) {
Systemout.println("age=" + age() + ", " + nane
+ " rendezvous renote exception");
e.printStackTrace();
} catch (InterruptedException e) {

Systemout.println("age=" + age() + ", " + name
+ " interrupted in receive");
return;
}
int napping = 1 + (int) (Mth.randonm()*1000*napTi ne);
Systemout.println("age=" + age() + ", " + nane

+ " sleeping for + nappi ng

+ " ns after receiving token" + t);
try {

Thr ead. sl eep( nappi ng) ;
} catch (InterruptedException e) {

Systemout.println("age=" + age() + ", " + nane
+ " interrupted in sleep");
return;

t.set Owmer(nanme); t.setValue(t.getValue()+1);
Systemout.println("age=" + age() + ", " + nane
+ " passing token" + t);
try {
send(successor, t);
} catch (Exception e) {

Systemerr.println("age=" + age() + ", " + nanme
+ ", pass exception " + e);
e.printStackTrace();
return;
} .
Systemout. println("age=" + age() + ", " + nanme
+ " token passed to successor " + successorNane),
} else {

/1 Everybody else waits to get the token before passing it on
while (true) {
if (Thread.interrupted()) {

Systemout.println("age=" + age() + ", " + nane
+ " interrupted in run");
return;
t = null;
try {

t = (Token) receive(channel);
} catch (RenoteException e) {
Systemout.println("age=" + age() + ", " + nane
+ ", rendezvous renote exception");
e.printStackTrace();
} catch (InterruptedException e) {

Systemout.println("age=" + age() + ", " + nane
+ " interrupted in receive");
return;
}
int napping =1 + (int) (Mth.random()*1000*napTi ne);
Systemout. println("age=" + age() + ", " + name

+ " sleeping for " + napping

+ " ns after receiving token" + t);
try {

Thr ead. sl eep( nappi ng) ;
} catch (InterruptedException e) {

Systemout.println("age=" + age() + ", " + nanme
+ " interrupted in sleep");
return;
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t. set Owner (nane) ;

System out. println("age=" + age() + ",

+ " passing token" + t);
i f (successor nul 1) {
/1 Don't do this until

i bm conl devel oper Wr ks

t.set Val ue(t. get Val ue() +1);

+ nane

you get the token from

/1l your predecessor to nake sure your successor

/1 is registered

try {

successor = new

Renot eRendezvousC i ent (successor Nane,

successor Machi ne) ;

System out.println("age=" + age() + ", + nane
+ ", successor | ooked up");
} catch (Exception e) {
Systemerr.println("age=" + age() + ", " + nane
+ ", successor exception " + e);
e.printStackTrace();
return;
}
}
try {
send(successor, t);
} catch (Exception e) {
Systemerr.println("age=" + age() + ", " + nane
+ ", pass exception " + e);
e.printStackTrace();
return;
} .
Systemout.println("age=" + age() + ", " + nanme

+ " token passed to successor
}
}
public static void main(String args[]) {
int id = 0;

i nt successorld = 1;
String successor Machi ne =
String nyMachi ne = Ri ng. R NG_MACHI NE;
int napTime = 4; /1 both in

+ successor Nane) ;

Ri ng. Rl NG_MACHI NE;

int runTime 30; /'l seconds

try {
id = Integer.parselnt(args[0]);
successorld = Integer. parselnt(args[1]);
successor Machi ne = args[2];
myMachi ne = args[ 3];
napTi me = I nteger.parselnt(args[4]);
runTime = I nteger.parselnt(args[5]);

} catch (Exception e) { /* use defaults */ }

String nane =
String successorName =
Systemout.println("age=" + age() + ",
+"\n id=" +id
+ "\n successor nmachine =
+ "\'n successor name ="
Ri ngMenber menber = null;
try {
menber = new Ri ngMenber (i d,
successor Nanme, napTi ne);
} catch (Exception e) {

