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Introduction
There are two trends in the development of modern object oriented systems: they are
getting more complex and they have to cope with an increasing number of exceptional
situations. The most general way of dealing with these problems is by employing
exception handling techniques. Many object oriented mechanisms for handling
exceptions have been proposed but there still are serious problems in applying them in
practice. These are caused by
o complexity of exception code design and analysis
o not addressing exception handling at the appropriate phases of system
development
o lack of methodologies supporting the proper use of exception handling
o not developing specific mechanisms suitable for particular application
domains and design paradigms.
Following the success of ECOOP 2000 workshop, this workshop aims at achieving
better understanding of how exceptions should be handled in object oriented systems,
including all aspects of software design and use: novel linguistic mechanisms, design
and programming practices, advanced formal methods, etc.
The workshop will provide a forum for discussing the unique requirements for
exception handling in the existing and emerging applications, including pervasive
computing, ambient intelligence, the Internet, e-science, self-repairing systems,
collaboration environments. We invited submissions on research in all areas of
exception handling related to object oriented systems, in particular: formalisation,
distributed and concurrent systems, practical experience, mobile object systems, new
paradigms (e.g. object oriented workflows, transactions, multithreaded programs),
design patterns and frameworks, practical languages (Java, Ada 95, Smalltalk, Beta),
open software architectures, aspect oriented programming, fault tolerance,
component-based technologies.
We encourage participants to report their experiences of both benefits and obstacles in
using exception handling, reporting, practical results in using advanced exception
handling models and the best practice in applying exception handling for developing
modern applications in the existing practical settings.
Our intention is to discuss the problem of perceived complexity in using and
understanding exception handling: why do programmers and practitioners often
believe that it complicates system design and analysis? What should be done to
improve the situation? Why is exception handling the last mechanism to learn and to
use? What is wrong with the current practice and teaching?
Alexander Romanovsky
Jørgen Lindskov Knudsen

Christophe Dony
Anand Tripathi
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Invited talk
William Bail (Mitre): Getting Control of Exception
Abstract
Being able to define and use exceptions has provided a significant advantage in being
able to write more reliable software. While not explicitly helping us avoid errors, they
enable us to detect their presence and control their effects. Yet they act in opposition to
much of what we have learned is good software design - simple structures with welldefined control flows. In addition, they complicate the process of performing formal
analyses on our systems. This talk explores this issue and projects some potential ideas to
help reconcile these challenges, especially with the use of OO concepts.
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Errors and Exceptions – Rights and Responsibilities
Johannes Siedersleben
sd&m Research, Munich1

Abstract
There is no generally accepted agreement on how exceptions are to be used. Many projects
suffer from a mess of exceptions thrown across the system with no defined responsibility for
catching them. This paper presents a simple component-based strategy addressing the
following points:
•
•
•
•

How many and which exception classes are useful?
When should an exception be thrown? In Java: should it be a checked or an unchecked
exception?
Who is responsible for catching exceptions?
How far may exceptions be thrown?

Preconditions are considered in detail. The paper is based on the experience of many real
large software projects.

I.

Introduction

Exceptions are considered to be an important added value of modern programming languages,
but they have turned out to be hard to use. We list some of the typical problems encountered
in many projects in the range from 1 to more than 100 man-years:
o There is a mess of exceptions flying around. It is neither clear when exceptions should
be thrown nor how they are caught.
o The code gets messy because of nested try-catch blocks.
o Many (sometimes all) catch blocks are either empty, contain nonsense code (output to
the console, useless mappings of one exception class into another) or – at best – some
logging, but no true exception handling.
o A huge number of exception classes create undesired dependencies between the caller
and the callee.
o Exceptions are misused to return ordinary values.
This paper presents a guideline for dealing with errors and exceptions in large systems. Code
examples are in Java, but most results apply to other object oriented languages as well. The
paper is based on material published as early as 1991 [Denert1991] and further developed in
[Siedersleben2002].
The rest of the paper is structured as follows: Chapter II and III discuss exceptions and the
problems they cause in programming languages; Chapter IV introduces the idea of
component-based emergencies; Chapter V and VI present strategies for exception handling.
1
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Pre- and postconditions are addressed in Chapter VII, and Chapter VIII summarizes ten rules
to follow.

II.

Exceptions and Normal Business

Software may fail as any other result of human engineering. Thus, software is expected to
cope with failure: damage should be minimized; recovery and restart should be part of the
system design. [Parnas1976] calls undesired event whatever is not considered to be part of the
normal business and suggests to handling these events in separated traps. This is just another
application of separation of concerns, which is a truism in other branches of engineering. Let
us look at a fighter: as long as things go well, the fighter is fully functional without the ejector
seat; the whole system is unaware of this feature. The ejector seat becomes functional only in
the highly undesirable event of a hit or some other disaster; the seat may well be aware of the
context it runs in: on the ground it is disabled. While Parnas' paper is certainly one of the
main roots of current exception mechanisms, we find the term undesired event not appropriate
when the roof is on fire. Instead, we suggest the term emergency which is introduced in
Chapter IV.

III.

Exceptions and Programming Languages

Programmers have always felt the need for a supplementary information channel from the
callee back to the caller: doubtful constructs like global state variables, message areas and the
like have been in use to this day. Just returning one or more values is not enough. This is even
more so in object oriented languages: Constructors return nothing; overloaded operators
return exactly one value. So, there is no room to inform the caller about failures. This is the
syntactic reason for object oriented languages to provide an exception mechanism: you return
either nothing, a value, xor an exception.
Exceptions are a supplementary way for passing information to the caller, which can be used
for any purpose. [Goodenough1975] mentions three: signaling failure, classifying a result
(e.g. overflow, end of file) and monitoring (e.g. "that many records have been processed").
So, exceptions are not necessarily exceptional, but may well be part of the normal business. In
Java, only runtime exceptions such as ClassCastException or NullPointerException indicate
severe problems; checked exceptions are used for many different purposes (e.g.
InterruptedException, NumberFormatException), which are not exceptional at all, but happen
all the time. So, the term exception is not restricted to failures, undesired events or
emergencies.
Designing sound exception mechanisms turned out to be extremely difficult. [Howell1991]
complains how poorly Ada exceptions match with object orientation, Ada scoping rules, and
concurrency. C++- and Java exceptions match with object orientation and the less harsh
scoping rules of these languages, but C++-exceptions are completely unaware of concurrency;
in Java, exceptions never leave the thread of their origin. The InterruptedException plays a
very special role: it is thrown behind the scenes and serves for synchronizing threads.
Java distinguishes checked and unchecked exceptions. Checked exceptions must either be
handled within the method itself or they are part of its signature as in:
void foo() throws RemoteException { .. }
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While it is a good idea to be honest about possible failures, experience shows that checked
exceptions tend to spread all over the system. To see this, look at the foo-example: The
programmer calling foo has probably no idea how to handle a RemoteException and will
therefore propagate it to the next level. So, RemoteExceptions will show up everywhere,
creating an undesired dependency and making changes hard if not impossible. What should be
done is to pass RemoteExceptions to the next safety facade as discussed in Chapter VI.
Exceptions don't need to be handled immediately. They fly to the next matching catch block,
which can be at any distance; in the worst case, exceptions are caught by the outermost catch
block, i.e. the one of the runtime system. So, exceptions have a lot in common with the
notorious goto-statement; in fact, they offer similar opportunities for misuse.
Exceptions tend to reveal implementation details not intended for the caller. An example
would be a stack implementation throwing an IndexOutOfBoundsException [Howell1991].
This information is welcome for debugging; at runtime it is useless.
Exceptions are for free if they don't happen, but very costly if they do. In the following
example the first method is 750 times slower than the second one (under Windows XP and
Java 1.4) if called with non-Integers; if called with Integers, there is almost no penalty:
public static boolean testForInteger1(Object x) {
try {
Integer i = (Integer) x;
return true;
}
catch (Exception e) {
return false;
}
}

public static boolean testForInteger2(Object x) {
return x instanceof Integer;
}

As a consequence, [Cunningham2002] goes back to the roots and suggests that exceptions are
exceptional: they should only be used for rare events, not for the normal control flow – a good
idea, but not in agreement with the actual use of exceptions in Java.

IV.

Components, Emergencies and Assertions

We use the term component in the usual meaning (cf. [Szyperski1998]): There is at least one
interface and one implementation. The caller calls operations defined by the interface; he is
unaware of the implementation. In Java, a component is implemented by means of packages;
the top level package contains everything the caller needs to use the component. This top
level package typically contains one or more Java interfaces and the classes (including
exception classes) you need to use these interfaces. A component can call any number of
other components.
A component is either in its normal state (that is, it is able to process calls), or it is not. In the
latter case an emergency has occurred: an emergency is a situation where the programmer of
the component doesn't know what to do – there is no local help available: the component
4
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where the emergency happened is unable to solve the problem; the calling component
however may or may not recover.
Emergencies range from programming errors to unreachable databases and crashed neighbor
systems. They could be stated as violated assertions, but assertions (and in particular assert in
Java 1.4) are often used for debugging purposes only; many programmers switch them off
once the system has been tested. Emergency handling, however, cannot be switched off.
All Java runtime exceptions are emergencies from the JVM's point of view: the JVM has no
way to solve the problem. At the programming level, we encounter a lot of emergencies as
well: the database is not available, an SQL-statement is incorrect, or a neighbor system
returns a meaningless value. The number of potential emergencies is as huge as the number of
possible reasons for a car to break down: a complete enumeration is impossible.
Inexperienced programmers tend to invent and implement ad-hoc repair measures. If this
happens at a large scale, the system is doomed to failure. It is the job of the system architect to
precisely define for each component what an emergency is and what is not. Let us look at the
case of an incorrectly working neighbor system: if this situation is considered to be an
emergency the calling component has the right to give up – and that is cheap to implement. If
it isn't, then you have to design a possibly complicated and expensive fallback procedure! The
emergency-decision is always binary (there is no warning level) and local for the component:
A find-operation may find zero, one or many matching objects – that's normal business, but
the caller may consider a zero-result as an emergency. The find-operation would consider
itself to be in an emergency if the database connection is down, but the caller may try to
reconnect the database and call find again.
We suggest using a simple class Emergency throwing an EmergencyException:
public class EmergencyException extends RuntimeException {
public EmergencyException(String message) {
super(message);
}
}
public class Emergency {
public static void ifTrue(boolean condition, String message) {
if (condition)
throw new EmergencyException(message);
}
// ifFalse, ifNull, now, ...
}

So you would code
public void foo() {
String result = ..
// must never be null
Emergency.ifNull(result, ...);
}
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Emergencies should be detected as early as possible. Detected emergencies are not desirable,
but can be handled (cf. Chapter VI). The later you detect an emergency the more damage it
might have caused and the less debug information you will get. Emergencies not detected by
the program finally lead to a crash with no or little information about the reasons – the best
you can get is a dump (cf. [Denert1991]).

normal state
emergency

detected
ok
emergency handling

undetected
never happens
crash

So there shouldn't be any undetected emergencies left, but this is not easy to achieve.

V.

