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Abstract. The Javathread model provides support for multithreading within the
language and runtime system of Java. The Java synchronization and scheduling
strategy is poorly specified and turns out to be of unsatisfactory real-time
performance. The idea of Java is to let the underlying operating system specify the
synchronization and scheduling principles. This may possibly result in different
behavior on different operating systems whereas Sun claims Java to be system
independent — “write once, run everywhere”. In this paper we present a
comprehensive specification for a new thread model for the Java platform.

The theory of CSP fully specifies the behavior of synchronization and scheduling of
threads at a higher level of abstraction, which is based on processes, compositions
and synchronization primitives. The CSP concept is well thought-out and has been
proven to be successful for realizing concurrent software for real-time and
embedded systems. Tli@mmunicating Threads for Ja&TJ) packages that is
presented in the paper provides a reliable CSP/thread model for Java. The CTJ
software is available from our URL http://www.rt.el.utwente.nl/javapp.

1 Introduction

The core Java thread model is derived from traditional multithreading concepts. Literature
about threads and thread synchronization [1,2] is mostly about understanding the operating
system or low-level concepts of multithreading. Design patterns concerning concurrent
programming with threads [3] are mostly about implementation issues instead of conceptual
issues. Reasoning about threads in an application can be different for each program construct.
Hence, such a construct is an implementation issue. Threads are less abstract and are a major
cause of increasing complexity. The freedom that is given by the flexible thread application
programming interfaces (API) [1,4,5] increases the potential dangers of race hazards,
deadlock, livelock, starvation etc. The programmer must be very careful and should apply a
diversity of rules, guidelines or design patterns.

Analyzing a multithreaded program by debugging thread states can be extremely difficult

when using such an API. Theoretical methods are developed for analyzing the behavior of a
multithreaded application and for eliminating race hazards, deadlocks, livelock, starvation etc.

* Java and all Java-based trademarks and logos are trademarks or registered trademarks of Sun Microsystems, Inc. in the
United States and other countries. Communicating Threads for Java is independent of Sun Microsystems, Inc.
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Unfortunately, the Java thread model entails a serious gap between theory and practice.
Furthermore, it is difficult for the designer to apply multithreaded behavior to current design
methods, such as OMT [6] and UML [7].

The theoryCommunicating Sequential Proces4€&SP) [8, 9, 10] offers a mathematical
notation for describing patterns of communication by algebraic expressions. It comprehends a
formal proof for analyzing, verifying and eliminating race hazards, deadlocks, livelock,
starvation etc. The theory describes a complete set of thread behavior patterns and
synchronization primitives in terms of processes, compositions and channel communication.
The Communicating Threads for Jav@CTJ) package implements the CSP model (i.e.
processes, compositions and channels) in Java, which comprises much simpler and more
reliable thread patterns than the Java thread model. The CTJ package provides a small set of
design patterns that is sufficient for concurrent programming in Java. An important advantage
of CTJ is that the designer or programmer can apply to a rich set of rules or guidelines for
eliminating race hazards, deadlock, livelock, starvation etc. during design and
implementation.

Understanding the concept doesn’t require extensive knowledge about the theory of CSP.
This paper does not treat the mathematics of CSP, but treats the CSP model for Java. The CTJ
package builds a bridge between theory and practice of CSP.

2 Java threads versus CSP processes

The termghreadandprocessare closely related. A thread is a stream of control that consists

of the processor state and the stack space (e.g. registers, instruction pointer and stack pointer).
A process encapsulates its data and methods — in the same way as objects do — and also
encapsulates one or more threads of control. In other words, assigning a separate thread of
control to a passive object creates an active object and turns it into a process.

A CSP process is an active object whose instructions are executed by one thread of control
that is encapsulated within the process. Henceforth, a process is referred to a CSP process. A
process thread doegveroverlap threads of other processes. Cooperation between processes

is established by channel communication. Channels are passive and primitive objects between
processes, on which processes can send and receive data messages. Updateable data should be
kept local within the process memory space and does not need to be synchronized. Only read-
only data may be shared between processes.

Processes can start processes but thay notdirectly control other processes except
themselves. Besides safety, also debugging of processes is far less difficult than tracing thread
behavior based on the Java thread model.