Ri ng. RENG NAME + id;

nane,

Systemerr.println("age=" + age() +

+ ", exception " + e);
e.printStackTrace();
Systemexit(1l);

}

System out. println("age=" + age() + ",

Concurrent programming in the Java language

Ri ng. RENG_NAME + successorl d;

+ nane

+ successor Machi ne
+ successor Nane) ;

successor Machi ne,

+ nane

+ nane
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+ " has been created and bound in the registry");
menber.start();
try {
Thr ead. sl eep(1000*runTi ne) ;
Systemout.println("age=" + age() + ",
+ ", time to termnate and exit");
menber. ti meToQuit();
Thr ead. sl eep(1000);
menber . pauseTi | Done() ;
} catch (InterruptedException e) { /* ignored */ }
Systemexit(0);

+ nane

I* To run:

machi neA% j avac Ring.java

machi neA% r mi ¢ Renot eRendezvousSer ver

machi neA% rsh nmachi neC "rmregistry &

machi neA% rsh machi neC "java R ngMenber 2 0 machi neA &
machi neA% rsh nmachineB "rmiregistry &

machi neA% rsh machi neB "java R ngMenber 1 2 machi neC &"
machi neA% rniregistry &

machi neA% j ava Ri ngMenber 0 1 machi neB &

Sample run of Ring.java ring member O

% javac Ring.java
% rm c Renot eRendezvousServer
% java Ri ngMenber 0 1
age=10, Ri ngMenberO
id =20
successor machi ne = | ocal host
successor nanme = Ri ngMenber1l
Renot eRendezvousServer: calling createRegistry(0)
Renot eRendezvousServer: createRegistry(0) called
Renot eRendezvousServer: calling bi nd( R ngMenber 0)
Renmot eRendezvousSer ver: bi nd( Ri ngMenber0) call ed
age=600, Ri ngMenber0 has been created and bound in the registry
age=610, Ri ngMenber0 go!
Renot eRendezvousd ient: calling getRegistry(local host, 0)
Renmot eRendezvousCl i ent: get Regi stry(local host,0) called
Renot eRendezvousClient: calling | ookup(R ngMenber 1)
Renot eRendezvousd i ent: | ookup(Ri ngMenber1) called
age=5655, Ri ngMenber0, successor | ooked up
age=5658, Ri ngMenberQO creating initial token
Token: owner =Ri ngMenber 0, val ue=1000
age=5694, Ri ngMenber0 passed initial token to successor Ri ngMenberl
age=9451, Ri ngMenberO sleeping for 21 ns after receiving token
Token: owner =Ri ngMenber 2, val ue=1002
age=9486, Ri ngMenber0 passi ng token
Token: owner =Ri ngMenber 0, val ue=1003
age=9493, Ri ngMenberO token passed to successor Ri ngMenber1l
age=13681, Ri ngMenberO sl eeping for 490 ns after receiving token
Token: owner =Ri ngMenber 2, val ue=1005
age=14175, Ri ngMenber O passi ng token
Token: owner =Ri ngMenber 0, val ue=1006
age=14182, Ri ngMenberO token passed to successor Ri ngMenberl
age=20491, Ri ngMenberO sl eeping for 321 ns after receiving token
Token: owner =Ri ngMenber 2, val ue=1008
age=20825, Ri ngMenber 0 passi ng t oken
Token: owner =Ri ngMenber 0, val ue=1009
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age=20832, Ri ngMenberO token passed to successor Ri ngMenberl

age=24211, Ri ngMenberO sl eeping for 2132 ns after receiving token
Token: owner =Ri ngMenber 2, val ue=1011

age=26355, Ri ngMenber 0 passi ng t oken
Token: owner =Ri ngMenber 0, val ue=1012

age=26362, Ri ngMenberO token passed to successor Ri ngMenberl

age=29581, Ri ngMenberO sl eeping for 3991 ns after receiving token
Token: owner =Ri ngMenber 2, val ue=1014