Application Errors

Methods can also fail for application reasons: you cannot withdraw money from an overdrawn
account. These are application errors as opposed to emergencies; they are part of the normal
business. In general, there are only a few possible application errors: often it is sufficient to
just return ok or nok; many methods (e.g. getter-methods or rollback) cannot fail at all from
the application point of view. Application errors can and should be fully enumerated. They
are completely different from emergencies.
There are two ways to inform the caller about application errors: return values and exceptions.
Our advice is: use return values whenever possible, use exceptions (in Java: checked
exceptions) otherwise. Example: find-methods should return null or an empty list if there are
no matching objects. Using an exception to report the found-nothing result makes the code
more complicated and is much slower if found-nothing is frequent. Another example: A
withdraw-method that normally returns the balance after withdrawal should throw a checked
exception if the account is overdrawn (and for performance reasons, we hope that this rarely
happens).
There is a hard rule: Exceptions representing application errors must be handled immediately
by the caller and not by some hidden exception handler. They don't fly. If they did you would
invariably end up with a scattered, goto-like control flow. This rule implies that checked
exceptions are far from being ideal for handling application errors: They are slow if the error
occurs and we only use a tiny part of the exception machinery.
When designing return codes or exception classes, one should carefully separate control flow
on the one hand and messages for the user on the other hand. It is quite common to have a
large number of different messages, which inform the user about success or failure, but only
two possible outcomes affecting the control flow: ok and nok. Our advice is to use self
implemented exception classes only if they do affect the control flow.

VI.

Emergency Handling and Safety Facades

6
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Emergencies are not handled by the immediate caller. Let us first discuss how emergencies
can be handled at all and then ask who takes care. There are four ways to handle emergencies:
ignore, retry, call an alternative, or resign. Resigning means: minimize damage, write log
information, and signal definite and safe failure. Definite means: it makes no sense to try any
harder, and safe says that all damage reducing measures have been taken.
The first option is used rarely and only mentioned for completeness: You just don't care about
success or failure. Retry can be useful but should be handled carefully because cascaded
retries multiply. In some cases there is an alternative you can call: if the main database is
down, there might be a local fall back database. The most frequent option is to resign:
minimize damage by undoing or neutralizing side effects2, freeing resources and protocol the
sad event. Once the emergency has been handled, there are only two possible outcomes:
success or definite and safe failure.
All this is obvious, but who takes care of all this? Here's the answer: you can call a
component safely or unsafely. An unsafe call calls the callee directly with no emergency
handling in between. That is, caller and callee form a risk community: they succeed together
or they perish together. Risk communities grow by transitivity: if component a calls
component b unsafely then a and b belong to the same risk community.
Safe access to risk communities is provided by safety facades. The safety facade – a special
case of the well-known facade pattern [Gamma1995] – is in charge of emergency handling.
All emergencies detected within the risk community fly over all involved components and are
finally caught by the safety facade. This includes all runtime exceptions as well. Risk
communities must be designed carefully; all components belonging to the same community
share the same emergency handling mechanism. The safety facade provides the context the
risk community runs within. This architecture is quite opposed to the idea of plugged-in
emergency handlers.
Safety facades can and will usually be cascaded: emergencies are handled by the nearest
safety facade; the outcome (success or definite failure) would be reported to the calling
component which is free to consider the definite failure as an emergency or not: a batch
processing one million records would just protocol and skip unreadable records. So, at each
stage the emergency can either be masked or propagated to the next safety facade, job
abortion being the last resort at the outermost level (probably the main program).
What we are presenting can be considered as just a modern version of the trap mechanism
suggested in [Parnas1976].

VII.

Pre- and Postconditions

Pre- and postconditions are part of the contract between caller and callee (cf. [Meyer1995,
p.16]). This is an old idea: [Goodenough1975] discusses domain failures (some input
assertion is tested and not satisfied) and range failures (the operation fails to meet its output
assertion). In an ideal world, pre- and postconditions just hold – they must be valid, but in
practice one has to decide how to use them, how and where they are checked and what to do if
they don't hold.

2

In practice, this is often done by a database rollback.
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Preconditions are meant to protect the called component from illegal calls. They are stated in
terms of the input parameters and/or the component's state. It is a good idea to assume all
input parameters to be non-null as an implicit precondition and to allow null explicitly.
It is the caller's responsibility to make sure that all preconditions hold true. Thus, violated
preconditions are the caller's problem, not the callee's. The callee would just reject a call if at
least one precondition is violated. This is an emergency from the caller's point of view, but the
callee doesn't care.
We suggest using a simple class Reject, which throws a ViolatedPreconditionException:
public class ViolatedPreconditionException extends RuntimeException {
public ViolatedPreconditionException(String message) {
super(message);
}
}
public class Reject {
public static void ifTrue(boolean condition, String message) {
if (condition)
throw new ViolatedPreconditionException(message);
}
// ifFalse, ifNull, now, ...
}

So you would code
public void foo(String s) {
Reject.ifNull(s, ...);

// s must not be null

}

Preconditions must be designed carefully: weak preconditions mean more work for the called
method; strong preconditions more work for the caller. So, a square root function would
reject negative input values, but a matrix inversion would accept all non-null square matrices
regardless of their rank – if the caller had to compute the rank, it could invert the matrix as
well. The safety facade (cf. Chapter VI) – if present – catches all exceptions but the
ViolatedPreconditionException, which is passed unhandled to the calling component.
Postconditions are completely different from preconditions: postconditions protect the caller
against erroneous implementations. So, it is mainly the caller's interest to check
postconditions: the less confidence you have in a given implementation (e.g. when writing a
test driver) the keener you are on checking postconditions. The implementation itself is a bad
place for checking postconditions and leads to silly code like the following:
int add(int a, int b) {
int result = a + b;
assert result == a + b;
return result;
}

8
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VIII. Ten Rules
1.
2.
3.
4.
5.
6.
7.
8.

Have a clear distinction between emergencies and application errors.
Detect emergencies as early as possible.
Reject calls if there is a violated precondition.
Assume all input parameters to be non null by default.
Design risk communities accessed by safety facades.
Concentrate emergency handling in safety facades.
Let safety facades catch all exceptions but the ViolatedPreconditionException.
Report application errors using special return values (e.g. null) if possible. Use
checked exceptions otherwise.
9. Handle application errors immediately.
10. Don't use self implemented exception classes unless they are necessary for the control
flow.
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Analyzing Exception Usage in Large Java Applications
Darrell Reimer and Harini Srinivasan
IBM Research, 19 Skyline Drive, Hawthorne, NY, USA 10532
{dreimer, harini}@us.ibm.com

Abstract. The Java programming language provides a way of identifying when
semantic constraints of the program are violated using its exception mechanism.
Whenever a semantic constraint in the program is violated, control flow is
transferred from the point where the exception happened (throw site) to the
point specified by the programmer (catch site). While this is indeed a robust
and portable mechanism of handling semantic errors and exceptional program
behavior, the mechanism is often misused and/or abused. In our experience
working with large J2EE applications, we have encountered several inappropriate exceptions usage patterns that have made maintainability of these applications extremely difficult. Proper exception usage is necessary to minimize time
from problem appearance to problem isolation and diagnosis. This article discusses some common trends in the use of exceptions in large Java applications
that make servicing and maintaining these long running applications extremely
tedious. The paper also proposes some solutions to avoid or correct these misuses of exceptions.

1 Introduction
The Java Virtual Machine [12] uses exceptions to signal semantic errors in a program. In particular, whenever a semantic error occurs, the JVM raises an exception. It
is the responsibility of the application programmer to both (a) identify when such
exceptions can happen, i.e., when semantic errors can happen and (b) catch these
exceptions in a manner that helps identify them during program execution. Exceptions
can also be used to remedy an incorrect execution behavior of the application.
Proper handling of exceptions is extremely important to be able to manage and service
large J2EE applications. For example, consider a J2EE application that handles
online banking transactions. Typically, the financial institution would like the application to run in a 24x7 mode to be able to service their customers continuously. The cost
of stopping and starting these applications is usually very high for these institutions.
Given this scenario, if a failure happens during application program execution, it is
extremely important to be able to quickly locate the point of failure. In particular, if an
exception is not logged, once a failure occurs, additional logging must be added, the
application restarted, and the problem must be reproduced. Restarting such 24x7 applications is highly undesirable. Most of the J2EE API methods whose execution can
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result in failures are designed to throw exceptions. Examples of such methods are
those that result in interactions with other components of the application architecture,
for example, database, network, LDAP etc. The most desirable programming practice
that can help in tracing failure points is to catch the specific exceptions thrown by
these methods and output some kind of log information indicating the failure. Logging
the failure this way helps in understanding what happened during program execution
later on. However, in the large J2EE applications we have worked with, we noticed
that this exception handling practice is not common.
Before proceeding to talk about exception usage patterns in these applications, we
give a brief overview of the exception mechanism in Java (Section 2). This section is
not intended to be a tutorial of Java exceptions. The reader is advised to consult the
Java language specification and the Java Virtual Machine specification for details on
language and implementation semantics of Java exceptions. Section 3 discusses exceptions usage patterns in a handful of large J2EE applications we have worked with.
This section is the primary contribution of this paper. In Section 4, we discuss approaches to solve this problem of improper exception handling. Section 5 discusses
related work in the area of understanding exceptions usage in Java applications.

2 Overview of Java Exceptions
An exception can occur under one the following circumstances [11]:
•
•
•

An abnormal execution condition was synchronously detected by the JVM.
For example, integer divide by zero, array out of bounds, out of memory error, loading or linking errors.
A throw statement was executed.
An asynchronous exception occurred because the stop method of class
Thread was invoked or an internal JVM error occurred.

The Java programming language defines class Throwable and allows the application programmer to extend this class. The Throwable class and its subclasses are collectively referred to as exception classes and instances of these classes are used to
represent exceptions. Among these exceptions, all exceptions that are instances of
class RunTimeException and its subclasses and exceptions that are instances of class
Error and its subclasses need not be checked, i.e., these exceptions need not be explicitly handled by the application. All other exceptions are checked exceptions and need
to be explicitly handled in the program. The language provides the try and catch
clauses to define exception handlers. During the process of throwing an exception, the
Java virtual machine abruptly completes, one by one, any expressions, statements,
method and constructor invocations, initializers, and field initialization expressions
that have begun but not completed execution in the current thread. This process continues until a handler is found that indicates that it handles that particular exception by
naming the class of the exception or a superclass of the class of the exception. If no
such handler is found, then the method uncaughtException is invoked for the
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ThreadGroup that is the parent of the current thread-thus every effort is made to avoid
letting an exception go unhandled. [11]. The following is a simple try – catch combination:
// in the main method:
try() {
foo();
} catch (MyException me) {
System.err.println(me);
} finally {
clearResources(); // code to close resources.
}

The method foo() or one of its callees can potentially throw an exception of type
MyException (or a subclass of MyException). MyException, in this case, is a
checked Java exception. When such an exception is thrown, control is transferred
from the call site of foo() to the beginning of the catch block and execution proceeds
from that point on. When a method such as foo() throws an exception, the signature
of the method must advertise the specific exception(s) thrown. What happens inside
the catch clause is still up to the application programmer. It is possible that the
exception is rethrown using a throw statement, or the exception is logged or some
code is executed or nothing at all happens. There is also the finally clause to a try
statement. The semantics of the finally block is that it is always executed. Whether
a catch clause executes or not, the code within a finally is always executed. In the
above code snippet, the method clearResources() executes both when the program
exhibits normal and exceptional control flow. The Java API itself defines a number of
checked and unchecked exceptions.

3. Exception usage in Large Java Applications
From our experience working with large J2EE applications, we have observed the
following exception usage patterns that have hindered the maintainability and serviceability of these applications. All these applications are “real-life” i.e., customer applications that have been deployed and in production.