The behavior of Java threads is poorly specified and strongly depends on the behavior of the
underlying operating system. Therefore, thread behavior may behave differently on different
Java virtual machines (JVM), whereas process behavior should always behaves similar on any
JVMs.
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2.1 Synchronization primitives

In Java, more than one thread may be assigned to an object. Threads that can operate on
shared data simultaneously, must be synchronized to prevent race-hazards that can result in
corrupt data or in invalid states. The user must control each thread by a diversity of methods,
which must be used in a proper way. This set of methods (see java.lang.Thread class and
java.lang.Object class in [5]) provides a basic and flexible multithreading concept. The
synchronized  clause (or monitor construct [5]) protects a critical region around the shared
data that allows only one thread to enter the region at a time. Additionally, the
wait()/notify() methods perform conditional queuing of threads within the critical region.

A monitor synchronization construct involves keeping track of more than one method.
However, this synchronization construct is expensive for just one single thread of control. It is
not always trivial to determine if methods or regions must be synchronized. Certain design
patterns [3] can solve this problem, but they can make your program more complex than
needed. Moreover, to get synchronization between threads correctly can be difficult and error-
prone.

Channels are special objects that perform communication between processes in a predefined
way. Channels are passive intermediate objects between processes and take care of
synchronization, scheduling, and the data transfer of the messages. Communication via
channels is thread-safe, most reliable and very fast. Furthermore, the programmer will be
freed from complicated synchronization and scheduling constructs. CSP channels are initially
unbuffered and fully synchronized according to teedezvous principlethe writer process

waits until the reader process gets ready or the reader process waits until a writer process gets
ready. The CTJ channel permits zero or more buffering in the channel, according to your
requirements.

Thinking in terms of processes is more abstract and more cognitive for developers than
thinking in terms of threads as will be discussed in the next section. The simplicity of using
channels over the monitor construct is an important motivation for this statement.

2.2 State transitions

For each processor there will be only one thread running at a time. A multiprocessor system
with n processors can rumthreads simultaneously. However, a uniprocessor system can run
multiple threads through scheduling [1,2]. As a thread or process executes, it changes state.
The states and the state transitions of threads and processes do not have to be equal, although
they run on the same system. We will briefly illustrate the differences between the thread state
transitions and the process state transitions. The latter is introduced in this paper.

Thread state transitions.A thread can be in one of the following states:

= anewstate; a new thread is being created,

* arunningstate; instructions are being executed,

» areadystate; the thread of control is waiting to be assigned to a processor,

» a waiting state; the thread of control is waiting or blocked for some signal or event to
occur,
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= aterminatedstate; the thread of control has finished execution.

The state transition diagram (STD) shown in figure 1 expresses a common state transition
model for threads [2].

new

new scheduled by preemption or
by timeslice
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> 1 stop :
{ ready } [ TUunning |—>| terminated J

descheduled
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blocked by a
synchronization
solution

signaled by a
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Figure 1: A thread state transition diagram (STD) after [2].

Process state transitionsA process can be in one of the following states:

* aninstantiatedstate; process object is being created or successfully terminated — no thread
is assigned to the process,

»= arunning state; the thread of control has been assigned to a process and the process has
become active,

» apreemptedstate; the process has been preempted by some process running at a higher
priority — the process is ready to be scheduled, but not running,

» awaiting state; the thread of control is inactive or blocked and waits to be notified,

= agarbagestate; the process is terminated and will never be assigned to any thread — the
Java garbage collector may cleanup the object.

The state transition diagram (STD) shown in figure 2 expresses the transitions between these

states in which a process may be situated.
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Figure 2: A process state transition diagram (DFD).
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The most important difference between the two diagrams is that more than one process may
be running in parallel, but for each processor only one threadinging at a time. In other

words, a process state transition diagram applies to each process and is independent of the
number of processors — more than one process may be running at a time. Whereas, an entire
thread state transition diagram strongly depends on the number of processors. However, the
entire thread state transition diagram lies underneath the process state transition diagram.
Thus, the user who is concerned with processes only needs to understand the process state
transitions for the individual process.