age=30615, Ri ngMenberO, tine to termnate and exit

age=30618, Ri ngMenberO interrupted in sleep

Sample run of Ring.java ring member 1

% java R ngMenber 1 2 &
age=10, Ri ngMenber1l
id =1
successor nachine = | ocal host
successor nane = Ri ngMenber 2
Renmot eRendezvousServer: calling createRegistry(0)
Export Exception: A regsitry already exists.
Renot eRendezvousServer: calling getRegistry(0)
Renot eRendezvousServer: getRegistry(0) called
Renot eRendezvousServer: calling bind(R ngMenber 1)
Renot eRendezvousServer: bind(R ngMenber 1) called
age=1838, Ri ngMenberl has been created and bound in the registry
age=1844, Ri ngMenberl1l go!
age=5782, Ri ngMenberl sl eeping for 2703 ns after receiving token
Token: owner =Ri ngMenber 0, val ue=1000
age=8502, Ri ngMenber1 passing token
Token: owner=Ri ngMenber 1, val ue=1001
Renmot eRendezvousClient: calling getRegistry(local host, 0)
Renot eRendezvousd i ent: getRegi stry(local host,0) called
Renot eRendezvousd i ent: calling | ookup(Ri ngMenber 2)
Renot eRendezvousCl i ent: | ookup(Ri ngMenber 2) call ed
age=8709, Ri ngMenberl1, successor | ooked up
age=8747, Ri ngMenberl token passed to successor Ri ngMenber?2
age=9571, Ri ngMenberl sleeping for 183 ns after receiving token
Token: owner =Ri ngMenber 0, val ue=1003
age=9771, Ri ngMenber1l passing token
Token: owner=Ri ngMenber 1, val ue=1004
age=9783, Ri ngMenberl1l token passed to successor Ri ngMenber?2
age=14258, Ri ngMenber1 sl eeping for 3099 ns after receiving token
Token: owner =Ri ngMenber 0, val ue=1006
age=17370, Ri ngMenber1 passi ng t oken
Token: owner =Ri ngMenber 1, val ue=1007
age=17379, RingMenber1 token passed to successor Ri ngMenber?2
age=20908, Ri ngMenber1 sl eeping for 1294 ns after receiving token
Token: owner =Ri ngMenber 0, val ue=1009
age=22210, Ri ngMenber1 passing token
Token: owner=Ri ngMenber 1, val ue=1010
age=22219, Ri ngMenber1 token passed to successor Ri ngMenber?2
age=26438, Ri ngMenber1 sl eeping for 1491 nms after receiving token
Token: owner =Ri ngMenber 0, val ue=1012
age=27950, Ri ngMenber1 passi ng t oken
Token: owner =Ri ngMenber 1, val ue=1013
age=27958, Ri ngMenber1 token passed to successor Ri ngMenber?2
age=31850, Ri ngMenber1, tinme to termnate and exit
age=31857, RingMenberl interrupted in receive
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Sample run of Ring.java ring member 2