3.1 Swallowed Exceptions
Exceptions should not be ignored through empty catch blocks. In general, every path
out of a catch{} block should result in the exception being logged or the exception
being re-thrown or have some kind of remedial code that remedies the exceptional
execution behavior. If a handler block has neither logging code nor a rethrow, we refer
to the corresponding exception as swallowed. The following is an example of a swallowed exception:
// example swallowed exception
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try{
foo();
} catch (MyException me) {
}

where, there is no rethrow of an exception or some kind of logging code to record that
the exception happened within the catch block. In one very large e-business customer
application, the application code had ignored many exceptions, i.e., contained empty
catch blocks without any logging information. Consequently, when such a system
failed in production, it was extremely hard to track the cause of failures. Ignored exceptions severely impaired the effectiveness of monitoring systems in this application
environment. For example, the application had a try block that had an SQL update in
it. The corresponding catch was empty. [An SQL update (executeUpdate())
method call is part of the J2EE API to access the database component of the application. The method call is usually implemented in a driver that interfaces with C code
that exchanges information with the Database system, typically via sockets. ] In this
case, if the update failed, there will be no record of it for the application server.
However, under certain circumstances, a catch block without any logging code or rethrow is perfectly fine. These are usually cases where exception constructs are used to
manage normal program control flow, or certain exceptions caught need not be
logged, e.g., InterruptedException, or the catch block contains remedial code.
Listed below are a few examples:
1. // example OK swallowed exception case
key = null;
try {
key = foo();
} catch (MyException me) { return key; }
return key;

In the above example, the value of variable key is set to null before the try statement. When foo() throws an exception, the catch block executes but does not have to
set the value of key to be null again. The exception thrown appears to be swallowed
because of the absence of logging code or a throw statement within the catch block.
Interestingly, in this example, if the programmer did not intend to use the try-catch for
normal control flow, the calling method will likely see a NullPointerException
that is not caught causing debugging nightmares.
2. // example OK swallowed exception
try {
key = foo();
} catch(MyException me) {key = ValMaybeNull; }
return key;
In this example, a semantically valid assignment to the variable key occurs within the

catch block which can potentially execute as normal program control flow. A variation
of this example is when key is initialized to null prior to the try block and the handler has no code in it.
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3. // example OK swallowed exception – remedial code
sentFlag = false;
while(!sentFlag){
for(int i=0; i<connectRetry && !sentFlag; i++){
try {
send_something();
if (success) sentFlag = true;
} catch (Exception ex){
Thread.currentThread().sleep(SLEEP_TIME);
retryCount=i; // used to track #failures
}
}
}

In the above example, taken from a real J2EE application, whenever a failure occurs during the send, i.e., in method send_something(), an exception is thrown.
The while loop iterates until the method execution succeeds. This is an example
where the exception causes remedial code to be executed.
3.2 Single catch block for multiple exceptions
If exceptions are caught in the same block, it should be possible to identify which
exception was handled by the exception handler by the logging. However, several
times, we have encountered the following (undesirable) code in these applications:
// exceptions are not handled individually
try {
foo();
bar();
} catch (Exception e) {
System.out.println(“catching exception” + e);
}

The above example also points out the case where exceptions are subsumed. The
following is preferred for debugging, where foo() can throw the specific exception
MyException and bar() can throw the exception MyException1.
try {
foo();
bar();
} catch (MyException me) {
System.out.println(“MyException raised “ + me);
} catch (MyException1 me1) {
System.out.println(“MyException1 raised “ + me1);
}

Within a try block, exceptions of the same type should not be raised at multiple program points. If not, it will be difficult to identify within the catch block which program point (call site) raised the exception resulting in debugging difficulties. For example,
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// multiple program points raising same exception
try{
foo();
bar();
Object obj = baz();
} catch (MyException me1) {
System.out.println(“me1 raised by bar”);
} catch (MyException me) {
System.out.println(“me raised by baz or foo”);
}
where both methods foo() and baz() can throw an exception of type MyException.

Likewise, if an exception is being re-thrown, the application should avoid mapping
multiple exceptions to the same exception since this hides problem sources from debuggers.
3.3 Exceptions not handled at appropriate level
Another coding pattern that makes debugging difficult is when exceptions are not
handled close to the source of the exception. If exceptions are propagated a long way
up the call chain, the error message and handling will become less meaningful and
debugging much more difficult.

3.4 Log verbosity in catch blocks
A common coding style in a handler that can do as much harm as good is:
log(“some exception happened”);
e.printStackTrace();
For example, consider a system under a load surge – some resource in the system
becomes overloaded, and temporarily fails, resulting in several exceptions getting
thrown. Normally, this would just affect the requesting users, but if the exception
handling is overly heavy (e.g. lots of I/O, and getting the stack trace), it just adds more
load to the system, causing a cascading failure that feeds on itself.
3.5 Application Statistics
The table below shows some statistics on a handful of J2EE applications that we analyzed. The results show the number of swallowed exceptions as defined in this section,
after filtering out cases that have return statements in the catch blocks and catch
blocks that do not have to log exception information. The applications A1-A5 listed in
this table are all J2EE customer applications and hence the names are hidden. The
application PetStore is a J2EE sample application published by Sun Microsystems.
The #classes, #methods and #handlers columns report the numbers in just the application code, not including the J2EE and J2SE libraries. The last row shows the results
on JDK1.3.1 rt.jar J2SE library classes.
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Application
A1
A2
A3
A4
A5
PetStore
rt.jar

# classes

#methods

#handlers

#swallowed

1724
781
666
1151
2202
353
5484

19387
8509
9355
10458
30964
2001
46723

9951
492
16770
3373
16215
428
3670

182
74
80
97
444
22
974

#after
tering
162
35
47
27
350
11
723

fil-

The following table gives additional results on false positives for some of the applications, i.e., what goes on inside the handlers for some of the applications:
Applica#handlers
# handlers
#handlers with #handlers with
tion
with calls
re-throws
loads/stores
A1
9951
9363
0
27
A4
3373
3119
0
18
A5
16215
15487
0
54
PetStore
428
372
0
1
rt.jar
3670
2242
0
77
Note that a majority of the handlers had calls in them and in the applications we analyzed, we did not come across exception re-throws. When we examined application
A1 in more detail and looked at the calls made inside the handlers, we noticed that a
majority of these calls were not to logging code, but calls to application code doing
business logic of some kind.

4. Approaches to handle the problem
How can exception handling be made more effective? Most of the J2EE API methods
require the programmer writing these applications to enclose the methods in try –
catch blocks. It appears the kinds of improper exception handling that we discussed in
the previous section happens due to lack of rigor in writing these applications. For
example, consider an application method that (1) gets a database connection using the
javax.sql.DataSource.getConnection() call, (2) creates one or more database SQL statements using java.sql.Connection.createStatement() (3)
executes the SQL statements created (that may be updates or queries to the database)
java.sql.Statement.executeUpdate()
or
using
the
java.sql.Statement.executeQuery() methods and, (4) finally processes the
results from the database using the java.sql.ResultSet interface methods. Almost
all of these methods throw SQLException. It is tempting for the application developer (who does not practice rigor) to either (a) enclose all these methods within a
single try – catch block that catches an SQLException or, (b) enclose each of the

16

ECOOP'2003 - EHOOS workshop

above method calls in a try – catch block that catches an SQLException, but the
handlers do not log any information. We have encountered both these coding patterns
in the applications we have worked with. As mentioned in the previous section, both
these exception coding patterns make debugging an exceptional condition during
program execution extremely tedious. A log of which of the database operations
caused the exception to occur will be extremely helpful in debugging not only the
application on the Java side, but also any database errors.
Several approaches are possible to handle this “bad coding practice” problem:
! The programming environment (an integrated development environment, IDE)
automatically inserts try – catch blocks for method calls whose signature has the
throws clause in it. In addition, such an IDE could also insert a default print
method call that logs some (minimal) information about the exception being
caught by the handler. This approach saves a lot of trouble on the programmer’s
side and also reminds the programmer to log exceptions. However, a drawback of
this approach is that, in cases where the try – catch block is used to capture normal control flow (see examples in Section 2), the programmer has to explicitly
undo some of the operations of the IDE. While one could argue that try – catch –
finally is used for normal control flow only rarely, when actually used, undoing
the work of the IDE can be annoying to the developer.
! Another approach is to statically analyze the application program and point out
program points in the application where exception handling has not been implemented properly. For example, check the application for swallowed exceptions,
multiple exceptions handled by a single catch block, catch block not catching the
exact exception thrown but it’s supertype etc. Such an analyzer can be integrated
as part of an IDE that checks for bad coding patterns. This is the approach that we
have used in our tool called SABER. SABER does static program analysis (control and data flow) to check for many bad coding patterns, including swallowed
exceptions and handlers catching supertype exceptions. The tool is integrated into
the WebSphere Studio development environment and reports messages to the
programmer in a manner within this IDE that links the error message to the program point where the bad coding pattern appears.
! Finally, is it possible for the JVM to provide more information? Typically, when
an exception is thrown, the JVM dumps a stack trace. However, if the exception
is rethrown within the catch block, the stack trace will include method calls only
from the point where the exception was actually caught. Another factor prohibiting debugging of exceptions is when the JIT is on. Most JVMs do not provide
line number information in the stack trace when the method has been JITcompiled. The optimizing compiler should keep track of this information and
convey the line number of the method invoked that caused the exception to occur.
This approach will still not be able to provide any other logging information other
than the stack trace, which is not always sufficient in debugging the problem.
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5. Related Work
Several research papers have looked into proper handling of exceptions and have
studied the control flow aspects of exceptions. Robillard and Murphy [5][6] describe
their tool called Jex that can be used to illustrate to the programmer the structure of
exceptions in application code. Based on the exception control flow, the programmer
will be able to identify program points where exceptions are caught accidentally, error
handling procedures are not being followed or finer-grained recovery code can be
added in the program. Jex analyzes exception control flow and identifies exception
subsumption, i.e., wherever a precise exception is not raised, and unhandled exceptions. By presenting the resulting information to the application programmer, the tool
allows the developer to encode handlers for exception types that are missing, there by
increasing the robustness of the code. Our work is along the same lines as Robillard
and Murphy’s and, we look at a wider range of exception usage issues including subsumed and unhandled exceptions within method bodies. We also present results of
exception usage on large real-life applications that are typically developed by multiple
development organizations and hence exhibit varying coding styles and conventions.
Ryder et al [10] describe another static analysis tool, JESP, for examining the usage of
exceptions. The paper provides empirical results of exception usage on Java benchmarks and discusses the implications of the results on compiler optimizations. We
have observed that not all the empirical results (#exception constructs (try, catch,
finally), distance between the throw and the corresponding catch, prevalence of userdefined and Java-defined exceptions, #exception classes and the shape of the exception hierarchy) apply to larger Java applications that we have analyzed.
A number of other papers talk about control flow representations of programs written
in languages that support exceptions: the Marmot compiler [9], and Choi et al [4] for
Java, the Vortex compiler [3] that supports Modula-3, Java and the Cecil languages,
Chatterjee et al [8] that talks about modeling exceptions in an interprocedural control
flow graph. Another paper that raises issues related to flow analysis of Java programs
in presence of exceptions talks about instruction scheduling in presence of these constructs [7].
Stevens [1,2] studies exception control flow in Java programs and the negative impact
of this type of control flow on compiler driven optimizations. He also discusses approaches to reducing this effect using static, whole program analysis on the byte code
representation of Java programs.
Romanovsky and Sander [13] talk about misusing exception handling in Ada programs that have a lot in common with how exceptions are misused in Java.
Miller and Tripathi [14] discuss how object-oriented techniques interact with exception handling and which OO features conflict with current exception handling mechanisms.

References
1. Andrew Stevens, Des Watson. The Effect of Java Exceptions on Code Optimisation.

