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1 Intr oduction

This projectimplementshe Seve of Eratosthenes usingCCS' andJava. Thisis analgo-

rithm for generatinglist of primenumbersasillustratedin figurel. It originally consists
of asourcegeneratinghaturalnumbersandonesievefiltering outall themultiplesof two.

Whenthe last sieve seesa numberthatit cannotffilter, it createsa new sieve to filter out

all the multiplesof thatnumber Thus, after the sieve filtering out multiplesof two sees
the numberthree, it createsa new sieve thatfilters out the multiplesof three. This then

continueswith thethreesieve eventuallycreatinga sieve to filter outall multiplesof five

(the next prime number),andso on. Thus, after a while, therewill be a chainof sieves
eachfiltering outadifferentprimenumber If any numbermpasseshroughall of thesieves
andreacheshe endwith no sieve waiting, it mustbeanothemprimeandsoanew sieve is

createdor it.

2 CCSpreliminaries

The Calculusof CommunicatingSystemqCCS)is analgebrafor specifyingandreason-
ing aboutconcurrensystemsAs analgebraCCSprovidesa setof terms,operatorsand
axiomsthatcanbe usedto write andmanipulatealgebraicexpressions.The expressions
definetheelementof aconcurrensystemandthe manipulationf theseexpressionse-
vealhow thesystembehaes. CCSprovidesthefoundationfor answeringvery pragmatic
guestionsFor example the equalityof two “agents’canbedeterminedIf thetwo agents
representifferentimplementationsthenwe candeterminaf onesystemis substitutable
for the other CCSalsoestablisheshe foundationfor determiningif anagentpossesses
certain“safety” or “li veness’propertiessuchasfreedomfrom deadlock.

Calculusof CommunicatingSystems



Output Nat_Num
[ ] | |

Filter(2)
[ ]
3
Filter(3)

5—— [ |
H— Filter(5)

T—w [ ]

T—n
7

10———m
11 ——»

n— Filter(7)
12— ———11—» [ ]

11——m

11
15— Sieve()

. Filter(11)

13—
13—
13—
13
A 4 v A J k 4 k4 v k 4

Figurel: lllustrationof the Seve of Eratosthenes for obtainingthefirst six primes

The CCSgrammar(includingthatfor if-then-else) specifiedn theclasshasbeenused
for the specificatiorof the system.

3 CCSspecificationfor the system

The specificationgor theconcurrensystemaregivenbelow:

Queue(e) wf inQ(x).Queue(x) + empty.Queue(e)

Queue(s:: V) «f inQ(x).Queue(x :: s:: V) 4+ outQ(Vv).Queue(s)
Nat_Num &' outN(n).incr (n).Nat_Num
Filter(n) © inF (X).(if (mod(x,n) = 0) thenoutF(x).Filter(n) else0)

Seve™ ins(x).outS(x). (Filter (x)[0WtF — a] | QueuelinQ — a, 0t Qs b] | SievelinS— b])\Ls
whereLs = {a, b,inQ, outQ, outF }



Finally, the Eratosthenesieve canbe definedusingthe above definitionsas:

Eratosthenes™ (Nat_Num[outN — a] | Queue]inQ — a,outQ— b] | Seve[inS— b])\Lg

whereLg = {a,b,outN,inQ, outQ,inS}

It canbe shavn by looking at the statetransitiongraphthat the above specificationis
correct,andthatit is weaklybisimilar to process?(1) where:

P(n) = out(Prime(n)).P(n+1)

wherePrime(n) is thenth primenumberstartingfrom 2. Thus,theimplementatiorbased
onthis specificatiorwill befreefrom deadlock.

4 Implementation of the solution

The entireprogramhasbeenwritten in Java usingthethreadlibrariesfor spavning mul-
tiple processesThe CCSspecificationstatedabove have beenusedfor theimplementa-
tion. TheQueue classhasbeenmplementedisa passve objectwith synchronizationand
is thuswait free becausef its unboundechature. This allows the processe$o be more
independenof eachother in the sensehatoneprocesscanbe fasterthanthanthe other
(thusfilling up queue). The main calling routineis specifiedin cl ass Er at ost henes.
The other classesNat _Num Si eve andFi |l ter areextendedfrom the classMyThr ead
which in turns extendsthe Java definedclassThr ead. The programdoesnot useary
array or boundedobjects,thusthe numberof primesit cangeneratds only limited by
memory All the processesnd objectsare createddynamicallyby the programasand
whenthey areneeded.

For theprogramto exit gracefullyafterterminatingall thethreadstheprocessNat _Nun{)
is madeto exit aftergeneratinghe number-1 (negative one)which actsasa signalto all
thefilters andthe sieve it passeshrough,thusterminatingthem. The final programcan
beinvokedby typing “j ava Er at ost henes” anda sampleoutputfor anargumentof 10
(which specifiegshe numberof primesto be generatedis givenbelow:

CCS: Starting Eratosthenes Sieve inplenentation......
Generating the first 40 Prime Nunbers.