% java RingMenber 2 0 &
age=10, Ri ngMenber?2
id =2
successor nmachine = | ocal host
successor name = R ngMenberO
Renot eRendezvousServer: calling createRegistry(0)
Export Exception: A regsitry already exists.
Renot eRendezvousServer: calling getRegistry(0)
Renot eRendezvousServer: get Registry(0) called
Renot eRendezvousServer: calling bi nd(Ri ngMenber 2)
Renmot eRendezvousSer ver: bi nd( Ri ngMenber2) call ed
age=1964, Ri ngMenber2 has been created and bound in the registry
age=2024, Ri ngMenber2 go!
age=8926, Ri ngMenber2 sleeping for 474 ns after receiving token
Token: owner =Ri ngMenber 1, val ue=1001
age=9413, Ri ngMenber2 passi ng token
Token: owner =Ri ngMenber 2, val ue=1002
Renot eRendezvousCl i ent: calling getRegistry(local host, 0)
Renmot eRendezvousCl i ent: get Regi stry(local host,0) called
Renot eRendezvousClient: calling | ookup(Ri ngMenber 0)
Remot eRendezvousC i ent: | ookup(Ri ngMenber Q) call ed
age=9689, Ri ngMenber2, successor | ooked up
age=9712, Ri ngMenber2 token passed to successor Ri ngMenberO
age=9963, Ri ngMenber2 sl eeping for 3952 ns after receiving token
Token: owner =Ri ngMenber 1, val ue=1004
age=13933, Ri ngMenber 2 passi ng token
Token: owner =Ri ngMenber 2, val ue=1005
age=13942, Ri ngMenber 2 token passed to successor Ri nghMenber0
age=17559, Ri ngMenber?2 sl eeping for 3179 ns after receiving token
Token: owner =Ri ngMenber 1, val ue=1007
age=20743, Ri ngMenber2 passing token
Token: owner =Ri ngMenber 2, val ue=1008
age=20752, Ri ngMenber?2 t oken passed to successor Ri ngMenberO
age=22400, Ri ngMenber2 sl eeping for 2053 ns after receiving token
Token: owner =Ri ngMenber 1, val ue=1010
age=24463, Ri ngMenber 2 passi ng token
Token: owner =Ri ngMenber 2, val ue=1011
age=24472, Ri ngMenber?2 token passed to successor Ri nghMenber0
age=28139, Ri ngMenber?2 sl eeping for 1687 ns after receiving token
Token: owner =Ri ngMenber 1, val ue=1013
age=29833, Ri ngMenber 2 passing token
Token: owner =Ri ngMenber 2, val ue=1014
age=29842, Ri ngMenber?2 token passed to successor Ri ngMenberO
age=32035, RingMenber2, tine to termnate and exit
age=32038, RingMenber?2 interrupted in receive
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Section 13. Wrapup

Tutorial summary

In this tutorial, we examined one of the Java language's most important features -- support
for multithreaded (concurrent) programming.

One benefit of multithreaded programs is that they can take advantage of the additional
CPUs in a shared-memory multiprocessor architecture in order to execute more quickly.

Using multiple threads can also simplify the design of a program, as in the example of a
server program in which each incoming client request is handled by a dedicated thread.

Thread synchronization is extremely important, and this tutorial provides many examples to
illustrate this concept.

This tutorial has also illustrated the following concepts by providing definitions, examples,
resources, and sample code: Starting Java threads; thread states, priorities, and methods;
volatile modifiers; race conditions; synchronized blocks; monitors; semaphores; message
passing; rendezvous; and Remote Method Invocation.

Resources

Download code.zip, a zip file containing all example Java programs used in this tutorial.

The following online and print resources will help you follow up on the material presented in
this tutorial:

* All example Java programs in this tutorial have been executed on a PC running Red
Hat's version 7.0 of Linux, using the IBM Java software developer kit version 1.3.0 for
Linux.

*In "Writing multithreaded Java applications" (developerWorks, March 2001), Alex
Roetter explains the Java Thread API, outlines issues involved in multithreading, and
offers solutions to common problems.

* Multithreaded programming expert Brian Goetz can help you understand the tricks and
traps of the Java threading model in this developerWorks forum, "Multithreaded Java
programming.”

* Brian Goetz also offers Threading lightly -- a series on threaded programming.

* The first installment, "Synchronization is not the enemy" (developerWorks, July
2001), explains when you have to synchronize and how expensive it is.

* The second article, "Reducing contention" (developerWorks, September 2001),
explores several techniques for reducing contention to improve scalability in
programs.
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* The third article, "Sometimes it's best not to share" (developerWorks, October
2001), gives tips on exploiting the power of ThreadLocal.