18

ECOOP'2003 - EHOOS workshop

In European Conference on Object Oriented Programming 2000: Exception Handling in
Object Oriented Systems. Workshop Talk
2. Andrew Stevens JeX: An Implementation of a Java Exception Analysis Framework to
Exploit Potential Optimisations, University of Sussex, 2001.
3. Jeffrey Dean, Greg DeFouw, David Grove, Vass Litvinov and Craig Chambers. Vortex:
An optimizing compiler for object-oriented languages. In ACM Conf. On Object Oriented
Programming Systems, Languages and Applications, pages 83-100, October 1996.
4. Jong-Deok Choi, David Grove, Michael Hind, and Vivek Sarkar. Efficient and precise
modeling of exceptions for the analysis of Java programs. In ACM SIGPLAN-SIGSOFT
Workshop on Program Analysis for Software Tools and Engineering (PASTE99), Sep 1999.
5. Martin P. Robillard and Gail C. Murphy. Analyzing Exception Flow in Java Programs.
In Proceedings of the 7th European Software Engineering Conference and 7th ACM
SIGSOFT Symposium on the Foundations of Software Engineering (Toulouse, France),
volume 1687 of Lecture Notes in Comp. Sci., pages 322-337. Springer-Verlag, Sep 1999.
6. Martin P. Robillard and Gail C. Murphy. Designing Robust Java Programs with
Exceptions. In Proceedings of the ACM SIGSOFT Eight International Symposium on the
Foundations of Software Engineering (FSE-8): Foundations of Software Engineering for
Twenty-First Century Applications (San Diego, California, USA), ACM Press, pages 2-10,
November 2000.
7. Matthew Arnold, Michael Hsiao, Ulrich Kremer, and Barbara G. Ryder. Instruction
scheduling in the presence of java's runtime exceptions. In Proceedings of Workshop
on Languages and Compilers for Parallel Computation (LCPC'99), August 1999.
http://citeseer.nj.nec.com/arnold99instruction.html
8. Ramakrishna Chatterjee, Barbara Ryder, William A. Landi. Complexity of concrete type
inference in the presence of exceptions. In Lecture Notes in Computer Science, 1381, pages
57-74. Springer-Verlag, April 1998. Proceedings of the European Symposium on
Programming.
9. Robert Fitzgerald, Todd B. Knoblock, Erik Ruf, Bjarne Steensgard and David Tarditi.
Marmot: An optimizing compiler for Java. Technical Report MSR-TR-99-33, Microsoft
Research, June 1999.
10. Barbara G. Ryder, Donald Smith, Ulrich Kremer, Michael Gordon and Nirav Shah.
A Static Study of Java Exceptions using JESP, In Proceedings of CC 2000, pp 67-81.
11. James Gosling, Bill Joy, Guy Steele, Gilad Bracha. The Java Programming Language,
Second Edition. Addison-Wesley, 1997.
12. Tim Lindholm, Frank Yellin. The Java Virtual Machine Specification. Second Edition.

Addison-Wesley, 1999.
13. A. Romanovsky and B. Sanden. Except for Exception Handling, Ada Letters, v. XXI, 3,
pp. 19-25, 2001
14. Robert Miller and Anand Tripathi, Issues with Exception Handling in Object-Oriented
Systems, European Conference on Object-Oriented Programming, (ECOOP), June 1997

19

ECOOP'2003 - EHOOS workshop

Bound Exceptions in Object Programming
Peter A. Buhr and Roy Krischer
University of Waterloo, 200 University Ave. West,
Waterloo, Ontario, CANADA, N2L 3G1
{pabuhr,rkrische}@plg.uwaterloo.ca

1

Introduction

In this discussion, exception handling is treated purely as a control-flow mechanism versus a class-specific or a software-engineering mechanism [7]. From the
perspective of control-flow, routine and exceptional transfers can be characterized by two properties: 1) static/dynamic call, where the routine/exception
name at the call/raise is either looked up statically or dynamically, and 2)
static/dynamic return, where completion of a routine/handler returns to its
static or dynamic context; resulting in the following language capabilities:
call/raise
return/handled
static
dynamic
static
sequel
termination
dynamic routine/member resumption
While several main-stream object-oriented programming languages (OOPL)
provide exception handling mechanisms (EHM), e.g. Ada, C++, Modula-3, Java,
C#, to deal with ancillary control flow, the EHM is disjoint from the object
paradigm. This position paper reexamines previous ideas for binding exceptions
to objects, as well as suggesting some extensions to these ideas.

2

Bound Exceptions

Most EHMs usually rely on only the exception type to find a matching handler.
For example, the exception FileErr raised during a file operation is caught by any
handler for FileErr. The problem is the lack of connection between the exception
and the object raising the exception. This lack of specificity makes it difficult to
distinguish among multiple files in a catch clause when one file raises an exception, which may be crucial to correct handling. Hence, matching only by type is
insufficient in complex situations, and especially in object-oriented systems. For
example, in the left example of Figure 1, FileErr exceptions can be raised by the
doWrite method of logFile, dataFile and tmpFile. For the matching-by-type strategy, all exceptions are handled by a single unbound handler, regardless of which
object actually causes the error (note, SpecialFileErr is derived from FileErr). In
many circumstances, it is unlikely that errors from three different file objects
can be uniformly handled by a single handler. When appropriate, it should be
possible to use a separate handler for each file object raising an exception.
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class FileErr { . . . };
procedure BoundExceptions is
class SpecialFileErr : FileErr { . . . };
generic package File is
class File {
FileErr : exception;
void doWrite() {
procedure doWrite;
. . . throw FileErr(); . . .
end File;
}
package body File is
};
procedure doWrite is
class SpecialFile : public File {
begin . . . raise FileErr; . . .
virtual void doWrite() {
end doWrite;
. . . throw SpecialFileErr(); . . .
end File;
}
package dataFile is new File;
};
package logFile is new File;
File logFile;
begin
File dataFile;
. . . dataFile.doWrite; . . .
SpecialFile tmpFile;
. . . logFile.doWrite; . . .
try { . . . logFile.doWrite(); . . .
exception
. . . dataFile.doWrite(); . . .
when dataFile.FileErr => . . .
. . . tmpFile.doWrite(); . . .
when logFile.FileErr => . . .
} catch( FileErr ) { . . . }
end BoundExceptions;
Fig. 1. Unbound (C++) versus Bound (Ada) Exception Matching

From an object-oriented standpoint, the conventional matching-by-type handling of exceptions is inconsistent. Objects are the main components in an objectoriented software design, and their actions determine program behaviour. Hence,
an exceptional situation is (usually) the result of an object’s action, suggesting the object responsible may need to be associated with the catching. While
prior discussion exists on associating objects with exceptions for Ada [3], C[2],
Lisp [8], Smalltalk [4] and Beta [5], none of this work has had an effect on
main-stream OOPLs. Therefore, it is important to strongly reiterate this crucial object-oriented exception-handling design objective. This discussion focuses
almost exclusively on this specific point.
For example, Ada has a partial solution by binding an exception to a package instance, so the same exception originating from different instances can be
handled separately. In the right example of Figure 1, the FileErr exception is
declared inside the generic package File. Pseudo-objects are created for both
instances of File, i.e., dataFile and logFile. Then it is possible in the handler
to bind the FileErr exception with dataFile and logFile using the dot-notation.
Matching during propagation now uses both the exception type and the object
raising the exception. However, Ada disallows an unbound version of FileErr in a
generic package, precluding the ability to handle some cases as instance specific
and others by a general handler. While Lisp/Smalltalk/Beta can mimic bound
exceptions, it is done through mechanisms that do not or cannot exist in mainstream statically-typed OOPLs, e.g., continuations, dynamic typing, reflection,
runtime compilation, virtual-machine. But most importantly, mimicking is a programming convention versus a language construct; we strongly believe this is a
situation in which it is necessary to cast a convention into a specific construct,
to ensure correct usage and for efficiency.
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The following example construct for binding objects and exceptions is inspired by the Ada example:
try { . . . logFile.doWrite(); . . .
. . . dataFile.doWrite(); . . .
. . . tmpFile.doWrite(); . . .
} catch( logFile.FileErr ) {. . .}
catch( dataFile.FileErr ) {. . .}
catch( FileErr ) {. . .}

// bound
// bound
// unbound

The dot-notation is an extension to the catch argument, where catch( object .
exception-type ) only matches if the raised exception is of type exception-type
and bound to object. This syntax is backwards-compatible but unusual as the
second operand of the dot-operator is a type rather than a field of an object.
Notice that exceptions from logFile and dataFile are handled by bound handlers,
while exceptions from tmpFile are still handled by an unbound handler. Finally,
the exception raise has to be extended to transfer an object/exception pair in
the event. Initially, it is assumed the object used at the raise is fixed during
propagation, called static binding (see Section 5 for dynamic binding).

3

Static Bound Exceptions

Attempts are often made to simulate static-bound exceptions; however, we claim
these simulations are either unsatisfactory or incomplete. A simple simulation
is to embed each operation in its own try-block so each error condition can
be handled individually. However, because the try-block is so tight around the
method call, nonlocal error-handling is impossible, i.e., error handling at outer
scope levels. Additionally, since block positioning determines automatic storage
allocation and execution control, it is often impossible to achieve an equivalent simulation. An intermediate approach is to only support bound exceptions
among classes rather than the more general case of objects, while retaining the
ability to have unbound handling by deriving class-specific exceptions from an
unbound exception type. That is, matching is based on the type of object that
raised the exception and the exception type. This approach provides discrimination among classes in bound matching, and may be accomplished with no
language extensions. However, besides the restriction to only class-bound exceptions, there are several major disadvantages, such as the large number of required
exception types and a restriction to languages supporting exception inheritance.
The most advanced approach to mimic bound exceptions is through the
“catch and reraise” approach [1, §6.4]. The parameter mechanism is used to
pass the “bound value” from the raise to the catch site, such as the object’s id
(most likely its address), and this association can be interpreted as a binding
relationship. In C++, the latter can be done by introducing an attribute into
the exception class (left example in Figure 2). After catching the exception, the
passed value can be compared to the desired binding; if equal, the exception can
be handled, otherwise it is reraised. This solution is now able to differentiate between exceptions raised by logFile and those raised by dataFile, which is a major
advance over class-specific exception types. On the other hand, this approach