1th prine: 2
2th prime: 3
3th prime: 5
4th prinme: 7
5th prime: 11
6th prime: 13
7th prime: 17
8th prime: 19
9th prime: 23
10th prime: 29



11th prime: 31
12th prime: 37
13th prime: 41
14th prime: 43
15th prime: 47
16th prime: 53
17th prime: 59
18th prime: 61
19th prime: 67
20th prine: 71
21th prine: 73
22th prine: 79
23th prinme: 83
24th prinme: 89
25th prinme: 97
26th prinme: 101
27th prinme: 103
28th prime: 107
29th prime: 109
30th prinme: 113
31th prine: 127
32th prine: 131
33th prine: 137
34th prinme: 139
35th prinme: 149
36th prine: 151
37th prine: 157
38th prine: 163
39th prine: 167
40th prinme: 173

Clearing all queues..... done
Al 40+2 threads have term nated.
CCS ends.

Witten by Anirudh Mdi <anirudh@nirudh.net> on 12/7/99

5 Javacodefor the program

The entireJava sourcecodefor the implementedprogamhasbeenattachedat the end of
this document.
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//****************************************************************************

public class Eratosthenes

//****************************************************************************
Er at ost henes() /1 Constructor
//****************************************************************************
public static void main(String[] args) /1 main routine

int numPrimes = 100;
/1 Check for command-Iline argunent
if (args.length == 1)
{
try {nunPrimes = Integer.parselnt(args[0]);} catch (Exception e)
{
Systemout.printin("Invalid argunent \ + args[0] +
“\" passed to the program Exiting...");
return;

}

}

/1 Print wel cone nessage

Systemout. println(" ":
Systemout. println("CCS: Starting Eratosthenes Sieve inplementation...... ")
Systemout.printin("Gnerating the first " + nunPrimes + " Prine Nunbers.");
Systemout. println(" ":

Queue outNat = new Queue();

Nat _Num nat _num = new Nat _Num(out Nat);

Queue out Si eve = new Queue();

Queue inSieve = out Nat; /'l Rel abel outNat as inSieve
Si eve sieve = new Sieve(inSieve, outSieve);

/] Start the processes/threads
[/nat_numsetLimt(550); // Set linit for generation of nunbers (optional)
nat_numstart(); Il Start process Nat_Nun{) to generate natural
/'l nunbers starting from?2
sieve.start(); [l Start process Sieve() which will spawn processes
Il Filter(p_i) as and when necessary

[l Print out the prime nunbers
for(int i =0; i < nunPrines; i++)
Systemout.printin(i+l + "th prime;

n

+ out Si eve.receive());

/I Termnate all processes/threads
Systemout. println(" ");
Systemout.print("Cearing all the queues..... ");

/1 Interrupt the Nat_Nun() process.
/] Nat_Num() will then generate the integer "-1" in its output buffer before
/] termnating which will act as an exit signal to all other processes
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nat_numnylnterrupt(); Il Stop generating natural nunbers
while (outSieve.receive() !=-1) {} // Receive any remaining numbers till -1
while (sieve.isAlive()) {} [l Wit for Sieve() to exit gracefully

Systemout. println("done.");
Systemout.printin("Al " + nunPrimes + "+" + 2 + " threads have termnated.");

[/ Print termination message

Systemout. println("CCS ends.");

Systemout.printin("Witten by Anirudh Mdi <anirudh@mnirudh.net> on 12/7/99");
Systemout. println(" ")

}

//****************************************************************************

} /I Class definition for Eratosthenes ends
//****************************************************************************

public class Queue

//****************************************************************************
protected static class Node { [/ Oass definition for Node

protected int val ue;
protected Node next = null;
protected Node(int x) { value = x; } // constructor

protected bool ean conpar eANDswap(Node assumedNext, Node newNext)

{
bool ean equal ity = (next == assumedNext); /] conpare
if (equality)
next = newNext; Il swap
return equality;
}
}

[l Private variables of class Queue

private Node head;

private Node tail;

private int glnvalidNum = Integer. M N_VALUE
//****************************************************************************
public Queue() /1 Constructor

{

/1 head, tail and dummy intially point to an enpty node
Node dummy = new Node(gl nval i dNunj;

head = new Node( gl nval i dNum;

tail = new Node(glnvalidNum;

head. next = dumy;

tail.next = dumy;

}

//****************************************************************************

private void enqueue(int x) // receive value into queue for sending in future

{

Node newnode = new Node(x);

/! Read tail
Node tai | Next;



synchroni zed(tail)
tail Next = tail.next;

/] Read last.next (last = tail.next)
Node | ast Next;
synchroni zed(tai | Next)

| ast Next = tail Next.next;

/1 only proceed if tail is unchanged since |ast read
if (tailNext == tail.next)