* In "Writing efficient thread-safe classes " (developerWorks, April 2000), Neel V. Kumar
uses programming examples to explain how language-level support for locking objects
and for inter-thread signaling makes writing thread-safe classes easy.

* Andrew D. Birrell's "An Introduction to Programming with Threads" (1989; a DEC
research report) provides excellent guidance on threading.

* Doug Lea's Java concurrent programming package provides standardized, efficient
versions of utility classes commonly encountered in concurrent Java programming. The
author also explains how to use the Java platform's threading model more precisely by
illuminating the patterns and trade-offs associated with concurrent programming in his
book, Concurrent Programming in Java: Design Principles and Patterns, second edition
(Addison Wesley, 2000).

* JCSP is a Java class library providing a base range of CSP primitives found at the
University of Kent, Canterbury, UK. (CSP, or Communicating Sequential Processes, is
a mathematical theory for specifying and verifying complex patterns of behavior arising
from interactions between concurrent objects.)

* JavaPP introduces the CSP model into Java threads, enabling Java active processes to
communicate and synchronize via CSP synchronization primitives, helping to eliminate
race hazards, deadlock, livelock, and starvation. Two good JavaPP sites exist -- at the
University of Bristol and the University of Twente.

* This Bill Venners' article, "Design for thread safety” (JavaWorld, August 1998), offers
design guidelines for thread safety and provides a background on the concept of thread
safety with several examples of objects -- both thread safe and not thread safe; it also
delivers guidelines to help determine when thread safety is appropriate and how best to
achieve it.

* Allen Holub's "Programming Java threads in the real world, Parts 1 through 9"
(JavaWorld, September 1998 - June 1999), is a series that purports to deliver
everything you need to know to effectively program threads in real-world applications
and situations.

* Concurrent Programming: Principles and Practice by Gregory R. Andrews
(Benjamin/Cummings, 1991) provides an in-depth overview of principles and practical
techniques that can be used to design concurrent programs.

* Foundations of Multithreaded, Parallel, and Distributed Programming by Gregory R.
Andrews (Addison Wesley, 2000) covers such current programming techniques as
semaphores, locks, barriers, monitors, message passing, and remote invocation,
providing examples with complete programs, both shared and distributed.

* Stephen Hartley's book, Concurrent Programming: The Java Programming Language
(Oxford University Press, 1998) shows readers how to use the Java language to code
semaphores, monitors, message passing, remote procedure calls, and the rendezvous
for thread synchronization and communication.
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* Java Thread Programming by Paul Hyde (Sams, 1999) demonstrates how to leverage
Java's thread facilities to increase program efficiency and to avoid common mistakes.

* Concurrency: State Models and Java Programs by Jeff Magee and Jeff Kramer (John
Wiley & Sons, 1999) provides a systematic and practical approach to designing,
analyzing, and implementing concurrent programs.

* Other, more generic books on operating-system and Java-language programming that
have expanded sections on multithreading and concurrent programming include:

* Operating Systems: Internals and Design Principles, fourth edition, by William
Stallings (Prentice Hall, 2001) reflects ongoing changes in thread and process
management and concurrency.

* Modern Operating Systems, second edition, by Andrew Tanenbaum (Prentice
Hall, 2001) has expanded its coverage of process management, threads, and
security issues.

* The Java Language Specification by James Gosling, Bill Joy, and Guy Steele
(Addison-Wesley, 1996) covers all aspects of the Java execution model, including
exceptions, threads, and binary compatibility.

* Core Java 2, Volume Il: Advanced Features, fifth edition, by Cay Horstmann and
Gary Cornell (Prentice Hall, 2002), which starts with a chapter on multithreading, is
fully updated for Sun's JDK 2 Version 1.3 and 1.4.

Your feedback

Please let us know whether this tutorial was helpful to you and how we could make it better.
We'd also like to hear about other tutorial topics you'd like to see covered. Thanks!