22

ECOOP'2003 - EHOOS workshop

4

Peter A. Buhr and Roy Krischer
class BoundException {
public:
void * origin; // object´s ID/address
BoundException(void * p) : origin(p) {}
};
class FileErr : BoundException { . . . };
try { . . . logFile.doWrite(); . . .
. . . dataFile.doWrite(); . . .
class SpecialFileErr : FileErr { . . . };
...
. . . tmpFile.doWrite(); . . .
} catch( SpecialFileErr e ) {
try { . . . logFile.doWrite(); . . .
. . . dataFile.doWrite(); . . .
if ( e.origin == &tmpFile ) { . . .
} else throw; // reraise
. . . tmpFile.doWrite(); . . .
} catch( FileErr e ) {
} catch( FileErr e ) {
if (e.origin == &logFile) { . . .
if (e.origin == &logFile) { . . .
} else if (e.origin == &dataFile) { . . .
} else if (e.origin == &dataFile) { . . .
} else if (e.origin == &tmpFile) { . . .
} else if (e.origin == &tmpFile) { . . .
} else throw; // reraise
else throw; // reraise
}
}
Fig. 2. Catch and Reraise / Reraise Anomaly

increases the program’s complexity by adding additional data and code to the
exception handling process. In particular, a programmer must follow the strict
convention of inheriting from BoundException, and manually checking the binding
information after catching the exception and reraising it if there is no handler for
that binding. Following such a convention is always unreliable and error-prone.
As well, there are situations in which the “catch and reraise” approach does not
work. In the right example of Figure 2, a SpecialFileErr bound to tmpFile is to
be handled, or a FileErr bound to logFile, dataFile, or tmpFile (note SpecialFileErr
inherits from FileErr). If tmpFile raises a SpecialFileErr exception, the first catch
matches and the handler is executed correctly. If one of logFile or dataFile raises
a SpecialFileErr exception, the first catch also matches but the binding fails, and
therefore, the exception is reraised. However, because a catch clause has already
been matched for the guarded block, the reraise cannot perform further matching on the lexically following catch clauses of the same try-block. Thus, the
“catch and reraise” strategy cannot reach the second catch clause, which would
otherwise match and handle the exception. This behaviour does not match the
usual semantics of exception handling and that necessary for bound exceptions,
is counter-intuitive, and results in control flow that is difficult to predict.
By using a complex programming transformation, it is possible to eliminate
the reraise anomaly [6]. The approach splits related catch-clauses into different (nested) try-blocks, but since the order of catch clauses is important, the
catch clauses lexically following a related one must also go into the containing
try-block. While try-block splitting can mimic bound exceptions with conventional exception handling, the conversion is complicated and can produce large
amounts of additional code. As for the other simulations, it is unreasonable to
rely on programmers to follow complex conventions to achieve a sophisticated
programming concept. Therefore, if bound exceptions are a desirable feature, it
is necessary to implement them as part of the language.
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5

Bound Exception Design

There are multiple issues in designing bound exceptions: where and how bound
exceptions are defined, and the object binding during exception propagation.
With respect to bound exception definition, there are multiple approaches
in languages like C++. Probably the best mechanism is specifying the binding
as part of the handler or the raise, giving four possible combinations of unbound/bound catching/raising:
unbound raise bound raise
unbound catch 1) unbound
2) unbound
bound catch 3) not handled 4) bound
Case 1) is the catch and raise are unbound, which is conventional exception
handling with unbound handler matching. Case 2) is an unbound catch and
a bound raise, so the handler is not object-specific. The unbound catch-clause
can handle all exceptions of that type, both unbound and bound. Hence, the
bound exception is handled by an unbound handler. Case 3) is a bound catch
and an unbound raise, but the bound catch-clause cannot handle this exception
because it is unbound. Case 4) is a bound catch and a bound raise (to the same
object), so the catch clause is able to provide an object-specific handler and the
exception is handled as a bound exception. It is possible to simplify the table
(eliminate column 1), with only minor loss in functionality, by defining all raises
to be bound, i.e., always include the object raising the exception as part of the
exception event. In this design, no functionality is lost between Case 1) and Case
2), as both perform an unbound catch. However, the functionality of Case 3) is
eliminated as there is always a binding at the raise, which may be a null binding
value (see below). Now the binding decision is made solely in the catch clause.
The positive consequence of this design decision is that legacy code, which does
not know about bound exceptions, continues to work after replacing all raises by
bound ones (possibly by recompiling). A negative consequence is that all raises
now require additional memory for the binding information and time to store
the binding information, regardless of whether the binding information is used.
However, the space/time overhead is not an issue because the space is small and
exceptions normally occur infrequently.
The selection of the binding object seems obvious, i.e., the object responsible
for the raise, which precludes raising an exception bound to a different object
(e.g., throw logFile.FileErr); such a possibility would weaken an object’s control.
For special cases, such as non-member routines and static class-members, the
binding value can be set to null. Hence, if a programmer does not want an
exception to have a direct binding, the exception can be raised indirectly in a
static-member routine.
Interestingly, extending the concept of bound exceptions to resumption propagation is straight-forward since there are no differences during propagation with
respect to matching between termination and resumption exceptions. Nonlocal
propagation among coroutines/tasks (i.e., propagation across execution-stacks)
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is possible by extending the object binding. The previous binding rule is inappropriate for nonlocal exceptions because the object raising the nonlocal exception
in a coroutine/task may not be meaningful or even known in the target coroutine/task, and a nonlocal exception can essentially happen anytime, anywhere.
A better solution for nonlocal exceptions is to bind to the raising coroutine/task,
so it appears the exception emanates from it. For the case where a coroutine or
task does not care about the specific tasks sending it nonlocal exceptions, e.g.,
clients communicating with a server, it is possible to process the exceptions using
unbound handlers.

5

Dynamic Bound Exceptions

The problem with static binding is that the object raising the exception may be
a local variable or argument of a block. Therefore, once the exception propagates
outside of the declaring block, the binding object may disappear or be invisible.
This issue can be solved in many cases if the exception changes its binding during
propagation at each object it traverses through, called dynamic binding. These
cases are illustrated in the left example of Figure 3. Assume the declaration of
db either passes a file for initializing variable DB::f or DB::f is created as a local
variable. In either case, routine DB_ Manager::flush does not know about this file
object (especially when separately compiled). Now the catch clause inside commit
is within the scope of f, so it can catch any exceptions raised by f. However, the
attempted catches in flush are syntactically or semantically incorrect. The first
catch is syntactically incorrect since f is invisible inside the scope of flush (unless
coincidentally there is an f variable in the current scope, which would result in
a difficult to locate error). The second catch is semantically incorrect since db
does not raise the bound exception FileErr, so this catch is never matched. While
these catch clauses are wrong, logically the user is trying to do the correct thing.
That is, catch the specific FileErr exception associated with its operation (flush),
but not catch FileErr exceptions associated with other operations, which might be
handled at a higher level of abstraction. In fact, the catch clause catch(db.FileErr)
is probably what a user really wants to write, as db exists in the current scope
and (from a logical point of view) is responsible for raising the exception. This
catch clause works for dynamic binding because the binding object changes from
f to db when exception propagation terminates the call to commit. The right side
of Figure 3 visualizes the binding change during stack unwinding when dynamic
binding is used during propagation. In fact, we have identified cases where a user
may need both static and dynmaic binding to correctly handle an exception, and
with extra syntax it is possible to support both.

6

Conclusion

Bound exceptions truly incorporate exception handling into the object-oriented
design process. The ability to associate exceptions with objects strengthens the
relationship between an exception and the object responsible for its raise. This
feature creates more powerful exception handling capabilities, contributing to
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Lecture Notes in Computer Science
class DB {
File [&]f; // parameter or local
public: void commit() {
try { f.doWrite(); // raises FileErr
} catch( f.FileErr ) {. . .} // OK
}
};
void DB_ Manager::flush( DB &db ) {
try { db.commit();
} catch( f.FileErr ) {. . .}
catch( db.FileErr ) {. . .}
}
DB db(. . .);
class Driver {
public: static void run() {
DB_ Manager dbman;
dbman.flush( db );
}
};

Stack

bound object

f

f

7

do_write()
db

f
commit()

dbman

db
flush()

Driver::run()

dbman
run()

???

dbman

Fig. 3. Dynamic Binding

building more robust software. We believe this capability cannot be simulated in
most OOPLs, and hence, requires a language construct. This work discusses two
kinds of bound exceptions: static and dynamic. While some form of static binding
has been discussed previously, this discussion extends static binding and presents
dynamic binding as an interesting addition. As well, identifying that both kinds
of bound exceptions can coexist and that each provides distinct capabilities to
allow a user precise control in matching exceptions is an important idea.
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1

Introduction

The designers of future languages will need to decide whether to include exceptions in their new languages.
If they decide exceptions are warranted, they must then consider what exceptions represent: a structure for
control flow, a structure for handling abnormal, unpredictable situations, or something in-between. Finally,
the syntax and meaning of exceptions must be considered.
The syntax of exception mechanisms is important: syntax impacts how program code looks and is
comprehended, it influences the design and realization of algorithms, and it affects the manner in which
programmers handle unusual cases and unexpected conditions (what we’ll call “errors”), thus indirectly
impacts software reliability. While the syntax of exception mechanisms is the face most programmers see,
their semantics is what tool developers and language theoreticians must wrestle with. In general, a small,
elegant semantics is desired by all parties.
An excellent way to consider how to design a feature like exceptions in future languages is to analyze
their design in today’s languages. The analysis of exceptions in niche, historical, or research languages like
Ada, PL/I, and CLU can reveal a gem or two, but perhaps more can be gained by examining the contrary
viewpoints that exist in two modern languages.
The programming languages Java and Eiffel offer two opposing viewpoints in the design and use of
exceptions. A detailed analysis of exceptions in these two languages: their language design, formal specification and validation, core library use, and non-technical “social” pressures, can help future language
creators design their own exception mechanisms.

2

Language Design

Language design only partially influences the use of exceptions, and consequently, the manner in which one
handles partial and total failures during system execution. The other major influence are examples of use,
typically in core libraries and code examples in technical books, magazine articles, and online discussion
forums.
This latter “social” effect is clearly seen in the use of exceptions in Java and Eiffel, as we will discuss
in Section 5.
Exceptions in Java are designed to be used as control structures. This is also true of exceptions in most
other modern programming languages including Ada, C++, Modula-3, ML and OCaml, Python, and Ruby.
Eiffel’s exceptions, on the other hand, are designed to represent and handle abnormal, unpredictable,
erroneous situations. The languages C#, Common Lisp, and Modula-21 use this general meaning for exceptions as well.
1

Note that Modula-2 did not originally have exceptions; their addition caused a great deal of controvery through the
early 1990s (i.e.,, compare [12] to [13]). See http://cs.ru.ac.za/homes/cspt/sc22wg13.htm for a historical discussion
of such.
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2.1

Java

Exceptions in Java are used to model erroneous circumstances. They always indicate situations that should
not be witnessed during a typical execution of a program. Most Java exceptions are meant to be dealt with
at runtime—just because an exception is thrown does not mean that the program must exit.
Java’s exceptions are represented by classes which inherit from the abstract class java.lang.Throwable. They are generically called throwables because raising an exception is Java is accomplished
with the throw keyword.
Java’s throwables are one of two disjoint types: unchecked exceptions or checked exceptions. The former
inherit from either the class java.lang.RuntimeException or the class java.lang.Error, the
latter inherit from java.lang.Exception [4, Section 11.2].
Java’s Checked Exceptions If a method can raise a checked exception, the checked exception type must
be specified as part of the signature of a method. The throws keyword is used to designate such. A client
of a method whose signature includes an exception E (i.e., the method states “throws E”) must either
handle E with a catch expression, or the client also must declare that it can throw E.
Checked exceptions are mainly used to characterize failure conditions for method invocations, like a
file not being readable or a buffer overflowing. Not all erroneous conditions in Java are represented by
exceptions though. Many method return special values, encoded as constant field of related classes, which
indicate failure. This brings us to the first key point of this paper:
Exceptions should have a uniform, consistent informal semantics for the developer.
The state of Java with regard to point one is poor. While some attempt has obviously been made to use
exceptions only for truly unexpected incidences, there are numerous examples of inconsistent use (e.g.,
ArrayStoreException, FileNotFoundException, and NotSerializableException).
Examples of common checked exceptions that are part of many method signatures include IOException and InterruptedException.
Java’s Unchecked Exceptions Unchecked exceptions are either runtime exceptions or errors.
Runtime exceptions are conditions that can rarely (but potentially) be fixed at runtime, and thus are not
errors. Examples include ArrayIndexOutOfBoundsException, ClassCastException, and NullPointerException.
Errors indicate serious problems with which most applications should not try to deal. Most errors indicate abnormal conditions with either the operating environment or the program structure. Examples of
errors are AssertionError, NoSuchMethodError, StackOverflowError, and OutOfMemoryError.
2.2

Exceptions in Eiffel

The fundamental principle in Eiffel is that a routine must either succeed or fail: either it fulfills its contract
or it does not. It the latter case an exception is always raised [9, 8]. Thus, exceptions are, by design, to be
used in Eiffel exclusively to signal when a contract is broken.
Exceptions are not specified as part of the type signature of a routine, nor are they mentioned in routine
contracts. In fact, there is no way to determine if a routine can raise an exception other than through an
inspection of the routine’s code, and all the code on which it depends.
Eiffel exceptions are represented by INTEGER and STRING values; there are no exception classes2 .
Exceptions that are part of the language definition are represented by INTEGER values, developer-defined
exceptions by STRING values3 . This limited and non-uniform representation of exceptions brings us to
the second key point:
2
3

Eiffel class names are always capitalized.
Earlier versions of the Eiffel language standard permitted developer-defined integer exception values, but this seems
to no longer be the case. It is unclear when and why this change was made.
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Exceptions should have a uniform representation,
and that representation should be amendable to refinement.
Eiffel’s exceptions have two representations, causing some design impedance when dealing with them.
Additionally, because they are basic values and not objects, they have no internal semantics beyond that
which can be expressed in a helper routine, which necessarily cannot be foolproof because of the representation overloading in effect.