The process state transition diagram distinguishes preemptive and non-preemptive scheduling.
A process that is preempted by a higher priority process must temporarily hold and becomes
preempted A preemptedprocess becomesinning when no other higher priority process is
running A process that must wait for some event to occur isvasting. Timesharing of

threads are hidden in the process state transition diagram, because timesharing of processes is
not of any concern of processes.

3 Communicating Processes in Java

The CSP process interface and CSP channel interface, as implemented by the CTJ-package,
are described in this section.

3.1 The process interface

Parallel running processes don’t see each other All

each process sees are its channels and that's local channel name  global channel name
needs. In Java, a parent process creates its —

process and starts it by invoking it&() method. / process |
Therefore, therocess interfacef the CTJ proces: Q”y

is specified by apassive process interface
specifying theun() method, and aactive process
interface  specifying the set of channe process interface
inputs/outputs that is used by the process.

channel input channel output

Figure 3: Graphical representation of

The process interface can be derived from data-f active process interface.

models, which are labeled and directed gra....

consisting of process symbols (bubbles) and flow symbols (arrows), representing processes
and channels. Processes are connected by flows and they specify the direction of the
messages. Figure 3 illustrates a graphical representation of the active process interface of a
process with one input and one output channel.

The process name encompasses the functional description of the process. The global channel
names express the type of the message that will be passed between processes. The border of a
process specifies its input and output of the process; incoming flows specify input channels on
which the process can read and outgoing flows specify output channels on which the process
can write. Input and output channels have local channel names inside the processes that may
be different from the global channel names outside the processes, because they may exist in
different contexts. A global channel is shared by more than one process on which they can
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input and output. A local channel should be either input or output. One should be careful
when a process can inpahd output on the same channel. The distinct channel input and
output interfaces provide safety; one can only read on a channel input and one can only write
on a channel output.

3.2 The channel interface

The CTJchannel interfacas a primitive interface containingaannel-input interfaceéhat
specifies aead() method, achannel-output interfacthat specifies arite()) method, and a
getName() method that returns the channel name. Processes communicate with other
processes by reading or writing on shared channels by invokingdt@ or write()

methods. Also, the CTJ channel allows multiple readers and writers. Communication via
channels, as built by the CTJ-library, provides a hardware independent and a hardware
dependent framework. Both separated frameworks are connected by the simple interface of
the channels. In other words, channels map the software onto the hardware as illustrated in
figure 4.

Hardware independence Communic- channel
ation via channels provide a platfor Conceptual

independent framework where proces: object
may be located on the same system Ojet-orierted W
distributed across other systems. Proces

never access hardware directly, but thi Seption of
may only communicate with thei “"*

channel

channel

. O, hardwre dependent
environment via channels. As a rest linkdriver
processes do not know what processes channel ~ channel
at the other side of a channel and they Distributiwe ! hardvarre independent
el ali ey P AL HOS _
not know what hardware is in betwee linkdrivey | Tokdriver hardware dependent

Processes may communicate Wi

; 7 2| 1
something that is virtually present. Processor S processer

Hardware dependence Channels carFigure 4: Channel framework.

establish a link between two or moie

systems via some hardware. Spelirdd driver objects can be plugged into the channel. Link
drivers control the hardware and should be the hardware dependent code in the application.
The link driver framework is abstractly defined and can be extended as needed without
influencing the design or the hardware independent framework. The link driver framework
also provides interrupt handling. Information about the link driver framework can be found in
[11].

All processes that do not create link drivers are fully hardware independent. Those processes
that create link drivers are exceptional in that they are more or less hardware dependent,
because link drivers directly represent hardware. These types of processes are considered to
be network builders Network builders setup and configure the network of processes and
channels for the topology of the hardware.
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4 Concurrent Programming with CTJ

This section describes how to create communicating processes and composition constructs in
Java that are provided with he CTJ-package.

4.1 Create your process in Java

A process is defined by the csp.lang.Process interface. The csp.lang.Process interface
defines a public run() method, see listing 1.

public interface csp.lang.Process

{
public void run();
}
Listing 1, passive process interface class.
A process class must implement thesp.lang.Process interface. Note: The
csp.lang.Process interface is similar to thgva.lang.Runnable interface, but we prefer

the nameProcess .