{
if (lastNext == null) // a spot is available to insert node
{
if (tailNext.conpareANDswap(last Next, newnode))
{
tail.conpareANDswap(tail Next, newnode);
return;
}
}
el se
{
tail.conpareANDswap(tail Next, |astNext);
}
}
}
//****************************************************************************
private int dequeue() Il return a value fromthe end of the queue
{

/] atomcally read head, tail
Node headNext;
synchroni zed( head)

headNext = head. next;

Node tail Next;
synchroni zed(tail)
tail Next = tail.next;

Node first = headNext.next;

/1 only proceed if head still sane after reading tail
i f (headNext == head. next)
{
if (headNext == tail Next)
{

if (first == null)
return glnvalidNum
el se /] update
tail.conpareANDswap(tail Next, first);
}

el se

{

int x = first.val ue;



i f (head. conpar eANDswap( headNext, first))
{
first.value = glnvalidNum
return x;

}
}

return glnval i dNum

}

//****************************************************************************

public int receive() /'l send val ue from queue

{

int n;

while((n = dequeue()) == glnvalidNum) // Loop until a valid value is found
try { wait();} catch (Exception e) {}

return n;

}

//****************************************************************************

public void send(int x) // receive value into queue for sending in future
{
enqueue(x);

}

//****************************************************************************

} /I Class definition for Queue ends
//****************************************************************************

public class MyThread extends Thread
{

bool ean gSt opFl ag;

bool ean gDebugThr eads;

//****************************************************************************

public MyThread() /1 Constructor

{

gSt opFl ag = fal se;

gDebugThreads = fal se; Il For debuggi ng of threads
}

//****************************************************************************

public void run() /1 The main routine for invocation of the thread

{
}

//****************************************************************************

public void nylnterrupt()
{

gStopFlag = true;

}

//****************************************************************************

} [/ Oass definition for MThread ends

//****************************************************************************

public class Nat_Num extends MyThread
{

private Queue outN,

private int gMaxNum

//****************************************************************************



public Nat_ Num(Queue outn) /'l Constructor
{

super ();

outN = outn;

gMaxNum = I nt eger. MAX_VALUE;

}

//****************************************************************************

public void run() /1 The main routine for invocation of the thread
{
i f (gDebugThreads)

Systemout.printIn("Starting Nat_Num (" + getNane() + ")");

int n=2;
/] Cenerate consecutive natural nunbers until the stop flag is activated
while (!gStopFlag & n < ghvaxNum

{

out N. send(n); /1 Send "n" to the output queue
++n;
}
out N. send(-1); /1 Send "-1" before exiting as a signal to all the filters

i f (gDebugThreads)
Systemout.printIn("Termnating Nat_Num (" + getName() + ")");
}

//****************************************************************************
public void setLimt(int n)
gvaxNum = n;

//****************************************************************************

} /I Class definition for Nat_Num ends

//****************************************************************************

public class Sieve extends My/Thread
{

private Queue inS;

private Queue outS;

//****************************************************************************

public Sieve(Queue ins, Queue outs) /1 Constructor

super ();

inS = ins;

outS = outs;
//****************************************************************************
public void run() /1 The main routine for invocation of the thread

i f (gDebugThreads)
Systemout.printin("Starting Sieve (" + getNange() + ")");

Queue inF = inS; Il Relabel inS as inF
for(;;) Il Loop forever

{



int n=inF. receive(); // receive frominput queue

out S. send(n); /1 Send "n" to output queue
if (n==-1) break; /] Exit as -1 has been detected!!
Queue outF = new Queue(); /1 Create new queue

Filter newfilter = new Filter(n, inF, outF); // Create new filter(n)
newfilter.start();
inF = outF, Il Rel abel outF as inF

}

i f (gDebugThreads)
Systemout.printin("Termnating Sieve (" + getName() + ")");
}

//****************************************************************************

} /I Class definition for Sieve ends
//****************************************************************************

public class Filter extends M/Thread

private int gn; /1 global n
private Queue inF, outF,
//****************************************************************************

public Filter(int n, Queue inf, Queue outf) // Constructor

super () ;

gn = n;

inF = inf;

outF = outf;
//****************************************************************************
public void run() /1 The main routine for invocation of the thread

int n=gn;

i f (gDebugThreads)
Systemout.printin("Starting Filter(" + n + ") (" + getNanme() + ")");

int nultiple_of n =n;
int m=0;
while (m!=-1) [l Stop if "-1" is received
{
m = inF.receive(); Il receive frominput queue
while (nultiple_of_n<m
multiple of n += n;
if (nultiple of n>nm Il if mis not a muiltiple of n
out F. send(m; /'l send to output queue

}

i f (gDebugThreads)
Systemout.printin("Termnating Filter(" + n +") " + getNane());
}

//****************************************************************************

} /I Class definition for Filter ends
//****************************************************************************
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