Contract Failure Contracts can be violated in several ways, all of which are considered faults, but only
some of which are under programmer control.
Operating environment problems, such as running out of memory, are one situation in which exceptions
are signaled. In these cases a contract can fail, but not necessarily because the caller or the callee did
something wrong.
Certainly, intentionally allocating too much memory, or otherwise using an extraordinary amount of
system resources, is the fault of the program. But such situations are more malicious than typical.
Software infrastructure failures can cause exceptions. Some operating system signals raise an exception. Failures in non-Eiffel libraries that are used by an Eiffel application can cause exceptions as well. For
example, Eiffel programs that link with Microsoft Windows COM components can witness an exception
specific to COM routine failure. Eiffel programs that use UNIX libraries can see an exception which indicates that an external library failed but did not set the errno system variable. A floating point exception
is raised on some architectures when a division by zero is attempted.
But most exceptions used in Eiffel are not due to external factors, but instead are assertion violations
or developer exceptions, both of which are used to indicate program errors.
If assertion checking is enabled during compilation, assertion violations cause an exception to be raised.
These exceptions are classified according to the type of assertion that has been violated.
The check instruction, which is equivalent to C’s or Java’s assert construct, cause a Check instruction exception to be raised. A Loop variant exception is another assertion violation; it is
raised when a loop variant does not monotonically decrease during loop execution.
Violating a contract, either by failing to fulfill a class invariant, a method precondition or postcondition,
or a loop invariant, is the final kind of exception. Contract violations fall into two categories: those that are
the fault of the client of a class, and those that are the fault of the supplier of a class. The classification of
an exception is determined by the context of the failure during program execution.
If a contract is broken at the time a method is called, regardless of whether the caller is another object
or the current object (in the case of a callback, or the use of the retry keyword, see below), then the fault
lies with the caller.
Exactly one kind of exception, called Void call target, can be the fault of either the caller or the
callee. If a method is invoked on an object reference with value Void, a Void call target is raised. If
the caller set the value to Void, or did not check the reference prior to making the invocation attempt, then
the fault lies with the caller. In situations where the reference was obtained via a routine call, either via a
formal parameter or a return value, and the value is Void, the fault lies with the callee, as the specification
of the routine is not strong enough to eliminate the possibility of the Void value.
The uniform design for assertion violation signaling with exception in Eiffel is contrary to that which
exists in Java. Several tools exist to permit the formal specification of contract for Java code. We use the
excellent JML tool suite [7]. Unfortunately, because assertion violation semantics is so primitive in Java,
there is no uniformity of exceptions across different assertion tools and specification languages. This brings
us to point three:
If exceptions are used to represent assertion failure, their design and semantics
should be incorporated into the core language specification.
The users of these tools have suffered tremendously because the creators of Java ignored this key point
in language design.
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2.3

Comparing Eiffel’s Exceptions to Java’s Unchecked Exceptions

Eiffel’s exceptions and Java’s unchecked exceptions are exclusively focused on unexpected, erroneous
behavior that an application should not try to handle. Thus, one would expect every Eiffel exception to map
to a single Java unchecked exception. This is not the case.
Some of Eiffel’s built-in exception types are equivalent to standard checked exceptions in Java. For
example, Eiffel’s Io exception, Runtime io exception, and Retrieve exception are semiequivalent to IOException and some of its children.
A number of unchecked exceptions are equivalent to standard Eiffel exceptions. For example, Void call target is equivalent to NullPointerException, and Floating point exception is
equivalent to ArithmeticException.
Finally, some children of java.lang.Error are equivalent to the remaining Eiffel exceptions: AssertionError is equivalent to the set of specification-centric Eiffel exceptions (Check instruction,
Class invariant, Loop invariant, Loop variant, Postcondition, and Precondition),
and No more memory is equivalent to OutOfMemoryError and StackOverflowError.

Missing Mappings Several exceptions that exist in each language have no peer in the other language.
Rescue exception has no mapping, as Java does not perform any special handling of exceptions
thrown in a finally clause.
An equivalent for Signal exception is not part of the core Java language as Java’s definition
focuses on multiplatform development and not all platforms have signals4 . The Eiffel language specification
states that such system-specific exceptions should be contained in system-specific classes, but no compilers
implement this suggestion.
An error like Void assigned to expanded is not possible in Java as Java has no expanded types
and the type system prohibits assignment of void to built-in types like int and boolean.
The Eiffel literature claims that Eiffel has no casting (cf., [10, page 194], thus there is no equivalent
to Java’s ClassCastException. This claim is a bit disingenuous because Eiffel’s assignment attempt
operator ‘?=’ is simply a built-in conditional downcast in the form of an operator5 .
Routine failure is a generic exception that indicates a routine has failed for some reason. The
reason is sometimes recorded (as a STRING) in the meaning associated with the exception, but this is not
mandatory. This is also true of Java exceptions, each of which has an optional message associated with it
obtainable via Throwable’s getMessage method. Unfortunately, there is absolutely no uniformity to
the use of these representations in either language.
When defining a new type of exception, human and machine comprehensible representations (e.g., a string
value and a predicate) should either be mandatory, or not exist at all.
None of the various Java exceptions dealing with out-of-bounds access to arrays and strings exist in
Eiffel because the contracts of accessor routines for these types prohibit such. Cloning-related exceptions
do not exist because all objects can be cloned in Eiffel.
Integrated contracts significantly decrease the number and complexity of exceptions.
This point is emphasized by the quantative analysis of Section 4.
Standard Eiffel also does not have several features of Java: reflection, introspection, concurrency, and
sandboxing. These features contribute significantly to the complexity of Java’s exception class hierarchy.
4

5

One can catch and handle signals in Java, but internal classes like sun.misc.Signal and
sun.misc.SignalHandler, or a package like [6], are needed.
This is not the only pragmatic circumvention in Eiffel. Other examples include the dual semantics of routine calls
(with and without an explicit “Current”) and the semantics of the equal and clone routines of ANY.
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Controlling Exceptions in Eiffel Exceptions are primarily controlled in Eiffel using rescue clauses and
the retry instruction. Exceptions are also indirectly controlled by the choice made in compilation mode
during application development.
A routine may end with a rescue clause. A rescue clause of a routine is a block of code that will execute
if any exception is raised during the execution of the routine.
The rescue clause does not discriminate between different types of exceptions. In this respect, it is
functionally equivalent to the surrounding every Java method body with a try/catch block where the
catch expression is “catch (java.lang.Throwable)”. The rescue clause is not equivalent to Java’s
finally construct. The code enclosed in a finally block is always executed when a method completes,
whether it completes normally or abnormally, while a rescue clause only executes when a routine fails.
The retry instruction causes a routine to restart its execution, attempting again to fulfill its contract.
This instruction can only be used within a rescue clause. If a rescue clause does not contain a retry instruction, then the routine fails and the current exception is raised in the immediate caller.
We will return to the details of finally and rescue in the sequel.
Exceptions are manipulated in Eiffel using the EXCEPTIONS class. Using this class one can find out
information about the latest raised exception (much like errno in C), handle certain kinds of exceptions
in a special way, raise special developer-defined exceptions, and prescribe that certain exceptions must be
ignored at run-time.
The EXCEPTIONS class is part of the Eiffel Kernel Library, thus is available in all Eiffel compilers.

3

Exceptional Specifications and Validation

The key difference between the use of exceptions in the two languages in that exceptions are part of a
method contract in Java and are not part of a routine contract in Eiffel. Thus, a fundamental notion of “Design by Contract”, that of exceptions exclusively indicating contract failure, has a different interpretation
in Java.
3.1

Contracts with Exceptions in Java

We use the Java Modeling Language to write formal specifications of Java components [1]. We have participated in the development of a coalgebraic semantics for Java and JML [5]. The discussion in this section
are based upon that experience.
The semantics of Java, and thus JML, are significantly complicated by the possibility of abrupt method
termination (i.e., an exception being thrown). Validation proofs must deal with three cases in Java: normal
termination, abrupt termination, and divergent behavior, sometimes tripling proof size.
The default specification for a failure is simply “true”, which means that the routine guarantees nothing
in particular when a failure takes place. Rarely can nothing stronger be said, and in fact exceptional cases
are often the first part of a formal specification we write.
This information helps the caller deal with the exceptional cases in a more reasonable manner than just
halting. We have also found that the specification of a postcondition for abrupt termination is mandatory
for reasoning about systems during abrupt termination. Without such assertions, class invariants would
become significantly more complex because ghost variables would be needed to represent failure states for
all of the routines of a class.
3.2

Specifications of Eiffel Exceptions

In Eiffel, the semantics of exceptional-correct routines is rolled into the definition of class correctness [10,
Chapter 15 and Section 9.16].
The definition [10, Section 15.10] of exception-correct is:
A routine r of a class C is exception-correct if and only if, for every branch b of its rescue block:
1. If b ends with a Retry: {true} b {INV_C and pre_r}
2. If b does not end in a Retry: {true} b {INV_C}
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where INV C is the class invariant of C; pre r is the precondition of routine r.
This existing semantics is a problem in practice because it means that Eiffel code must always have
a rescue block that “puts everything right” (fulfills the normal postcondition), which usually means either
a significant weakening of the postcondition (one can barely state anything is true if things can either fail
or succeed) or an extremely complex postcondition with a large set of disjuncts with error-flag guarded
expressions.
For example,
method_call_failed implies (F || G || H)
|| not method_call_failed implies (I || J || K)
This kind of specification is evident in the very few places where exceptions are handled in Eiffel code, and
we speculate this is true because of the inherent complexity in such specifications.
Specifications in JML that use keywords like exsures and exceptional behavior which are
simply shorthand for these more complex expressions. We believe that Eiffel could benefit from such
expressions as well.
This semantics significantly complicates contracts and weakens their application. Neither case is surprising: either (in case 1) a rescue clause must fulfill the invariant and the precondition of the retried routine
or, (in case 2) a retry does not happen so the routine has to leave the object in a legitimate state by fulfilling
its invariant. What is surprising is that nothing is know about when or why the exception happened in the
first place, since both preconditions are as weak as possible, and nothing new can be specified about the
state of the objects when a failure takes place, since the postcondition is exactly the invariant.
JML is exactly contrary here—it provides the ability to state a stronger postcondition in these exceptional cases, and this information is essential to validating programs with exceptions.
This brings us to our next key point:
The specification of object state when an assertion is raised, either via an exceptional postcondition or an
exception predicate, is very desirable if programs are to be formally verified.
The Java Modeling Language fulfills this key point admirably, while Eiffel fails in this regard.