The run() method implements the runnable body of the process that will be invoked by
another process and performs a sequential task.

class MyProcess implements csp.lang.Process

{

/l'local declarations
public MyProcess( channels and parameters )

{
}

public void run()

{

}
}

Listing 2, example process class.

/I construct process

/I do something

The constructor of the process specifies the process name, channel input and channel output
interfaces, and additional parameters for initiating the process stateinfjhemethod is the

only public method a process may invoke on another process, which is safe when this process
was not running. No more than one process may invokeuti)e method at a time. The

run() method may implement real-time activities and is allowed to begin execution unless
sufficient resources are available to enable it to run reliably. At instantiation of the process,
the constructor must setup all resources, such as channel inputs/outputs and parameters,
before theun() method is called.

4.2 Producer/consumer example

In the following producer/consumer example the basic layout of creating processes is
illustrated. Figure 3 shows a data-flow diagram (DFD) two communicating processes, i.e. a
producer process and a consumer process. The producer has some results available for the
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consumer. The result will be send when both the producer and consumer process is ready to
communicate. Producer specifies an active process interface with an output channel and
consumer specifies an active process interface with an input channel.

TheProducer

import csp.lang.*;

class Producer implements csp.lang.Process

{

ChannelOutput channel,
public Producer(ChannelOutput out)

channel = out;

}

public void run()

{
In...

/lchannel.write(object);
In...

}
}

class Consumer implements csp.lang.Process

{

Channellnput channel;

public Consumer(Channellnput in)

{

channel = in;

}

public void run()

{
n...

/[channel.read(object);
In...

}
}

Listing 3, producer/consumer example.

The Channelinput  and ChannelOutput  types are
general interfaces, which distinguish betwe
channel-input and channel-output. They do |
specify any read()  or write() methods here
because they are type-less (figure 5). Channel in
and outputs must also specify the message typ
provide compatible process interfaces. Messe
typed channels provide consistency and eliminat
source of errors. The message-typed channel cle
define the actuakead() and write() methods.
Figure 6 and listing 4 illustrates the use of a mess:
typed channel fomteger messages.

andconsumer classes are defined as follows:

Channel
ChannelOutput

channel
Producer

ChannelInput

Figure 5: Conceptual
producer/consumer
representation (DFD).

Channel of Integer
ChannelOQutput_of Integer
hamdwitedfjac)

integer
object

Producer

Channellnput of Integer

Figure 6: Detailed
producer/consumer
example (DFD).
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Two processes communicatimgeger objects can be defined as,

import csp.lang.*;
import csp.lang.Process; // override java.lang.Process
import csp.lang.Integer; /I override java.lang.Integer

class Producer implements Process

{
ChannelOutput_of_Integer channel,
Integer object;

public Producer(ChannelOutput_of Integer out)
{
channel = out;
object = new Integer(); I/ pre-allocate object

}

public void run()

{
...
object.value = 100;
channel.write(object);
...

}

}

class Consumer implements Process

{
Channellnput_of _Integer channel,
Integer object;

public Consumer(Channellnput_of Integer in)

{
channel =in;
object = new Integer(); /I pre-allocate object
}
public void run()
{
...
channel.read(object);
System.out.printin(object);
...
}
}
Listing 4, producer/consumer process classes.
Interface ChannelOutput_of_Integer extends ChannelOutput and specifies the
write(Integer  object) method. Interface Channellnput_of Integer extends
Channelinput  and specifies theead(Integer object) method. There is a one-on-one

mapping between the graphical process interface (DFDs) and the textual process interface
(source code).

Both processes can run in parallel by the parallel composition that is given in listing 5.

public void main(String[] args)
{

Channel channel = new Channel(); /I create channel object
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Process par = new Parallel(new Process|[]// create parallel composition

{ /I with a list of processes
new Producer(channel),
new Consumer(channel)

B

par.run(); // run parallel composition

Listing 5, producer/consumer parallel composition example.

The thread in thenain() method invokesar.run() and waits until the consumer and
producer processes are successfully terminated.