Colophon

This tutorial was written entirely in XML, using the developerWorks Toot-O-Matic tutorial
generator. The open source Toot-O-Matic tool is an XSLT stylesheet and several XSLT
extension functions that convert an XML file into a number of HTML pages, a zip file, JPEG
heading graphics, and two PDF files. Our ability to generate multiple text and binary formats
from a single source file illustrates the power and flexibility of XML. (It also saves our
production team a great deal of time and effort.)

You can get the source code for the Toot-O-Matic at
www6.software.ibm.com/dl/devworks/dw-tootomatic-p. The tutorial Building tutorials with the
Toot-O-Matic demonstrates how to use the Toot-O-Matic to create your own tutorials.
developerWorks also hosts a forum devoted to the Toot-O-Matic; it's available at
www-105.ibm.com/developerworks/xml_df.nsf/AllViewTemplate?OpenForm&RestrictToCategory=11.
We'd love to know what you think about the tool.

Concurrent programming in the Java language Page 124 of 124


http://www.samspublishing.com/detail_sams.cfm?item=0672315858
http://www.samspublishing.com/detail_sams.cfm?item=0672315858
http://www.samspublishing.com/detail_sams.cfm?item=0672315858
http://www.wiley.com/Corporate/Website/Objects/Products/0,9049,104914,00.html
http://www.wiley.com/Corporate/Website/Objects/Products/0,9049,104914,00.html
http://www.wiley.com/Corporate/Website/Objects/Products/0,9049,104914,00.html
http://www.wiley.com/Corporate/Website/Objects/Products/0,9049,104914,00.html
http://www.wiley.com/Corporate/Website/Objects/Products/0,9049,104914,00.html
http://www.wiley.com/Corporate/Website/Objects/Products/0,9049,104914,00.html
http://www.phptr.com/ptrbooks/esm_0130319996.html
http://www.phptr.com/ptrbooks/esm_0130319996.html
http://www.phptr.com/ptrbooks/esm_0130319996.html
http://www.phptr.com/ptrbooks/esm_0130319996.html
http://www.phptr.com/ptrbooks/esm_0130319996.html
http://www.phptr.com/ptrbooks/esm_0130319996.html
http://www.phptr.com/ptrbooks/esm_0130313580.html
http://www.phptr.com/ptrbooks/esm_0130313580.html
http://www.phptr.com/ptrbooks/esm_0130313580.html
http://cseng.aw.com/book/0,3828,0201634511,00.html
http://cseng.aw.com/book/0,3828,0201634511,00.html
http://cseng.aw.com/book/0,3828,0201634511,00.html
http://cseng.aw.com/book/0,3828,0201634511,00.html
http://www.phptr.com/ptrbooks/ptr_0130927384.html
http://www.phptr.com/ptrbooks/ptr_0130927384.html
http://www.phptr.com/ptrbooks/ptr_0130927384.html
http://www.phptr.com/ptrbooks/ptr_0130927384.html
http://www.phptr.com/ptrbooks/ptr_0130927384.html
http://www.phptr.com/ptrbooks/ptr_0130927384.html
http://www.phptr.com/ptrbooks/ptr_0130927384.html
http://www6.software.ibm.com/dl/devworks/dw-tootomatic-p
http://www-105.ibm.com/developerworks/education.nsf/xml-onlinecourse-bytitle/01F99F6B8BE60C9486256A69005BD21C?OpenDocument
http://www-105.ibm.com/developerworks/education.nsf/xml-onlinecourse-bytitle/01F99F6B8BE60C9486256A69005BD21C?OpenDocument
http://www-105.ibm.com/developerworks/education.nsf/xml-onlinecourse-bytitle/01F99F6B8BE60C9486256A69005BD21C?OpenDocument
http://www-105.ibm.com/developerworks/education.nsf/xml-onlinecourse-bytitle/01F99F6B8BE60C9486256A69005BD21C?OpenDocument
http://www-105.ibm.com/developerworks/education.nsf/xml-onlinecourse-bytitle/01F99F6B8BE60C9486256A69005BD21C?OpenDocument
http://www-105.ibm.com/developerworks/xml_df.nsf/AllViewTemplate?OpenForm&RestrictToCategory=11
http://www-105.ibm.com/developerworks/xml_df.nsf/AllViewTemplate?OpenForm&RestrictToCategory=11
http://www-105.ibm.com/developerworks/xml_df.nsf/AllViewTemplate?OpenForm&RestrictToCategory=11