4

Qualitative and Quantitative Comparisons

In the end, it is unclear how important exceptions are in the Eiffel world. This might be due to exception’s
perceived second-class nature in the Eiffel universe of “correct” software, as evidenced by their rare use
(see below).
If exceptions in Eiffel are equivalent to unchecked exceptions in Java, and if library programmers for
the two languages equally careful and capable of handling unexpected circumstances, then an analysis of
exception usage in the two core code bases should yield comparable results.
The data in Table 1 is the result of such an analysis. In the case of the Gobo and SmartEiffel systems, all
code, library and applications, was analyzed for this data. The number of declared exceptions is determined
by counting and classifying all calls to EXCEPTIONS.raise and EXCEPTIONS.die, in the case of Eiffel,
and counting all descendants of java.lang.Throwable, in the case of Java. The number of raised
exceptions is determined by a count of the number of calls to EXCEPTIONS.raise and EXCEPTIONS.die,
in the case of Eiffel, and the number of throw expressions, in the case of Java. The data on stack traces
is determined by counting and analyzing all calls to routines exception name, tag name, meaning,
and developer exception name of class EXCEPTIONS. All numbers are approximate and only
measured using the wc command.
Consider that in Java an unchecked exception is thrown for approximately every 140 lines of code,
where in Eiffel one is used for every 4,600 lines of code; that is a difference of over thirty times in
frequency. The above statistics clearly show that either or both (a) exceptions in Eiffel, either through
technical issues or social pressure, have a second-class (or perhaps even ignored) status, or (b) the built-in
existence of adequate specification technologies inherently leads to fewer assertions being thrown. Given
the preponderance of quality Eiffel software available, the latter point holds much more weight. This is
especially highlighted in the complete lack of exception usage in the GNU SmartEiffel system.
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Library
Gobo 3.1 ePosix 1.0.0 ISE Eiffel 5.3 SmartEiffel 1.0 JDK 1.4.1 (java.)
Number of direct/indirect
mentions of EXCEPTIONS,
or unchecked exceptions
18
3
17
0
525/ 15,000
Number of unchecked/checked
exceptions declared
3/6/5/0/50/ 150
Number of raised unchecked/
checked exceptions
66/87/13/0/3,000/ 2,650
Number of rescue or
finally clauses
6
10
29
0
50
Number of retry commands
81
3
15
0
N/A
Number of times a stack trace
is (a) checked or manipulated,
or (b) printed or ignored
0/0
0/0
0/0
0/0
8/79
Total lines of code and documentation 250,000
25,000
372,000
115,000
421,000
Table 1. Use of Exceptions in Eiffel and Java

This data should be carefully considered by the committee performing ECMA language standardization
of Eiffel. It also provides evidence for potential avenues for language refinement, particularly with regards
to the specification of exceptional conditions.

5

Exception Equivalency

Both languages have exceptions mechanisms that can be treated as equivalent. A hierarchy encoding can be
represented by integer or string values, so we could build an artificial type hierarchy for Eiffel exceptions
if we felt it necessary.
Likewise, the minimal exception interface of Eiffel, embodied in the EXCEPTIONS class, could be
modeled in Java. In fact, some Java developers advocate avoiding checked exceptions entirely, instead
inheriting exclusively from RuntimeException [3].
We can find no evidence of the converse, that of Eiffel programmers using exceptions as flow control
mechanisms.
As any Java programmer knows, the volume of try/catch code in a typical Java application is far
larger than the comparable code necessary for explicit formal parameter and return value checking in other
languages that do not have checked exceptions.
In fact, the general consensus among in-the-trenches Java programmers is that dealing with checked exceptions is nearly as unpleasant a task as writing documentation. Thus, many programmers report that they
“resent” checked exceptions. This leads to an abundance of checked-but-ignored exceptions, as evidenced
by the next to the last line of the table of the previous section.
Additionally, the presence of checked exceptions percolates through the system. As discussed by the
designers of C# [2],
Examination of small programs leads to the conclusion that requiring exception specifications
could both enhance developer productivity and enhance code quality, but experience with large
software projects suggests a different result – decreased productivity and little or no increase in
code quality.
This attitude guides the design of error handling in the .NET framework as well [11, see Section “Error
Raising and Handling Guidelines”].
These issues lead us to our last, and perhaps crucial point:
Checked exceptions generally increase system fragility (because of signature refactoring), increase code
size (due to explicit, localized, mandatory handling), and cause programmer angst (as evidenced by the
number of empty or spiteful catch blocks in public Java code), so their inclusion in a language should
be carefully considered.
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In the end, so long as an exception mechanism has a simple semantics, is consistently used, and provides
a tool which programmers can understand, depend upon, and not resent, then they should be included in
future languages.
Acknowledgments. This work was supported by the Netherlands Organization for Scientific Research
(NWO). Thanks to the anonymous reviewers and Alexander Kogtenkov for their comments.

References
1. Lilian Burdy, Yoonsik Cheon, David Cok, Michael Ernst, Joe Kiniry, Gary T. Leavens, K. Rustan M. Leino, and
Erik Poll. An overview of JML tools and applications. Technical Report NIII-R0309, Dept. of Computer Science,
University of Nijmegen, 2003.
2. Posted by Eric Gunnerson. Original author unknown. Why doesn’t C# require exception specifications?
3. Bruce Eckel. Does Java need checked exceptions? See http://www.mindview.net/Etc/Discussions/CheckedExceptions,
particularly the ensuing feedback on this issue.
4. James Gosling, Bill Joy, and Guy Steele. The Java Language Specification. Addison-Wesley Publishing Company,
first edition, August 1996.
5. Bart Jacobs and Erik Poll. A logic for the Java modeling language JML. Technical Report CSI-R0018, Computing
Science Institute, University of Nijmegen, November 2000.
6. What is JavaSignals?, 1999. See http://www.geeksville.com/ kevinh/projects/javasignals/.
7. Gary T. Leavens, Albert L. Baker, and Clyde Ruby. Behavioral Specifications of Business and Systems, chapter
JML: A Notation for Detailed Design, pages 175–188. Kluwer Academic Publishing, 1999.
8. Bertrand Meyer. Disciplined exceptions. Technical Report TR-EI-13/EX, Interactive Software Engineering, 1988.
9. Bertrand Meyer. Object-Oriented Software Construction. Prentice-Hall, Inc., second edition, 1988.
10. Bertrand Meyer. Eiffel: The Language. Prentice-Hall, Inc., 1992.
11. .NET framework general reference, 2003. Documentation version 1.1.0.
12. Richard J. Sutcliffe, editor. Modula-2 (Base Language). Number 10514-1:1996 in ISO/IEC Modula-2 Standardization. ISO/IEC, 1999.
13. Niklaus Wirth. Programming in Modula-2. Springer–Verlag, 1982.

34

ECOOP'2003 - EHOOS workshop

Non-Functional Exceptions for
Distributed and Mobile Objects
Denis Caromel and Alexandre Genoud
INRIA Sophia Antipolis, CNRS - I3S - UNSA
BP 93, 06902 Sophia Antipolis Cedex - France
First.Last@inria.fr

Abstract. While there is quite a lot of techniques to separate non functional properties from functional code, the handling of induced exceptions remains often blurred within application. This paper identifies NonFunctional Exceptions as exceptions related to various failures of nonfunctional properties (distribution, transaction or security). We propose
a hierarchical framework where reified exception handlers are attached
to various entities (proxies, remote objects, futures). Such handlers allow
middleware and application oriented handling strategies for distributed
and mobile computation. The mechanism tries to handle exceptions at
non-functional level as much as possible.

1

Introduction

Distributed environments provide synchronous and asynchronous calls, remote
references, migration of activities. Complex communications are subject to various failures such as the remote communication failure. It is always unclear
whether the failure occurred in the communications medium or in the remote
process, and the state of the system is in general uncertain. Unfortunately, the
try/catch construction is heavy to use, and only convenient for simple communication errors.
In this article, we define non-functional exceptions as exceptions related to
distribution. We present a hierarchical model based upon handlers of exception.
Sets of handlers are dynamically attached to various entities (JVMs, remote
and mobile objects, proxies, ...) in order to provide a generic and flexible recovery mechanism at a non functional level. This model has been implemented
and bench marked in a framework for parallel, distributed and mobile computing known as ProActive1 . As implementation remains simple, the port to other
middlewares is possible.
The first section presents previous works related to exception handling in
distributed architectures. Then, non-functional exceptions are defined and those
related to distribution are classified. The next chapter describe a flexible model
used to handle simple communication failures but also to create advanced faulttolerance strategies. Finally, pragmatic examples are presented. Performances
are discussed in the appendix.
1

http://www.inria.fr/oasis/ProActive
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Related Work

Exceptions have been created in ADA in the 1970s and are now a standard mechanism to report errors and failures. In distributed environments, they are raised
from host to host and thus are difficult to handle. Through the development of
our distributed library, we realized that standard handling mechanisms are not
appropriate to distribution, as developers must define handling code for every
distributed exception.
Authors of [4] highlight a critical problem that appears when several failures occur simultaneously. While communications between distant processes are broken,
an unstable state is probably reached. This article suggests to gather communicating processes into a conversation before starting any kind of communication.
Participants first save their own state ; then a set of handlers is associated to
the conversation. All action participants are involved in co-operative handling of
any exception raised by any action participant : the conversation is paused until
the handling process is terminated. When handlers are not sufficient to recover
from failure, the conversation is canceled. Every process checks possible side effects and rollbacks to its initial state. This collaborative strategy seems really
promising but fails with asynchronism. As the return time of an asynchronous
call is unknown, the lifespan of the conversation is also unknown. The recovery
process could be maintained as long as no result is delivered.
Agents are active objects having autonomous behavior according to their environment. As mobility is one possible behavior, an agent can decide to migrate
on a different virtual machine. In this context, authors define guardians in [5]
as centralized mechanisms helping agents to handle exceptions related to distribution. Only one guardian is needed for every agents-based application. When
an agent cannot handle an error, the exception is raised to the guardian which
send back instructions. Of course, the handling behavior depends not only of
the nature of the exception but also of the agent environment. When distant
objects become unreachable, the guardian can advise to delay communication.
When critical failures occur, the guardian can terminate agents. An interesting
strategy to handle failures related to the migration of agents could be to find
an equivalent destination using the replication strategy. This centralized model
offers simplicity as it provides only one single guardian even for large distributed
systems. However, many problems would occur if the guardian becomes unreachable or crashes.