4.3 Message and channel types

When the communication between two cooperating processes is readgjuthewill be
copiedfrom the producer process space to the consumer process space. Each process keeps a

local csp.lang.Integer object. Thecsp.lang.Integer class, listing 6, specifies a public
int value  attribute and is therefore different from faea.lang.Integer wrapper, which
is read-only.

package csp.lang;

class Integer implements java.io.Serializable
public int value;
public Integer(int value) { this.value = value; }

public String toString() { return String.valueOf(value); }
}

Listing 6, the Integer object class.

There are many default wrappers and channels implemented in the CTJ package for the
standard data types (table 1).

csp.lang.... Channel_of_... Channellnput_of_ ... ChannelOutput_of_ ...

Boolean Channel_of_Boolean channel.read(csp.lang.Boolean) Channel.write(csp.lang.Boolean)
Byte Channel_of_Byte channel.read(csp.lang.Byte) Channel.write(csp.lang.Byte)
Char Channel_of_Char channel.read(csp.lang.Char) Channel.write(csp.lang.Char)
Double Channel_of_Double channel.read(csp.lang.Double) Channel.write(csp.lang.Double)
Float Channel_of_Float channel.read(csp.lang.Float) Channel.write(csp.lang.Float)
Integer Channel_of_Integer channel.read(csp.lang.Integer) channel.write(csp.lang.Integer)
Long Channel_of_Long channel.read(csp.lang.Long) channel.write(csp.lang.Long)
Short Channel_of_Short channel.read(csp.lang.Short) channel.write(csp.lang.Short)
Proxy Channel_of_Proxy channel.read(csp.lang.Proxy) channel.write(csp.lang.Proxy)
Object Channel_of_Object channel.read(java.lang.Object) channel.write(java.lang.Object)
Any Channel_of_Any channel.read() channel.write()

Table 1, wrappers and channel interfaces.



G.H. Hilderink et al./Communicating Threads for Java 253

5 Composition of processes

Basically, processes execute when thei) method gets invoked. The caller process waits
until therun() method returns successfully.

MyProcess process = new MyProcess(); Il create process object (instantiated state)
process.run(); // run process (running state)

The theory of CSP describes common compositions on which processes are executed; i.e.
processes can executesequencen parallel or by choice In this section thesequential

Parallel , PriParallel , Alternative and PriAlternative composition constructs
(respectively equivalent to composition operators in Cjj,jj,o,0 ) are described. These
special constructs are useful for building compositions of processes. They are processes
themselves that allow nesting of composition constructs. They automatically invoke the
run() methods on processes by the same or by a separate thread of control, according to their
specific behavior.

Building compositions of processes with the basic composition constructs are described in the
next sections. Once the network of processes is started, these processes will be scheduled on
channel communication and composition behavior.

5.1 The sequential composition construct - Sequential

The sequential composition construct executes processes one at a time. The construct
terminates when all processes have been terminated. The sequential composition construct is
created by theequential  class. The sequential object itself is a process.

Sequential seq = new Sequential(Process|] processes);

The argumenprocesses IS an array of processes. The construct starts by invokingrifne
method.

seq.run();

The following example shows a sequential composition of three processes.

Sequential seq = new Sequential(new Process]

{
new Processl( channel interfaces ),
new Process2( channel interfaces ),
new Process3( channel interfaces )

b

seq.run();

Process2 Will run after Process1 has successfully terminatedrocess3 will run after
Process2 has successfully terminated. They process terminates successfully when all
processes are successfully terminated.

New processes can be added at the end of the process list at run-time, by

seq.add(new Process4(..));

or by adding multiple processes at once

seq.add(new Process[] { new Process4(..), new Process5(..) });
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A new process can be inserted at run-time, by

seq.insert(process, index);

Processrocess Will be inserted aihdex of the process list.
A process can be removed from the process list, by

seq.remove(process);

WARNING: The methodsdd() , insert() , andremove() may only be used outside the
construct. Only the parent process of the construct may invoke these methods when the
construct is not running — the construct process must be inngtentiated state. This
restriction provides a safe and reliable way to use dynamic constructs. This warning also
applies for the other constructs in the next sections.

5.2 The parallel composition construct - Parallel

The parallel composition construct executes processes in parallel. The construct terminates
when all processes have been terminated Phlel  class creates the parallel composition
construct. The parallel object itself is a process.