	Table of Contents
	About this tutorial
	Should I take this tutorial?
	About the author

	Introduction
	Goals and objectives
	Assumptions and context
	Tutorial platform specifications

	Starting Java threads
	Two ways to start Java threads
	Background material on threads
	Example prit.java
	Sample run of prit.java
	Class Prime.java
	Unit testing of Prime.java

	Thread states, priorities, and methods
	Thread states
	Thread priorities
	Time slicing
	Thread class methods
	Instance methods
	Examples
	Class PseudoTimeSlicing.java
	Class Sugar.java
	Example beep.java
	Sample run of beep.java
	Example quad.java
	Sample run of quad.java

	The volatile modifier
	Some definitions
	Examples of the volatile modifier
	Example bwbb.java
	Driver bbdr.java
	Sample run of bwbb.java

	Race conditions
	Some definitions
	Examples of race conditions
	Example race.java
	Sample run of race.java
	Example rac2.java
	Sample run of rac2.java
	Example srbb.java
	Sample run of srbb.java

	Synchronized blocks
	Object locks
	Examples of synchronized blocks
	Try this exercise
	Example parp.java
	Sample run of parp.java
	Example norc.java
	Sample run of norc.java

	Monitors
	Monitor structure and properties
	Background material on monitors
	Examples of monitors
	Try these exercises
	Example dpmo.java
	Driver dpdr.java
	Sample run of dpmo.java
	Example bbmo.java
	Sample run of bbmo.java
	Example inmo.java
	Driver indr.java
	Sample run of inmo.java

	Semaphores
	User-written classes
	Background material on semaphores
	Pitfalls
	Examples of semaphores
	Try these exercises
	Security issues in monitors and synchronization
	Class Semaphore.java
	Class CountingSemaphore.java
	Class BinarySemaphore.java
	Class SugarSM.java
	Class BadCountingSemaphore1.java
	Class BadCountingSemaphore2.java
	Class EfficientCountingSemaphore.java
	Example bbou.java
	Sample run of bbou.java
	Example dphi.java
	Sample run of dphi.java

	Message passing
	Some definitions
	Background material on message passing
	User-written classes
	Examples of message passing
	Class SugarMP.java
	Class MessagePassing.java
	Example qsrt.java
	Sample run of qsrt.java
	Example pasv.java
	Sample run of pasv.java
	Example rads.java
	Sample run of rads.java

	Rendezvous
	Some definitions
	Background material on rendezvous
	User-written classes
	Examples of rendezvous
	Try this exercise
	Class Transaction.java
	Interface RendezvousCondition.java
	Class Rendezvous.java
	Class SugarRE.java
	Example dpre.java
	Sample run of dpre.java
	Example pcre.java
	Sample run of pcre.java

	Remote Method Invocation (RMI)
	Some definitions
	Background material on RMI
	User-written classes
	Examples of RMI
	Example Compute.java
	Sample run of Compute.java server
	Sample run of Compute.java clients
	Interface RemoteRendezvous.java
	Class RemoteRendezvousClient.java
	Class RemoteRendezvousServer.java
	Example Transact.java
	Sample run of Transact.java server
	Sample run of Transact.java clients
	Example Ring.java
	Sample run of Ring.java ring member 0
	Sample run of Ring.java ring member 1
	Sample run of Ring.java ring member 2

	Wrapup
	Tutorial summary
	Resources
	Your feedback