Parallel par = new Parallel(Process|] processes);

The argumenprocesses is an array of processes. The construct starts by invokingrifhe
method.

par.run();

The following example shows a parallel composition of three processes.

Parallel par = new Parallel(new Process|[]

{
new Processl( channel interfaces ),
new Process2( channel interfaces ),
new Process3( channel interfaces )

b

par.run();

The processesrocessl , Process2 , andProcess3 Will be executed in parallel. Each of them
gets a separate thread of control with the same priority as the parallel processr The
process terminates successfully whadrthree processes are successfully terminated.

New processes can be added at run-time, by
par.add(new Process4(..));

or by adding multiple processes at once

par.add(new Process[] { new Process4(..), new Process5(..) });
A process can be removed from the process list, by

par.remove(process);
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5.3 The priority based parallel composition construct - PriParallel

The priparallel composition extends the parallel composition with priorities. Each process of

the priparallel construct will be given a priority in successive order, whereas each process in
the parallel construct inherits the same priority of the parallel process. The first process in the
priparallel process list will get the highest priority and the last process in the process list will

get the lowest priority of the priparallel construct. The priparallel object itself is a process.

Currently, the maximum number of priorities per priparallel is 8, where 7 for user defined
processes and one reserved for an idle task, skip task, garbage collector task (not
implemented). The reserved priority is private to the priparallel. The restriction of the
maximum of 8 priorities enables fast priority sorting with the efficiency of o@2j. The
process can be stored into the right priority queue in a maximum of two steps. PriParallel
compositions may be nested within other priparallel processes to arbitrary length. This will be
covered later.

The processes are executed by priority, but they don’t have a priority by itself; in other words,
the user cannot assign a priority to a process instead they may add the processes to a
priparallel construct. The philosophy is that the priority number of a process is an
implementation issue and not a design issue. The designer wants to specify a process that
must be executed with a higher, equal, or lower priority than another process and not by some
number. At implementation level, the priparallel process will solve the ordering of the
priorities.

ThePriParallel class creates the priority based parallel composition construct.

PriParallel pripar = new PriParallel(Process[] processes);

The argumenprocesses IS an array of processes. The construct starts by invokingrife
method.

pripar.run();

The following example shows a parallel composition of three processes.

PriParallel pripar = new PriParallel(new Process|[]

{
new Processl( channel interfaces ), /[ priority O
new Process2( channel interfaces ), /I priority 1
new Process3( channel interfaces ) /I priority 2

b

pripar.run();

The processe®rocessl , Process2 , and Process3 Wwill be executed in parallel with
successive priorities. Processocess1 (at index 0) has the highest priority (=0). All
processes in the process list with index 6 and higher share the lowest priority (=6). The
pripar  process terminates successfully when all three processes are successfully terminated.
Increasing the maximum number of priorities (larger than 7) is possible by nesting a second

priparallel process in a priparallel process. The following example illustrates a priparallel
construct of 49 (= priorities.
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PriParallel pripar = new PriParallel(new Process][]

new PriParallel(new Process][] Il priority O
{
Processl_1( channel interfaces ), // priority 0.1
. /I priority 0.2-6
Process1_7( channel interfaces ) /l priority 0.7
D,
new PriParallel(new Process|[] /I priority 1
Process2_1( channel interfaces ), // priority 1.1
" /I priority 1.2-6
Process2_7( channel interfaces ) /I priority 1.7
D,
new PriParallel(new Process][] { idem 1Y), /I priority 2.1-2.7
new PriParallel(new Process|[] { idem 1), Il priority 3.1-3.7
new PriParallel(new Process][] { idem 1}), /I priority 4.1-4.7
new PriParallel(new Process][] { idem 1}), /I priority 5.1-5.7
new PriParallel(new Process][] { idem }) /I priority 6.1-6.7
b
pripar.run();

New processes can be added at run-time, by
pripar.add(new Process4(..));

or by adding multiple processes at once

pripar.add(new Process[] { new Process4(..), new Process5(..) });

A new process can be inserted at run-time by
pripar.insert(process, index);

Processrocess Will be inserted aihdex of the process list.
A process can be removed from the process list, by

pripar.remove(process);

The order of priorities will automatically be adapted to the new process list.

5.4 The alternative composition construct - Alternative

The alternative composition construct consists of guards that in turn each guard a process. As
soon as a guard becomes ready it is executed followed by the guarded process. This completes
the execution of the alternative construct. Twermative class defines the alternative
composition construct. The alternative object itself is also a process.

Alternative alt = new Alternative(Guard[] guards);

The argumenguards is an array of guard objects. A guard object is an instance Glthe
class. The alternative construct starts by invokinguh@ method.

alt.run();

The following example shows an alternative composition for three guarded processes.

Alternative alt = new Alternative(new Guard]]

{
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new Guard(channell, new Processl1(channell, ..)),
new Guard(channel2, new Process2(channel2, ..)),
new Guard(channel3, new Process3(channel3, ..))

b
alt.run();

The alt process waits until at least one guard becomes ready, but terminates successfully
when one of the three processes is selected and is successfully terminated. The guard with
Process ; Will be selected wherhannel ; is ready. Hereghannel ; is an input channel of
Process ;. If more than one guard is ready than one guard will be ‘randomly’ selected,;
theoretically, by a non-deterministic choice. This alternative constrdeiriselective, i.e.

when more than one guard is ready then one ready guard will be selected according to a
circular mechanism. The process of the selected ready guard will be executed.

New guards can be added at run-time, by

alt.add(new Guard(channel4, new Process4(channel4, ..));

or by adding multiple guards at once

alt.add(new Guard[]

new Guard(channel4, new Process4(channel4, ..),
new Guard(channel5, new Process5(channel5, ..)

s

A guard can be removed from the guard list, by

alt.remove(guard);

5.4.1 Unconditional and conditional guards

The guard object guards a process by signaling the alternative construct that the first
occurrence of a communication input event of the process is ready. The process is input
guarded i.e. only input channels can be monitored by the guard. Output guarding of a process
is not implemented because this would result in a significant penalty of the channel
performance. On the other hand, input guards and output guards, at both ends of a channel,
will never meet their ready state. Therefore, eliminating output guards avoids this hazardous
situation, simplifies the channel implementation, and increases the performance. For most
application, input guarding is sufficient [12].

A guard object can be declared as follows,

Guard guard = new Guard(channel, new Process(channel,..));

The guard becomesue when argumenthannel (input interface) is ready and has data
available to be read bgrocess . The guard itself is not a process, but a passive object that
guards a process. The alternative object will check all guards for readiness and waits until at
least one channel becomes ready. The process belonging to a ready guard may be selected and
executed. The above guard always participates in the alternative construct and is called
unconditional A guard may also beonditionali.e. the guard is enabled — participates in the
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alternative construct — if some condition is true; otherwise the guard is disabled — omitted by
the alternative construct — and the process will not be selected.

boolean condition = true;
Guard guard = new Guard(condition, channel, new Process(channel,..));

If condition istrue the guard will checkhannel , otherwise the guard is omitted and the
process will not be selected. Once the process is selected, the process mustheeaeion
A guard declared as

new Guard(true, channel, new Process(channel,..))

is equal to

new Guard(channel, new Process(channel,..)).

The condition of the guard can be changed byétenabled()  method.
guard.setEnabled(false);

Applying the conditional guards is useful for implementing state transitions.
There are also alternative constructs possible based on SKIP and TIMEOUT.

5.4.2 The alternative composition construct with SKIP

The alternative construct may continue (SKIP) when no channel is ready.

Alternative alt = new Alternative(guards, enable, skip_process);

The argumenguards is the array of guard objects. If argumenéble is true than the
specifiedskip_process  will be executed when no channel is ready. The same applies for the
prialternative construct.

5.4.3 The alternative composition construct with TIMEOUT

The alternative construct may continue after some time (TIMEOUT) when no channel
becomes ready.

Alternative alt = new Alternative(guards, msec, nsec, enable,

timeout_process);

The argumenguards is the array of guard objects. The argumenis andnsec specify the
timeout in milliseconds plus nanoseconds. If argunseable is true than the specified
timeout_process  Will be executed when no channel is ready after the timeout has expired.
The same applies for the prialternative construct.

5.5 The priority based alternative composition construct - PriAlternative

The PriAlternative class creates the priority based alternative composition construct. The
PriAlternative class extends thalternative class and overrides the ‘fair’ choice
mechanism with a ‘priority’ based choice mechanism. The prialternative object itself is also a
process. The prialternative construct is similar to the alternative construct.

PriAlternative prialt = new PriAlternative(Guard[] guards);
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The argumenguards is an array of guard objects. A guard object is an instance Glthe
class. The prialternative construct starts by invokinguhg method.

prialt.run();

The following example shows a prialternative composition for three processes.

PriAlternative prialt = new PriAlternative(new Guard]]

{

new Guard(channell, new Processl1(channell, ..)),
new Guard(channel2, new Process2(channel2, ..)),
new Guard(channel3, new Process3(channel3, ..))

b
prialt.run();

Theprialt  process waits until at least one guard becomes ready, but terminates successfully
when one of the three processes is selected and is successfully terminated. The guard with
Process ; Will be selected wherhannel ; is ready. Hereghannel ; is an input channel of
Process ;. If more than one guard is ready than the guard with the lowest index will be
selected. The process of the selected ready guard will be executed.

New guards can be added at run-time, by

prialt.add(new Guard(channel4, new Process4(channel4, ..));

or by adding multiple guards at once

prialt.add(new Guard][]
{

new Guard(channel4, new Process4(channel4, ..),
new Guard(channel5, new Process5(channel5, ..)

D
A new guard can be inserted at run-time, by

prialt.insert(guard, index);

Guardguard will be inserted aihdex of the guard list. The priority @fuard and other guard
below will automatically be incremented or decremented.

A process can be removed from the process list, by

prialt.remove(guard);

5.6 Nested composition constructs

The Sequential , Parallel , PriParallel , Alternative andPriAlternative composition
processes can be nested on other composition processes. For instance two sequential
constructs running in parallel:

Process process = new Parallel(new Process[]

{

new Sequential(new Process][]

{

new Processl(channel interfaces),
new Process2(channel interfaces)

D
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new Sequential(new Process|]

{

new Process3(channel interfaces),
new Process4(channel interfaces)

)
s

process.run();

Or two parallel constructs running in sequence:

Process process = hew Sequential(new Process|]

{

new Parallel(new Process]

{

new Processl(channel interfaces),
new Process2(channel interfaces)

D

new Parallel(new Process]

{

new Process3(channel interfaces),
new Process4(channel interfaces)

)]
s

process.run();

In the same way, alternative constructs can be nested as illustrated in the following example:

Process process = hew Sequential(hnew Process]]

{
new Parallel(new Process|[]
{
new Process1(..),
new Process2(..)
h,
new Alternative(new Guard]]
{
new Guard(true, channell, new Process3(channell, ..)),
new Guard(false, channel2, new Process4(channel2, ..))
new Guard(channel4, new Sequential(hew Process]]
{
new Process5(channel4, ..),
new Process6(..)
1)
b,
new Parallel(new Process|[]
{
new Process7(..),
new Process8(..)
D
b

process.run();
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6 Conclusions

The Communicating Threads for Jay@TJ) package is an implementation of the CSP model
resulting in the use of much simpler and more reliable thread constructs, based on processes,
compositions and channels, than the Java thread model. The CTJ package provides a small set
of design patterns that is sufficient for concurrent programming in Java. An important
advantage of CTJ is that the designer or programmer can apply a full set of rules or guidelines
for eliminating race hazards, deadlock, livelock, starvation etc. during design and
implementation.

Reasoning about the behavior of processes becomes abstract and cognitive for developers,
because the behavioral semantics of process synchronization and scheduling is simplified
through channel communication and compositional constructs. As a result, tracing process
states and debugging processes becomes more simplified than digging in threads.

The concept of processes, channels and link drivers specifies a logical separation of hardware
dependent and hardware independent disciplines. This framework may pay off when
developing Java software for real-time and embedded systems in that there is a clear mapping
between software and hardware. Subsequently, the concept embraces a clear path from the
conceptual design down to the details of implementation.
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