3

Non-Functional Exceptions

During the conception process, we identified three majors features required for
distributed handling mechanisms : flexibility, genericity and dynamicity. Considering that previous models did not meet all of these requirements, we decided
to create an original model from scratch based upon a new classification of exceptions.
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Functional versus Non-Functional

In recent literature, classifications of exceptions are proposed. According to [7],
exceptions can be divided into internal exceptions, raised from and handled
within a method, and external exceptions propagated toward other methods.
This classification is not useful for distributed environments which require complete description of internal failures. In our framework, we consider the mechanism of distribution as a non-functional property [8]. We use this specificity to
define non-functional exceptions as exceptions raised from any non-functional
property.
Definition 1 Non-functional Exceptions announce failures occurring in non
functional properties. They are raised in non-functional code and handled, as
much as possible, within it.
We make a clear difference between functional exceptions, related to abnormal
behavior of applications, and non-functional exceptions, related to failures of
non-functional properties. Exceptions related to distribution should be considered as non-functional exceptions coming from the middleware. We agree with
the recommendation of [9] which claims that exceptions have to be handled
at meta level. It is much more simple indeed to handle exceptions directly in
internal mechanisms of distribution.
3.2

Location of Non-Functional Exceptions

Distributed environments provide synchronous and asynchronous communications as describe in [1]. Failures in such communications result in non-functional
exceptions as shown in 1. While in synchronous calls, those exceptions are simply
handled at results delivery, asynchronous calls lead to two solutions. Exceptions
are eventually handled when requests containing reified calls are synchronously
queued. But non-functional exceptions have to be handled in future objects when
pending requests are served or when results are stored within them.
Non−Functional Code

Functional Code
VM A

// v is an active object
// foo returns an int
// The call is synchronous
int result = v.foo();
// bar returns a reifiable object
// The call is asynchronous
B b = v.bar();

Exceptions related to
synchronous calls
In asynchronous calls,
exceptions occur when
calls are stored in queues

Handling
Mechanism

Exceptions also occur
at result delivery or
// Result is stored in B,
// and used when available

in future objects

b.useResult();

Fig. 1. Exceptions Raised from Synchronous and Asynchronous Calls
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A Hierarchy of Distributed Exceptions

We first identified and classified potential failures (figure 2) of distributed environments. Then, we built a hierarchy of potential failures, opened to developers
who can add new failures and topics. We kept this structure customizable as
flexibility is the most important feature of recovery mechanism. Finally, we associated non-functional exception to every failure. This hierarchy is used to define
handling strategies for specific exceptions as well as for groups of exceptions.

Distributed Exceptions

Communication

Security

Migration

Receive

ServiceFailed

ActiveObject
Future
ReifyObject

Serialization
OnDeparture
OnArrival

Send

Services

Group

Creation

Send

Receive

Send

Receive

SendCom

ReceiveCom

SendCom

ReceiveCom

SendCom

ReceiveCom

SendRequest

ReceiveRequest

SendRequest

ReceiveRequest

SendRequest

ReceiveRequest

SendReply

ReceiveReply

SendReply

ReceiveReply

SendReply

ReceiveReply

Fig. 2. Hierarchy of Failures Encountered in Distributed Environments

4

A Hierarchical and Dynamic Handling Mechanism

The hierarchy of failures described above is used in the construction of hierarchical handlers, working indifferently at functional or non-functional levels.
Definition 2 Handler of exceptions handle non-functional exceptions as well as
groups of such exceptions, thanks to object inheritance.
For instance, a handler can be associated to SendRequestGroupException or to
every member of GroupException (see [10] for detail about group communications). Handlers provide basic strategies in non-functional code, but applicationspecific strategies are also possible. They reify the try/catch construction to
support both genericity and flexibility required by any handling mechanism.
Handlers implement a common interface and provide functional as well as nonfunctional treatments of non-functional exceptions.
4.1

Prioritized Levels of Handling

Our mechanism is based upon a default and static level, created during the
middleware initialization, and some dynamic levels set during execution. Each
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structure can provide a specific fault tolerance strategy created from an appropriate set of handlers. Every non-functional exception is associated to one
handler in the default level. The default strategy is basic but always present
while complexes strategies appear occasionally in higher levels. We defined six
different levels, associated to constants within the implementation and presented
below from lower to higher priority.
1. Default level is static and initialized in core of applications. This level provide
a basic handling strategy for every non-functional exception.
2. Virtual Machine level is the first level that can be created dynamically. It
offers the possibility to define a general handling behavior for every VM.
3. Remote and Mobile Object level is used to bind handlers to remote objects.
Handlers associated to mobile entities migrate along with them.
4. Proxy level is used to define strategies for references to active objects. When
reference are passed to other VMs, handlers are passed also.
5. Future level is attached to the results of asynchronous calls.
6. Code level allows temporary handlers to be set in the code.
As describe above, the default level provides a basic handling strategy, defined
during the initialization of middleware. Virtual machine level and higher ones
are set dynamically to improve this strategy. Dynamic handlers are created at
runtime and added to an appropriate level (VM, remote object, proxy, future or
code levels).
4.2

Presentation of the API

The API is both used for middleware adaptation (e.g. wireless oriented) and
for distributed application. It consists in two major static functions which offer
settings and configurations of handlers into appropriate levels. The five dynamic
levels are defined with constants.
// Binds one handler to a class of exception at the specified level.
void setExceptionHandler(level, Handler, Exception, Target);
// Removes handler associated to a class of exception at specified
// level. Target is different from null when level is object-related.
Handler unsetExceptionHandler(Level, Exception, Target);

The following example show how to protect an application from communication failures. We add a handler with the setExceptionHandler primitive.
Communication failures are thus handled for that object.
// Creation of a remote and mobile object with handlers
RO ro = (RO) ProActive.newActive("RO", "//io.inria.fr/VM1");
// A communication handler is dynamically associated
// to the remote object trough its proxy.
setExceptionHandler(ProxyLevel,
"CommunicationHandler",
"CommunicationException",
ro);
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Dealing with Mobility

Most of the distributed environments offer remote and mobile objects. Such objects can migrate from host to host. This additional constraint can break the
continuation of the handling mechanism. The migration process must be modified to take into account the migration of mobile object handlers. As explained
later, mobile objects and their associated levels remain always gathered. Handling mechanism can be associated to proxy also in order to attach a specific
strategy to remote references.
4.4

Implementation

As explained before, the handling strategy is built upon one static level improved
occasionally with dynamic levels. Handlers are searched with the following dedicated function.
// Searches through prioritized levels the handler associated
// to the given class of exception
Handler searchExceptionHandler(Exception, Target);

The following code is part of the middleware and describe how to activate the
handling mechanism. Instead of providing a treatment directly in the try/catch
block, we use the searchExceptionHandler primitive.
try {
// Send the reified method call
sendRequest(methodCall, null);
} catch (NonFunctionalException e) {
// Looks for an appropriate handler and
// use the handler if possible
Handler handler = searchExceptionHandler(e);
if (handler) handler.handle(e);
}

We tried to keep implementation as simple as possible but performance issues were also considered. Levels are implemented with hashmap to provide fast
access to handlers. Considering the memory available in modern computer, we
support time complexity instead of space complexity even if migration increase
memory requirements because of levels associated to mobile objects. The cost is
proportional to the number of handlers contained in the object level.
Reflexion is used to search handlers for a specific class of exception or for the
mother class of a group of exceptions. The algorithm supports generic handlers of
higher levels instead of specific handlers from lower level ; Levels have precedence
over the type of exceptions. For instance, on figure 3, the most suitable handler
for exceptions related to class 02 is found in the highest level. When no handler
is available at remote object level, the search continue in VM an lower level.
This choice, which seems more natural, can be invert.
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REMOTE OBJECT LEVEL

1. The search starts in higher level
Handler O1 is preferred to an eventual
Handler O2 from lower levels

Class
O1

Handler O1

Class
O2

An exception
occurs
in class O2

VM LEVEL

2. Search continues in VM Level

3. Default level is usually used
when no strategy is defined

− Handler O1
− Handler O2

DEFAULT LEVEL
− Handler for every exception

Fig. 3. Levels have Precedence over Exception Type when Searching Handlers

5

Canonical Examples

We present in this section two applications which use our handling mechanism.
5.1

Handling Exceptions in Unconnected Mode (e.g. wireless PDA)

Distributed applications for Personal Digital Assistants should provide an unconnected mode to handle at least communication exceptions due to broken
connections. We defined a strategy where handlers store requests sent to unreachable PDAs in a queue. Time by time, a thread checks if the connection is
restored in order to deliver requests. The point is not to define a sophisticated
strategy, but to show how easily it can be activated. Here is the scheme of such
a PDA-Handler.
Class PDACommunicationHandler implements Handler {
public boolean isHandling(Exception e) {
return (e instanceOf CommunicationException);
}
public void handle(Exception e) {
// A thread testing connectivity is created
if (firstUse) {
connectivityThread = new ConnectivityThread();
}
// Then reified method calls are stored in the
// queue and exceptions are not propagated anymore
queue.store(e.getReifiedMethodCall());
}
}
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Imagine now that an entity is about to create a mobile object that migrate
on some wireless PDA.
// Creation of a remote and mobile object with handlers
RO ro = (RO) ProActive.newActive("RO", "//io.inria.fr/VM1");
// A communication handler is dynamically associated
setExceptionHandler(ProxyLevel,
"PDACommunicationHandler",
"CommunicationException",
ro);
// The mobile object can now migrate safely
ro.migrateTo("//pagode.inria.fr/VM2");

5.2

Simulating a Centralized Error Manager

The handling mechanism can easily be configured into a centralized error manager similar to the one presented in [5]. We create first a remote object containing
a complete set of prioritized handlers. This object is located on one virtual machine but is known from every active object of the application. Non-functional
exceptions reporting failure are not handled directly in the active object but are
raised to the centralized error manager instead. A handler corresponding to the
failure is sent back to handle the exception. This strategy does not avoid the
typical problems common to every centralized error manager but offers at least
an efficient centralized handling mechanism, easy to configure.

Remote objects notify exceptions
related to distribution. Information
about the level is also provided.
Centralized GUARDIAN
Contains Set of Handlers
H1

H2

H3

H1’

H2’

H3’

H1"

H2"

H3"

VM A
Remote
Object

1
Remote
Object

H4

H4"

H5"

Legend
Signal exception
Send back a
reliable handler

2
Guardian searches for a reliable
handler according to the context
of exception. Then handlers is sent
back to the remote object

Remote
Object

VM B
Remote
Object

Remote
Object

Fig. 4. Centralized Error Managers are Easy to Implement
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9

Conclusion and Perspectives

We defined a dynamic, flexible and generic model to handle non-functional exceptions. We proposed a classification for non-functional exceptions along with
a hierarchy of prioritized levels. As implementation use the classical try/catch
language construct, the model is reliable for a large panel of modern, objectoriented, programming languages.
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Appendix: Time and Space Performances
Space Complexity : Each system contains at least default and virtual machine
levels : some handlers contained by two hashtables.
Number
Description
No handler is provided. We
just pay the cost of an empty
level based upon Hashtable
One global and generic
Minimal
handler achieve application
soundness
One handler is provided for
Per Group
each group of non-functional
exception (see 2)
2*
Per Communication Every communication exception has 2 handlers : remote object level and VM
level
Strategy
No Handler

of Handlers Size in Byte
82
0

1

209

7

1561

6 = 12

2833

Table 1. Space Requirements Depends of the Number of Handlers

Time Complexity : Adding and removing handlers do not break overall
performance of the system. Research of handlers is complexity-less, thanks to
hashtable properties. We raised a huge number of exceptions and measured time
to find handlers. The ratio is 1:4.
700

try/catch Handling Mechanism
Dynamic Handler Mechanism

Handling Time (in millisecond)

600

500

400

300

200

100

0

0

500

1000

2500
2000
1500
Number of Raised Exceptions

3000

3500

4000

Fig. 5. Time Complexity
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ÚNOHVÛOÔGI×)^"Û ZNP×ZL"U)NàLVc´Ó-ØVZR\Pj]iR\PLVL_cI`fcdlRZCÿ{LV\OcIiRGdÔ]H_Z1jZÔSe[ÔXÙ-UXZL"N<NPjjGIÙ<J"LVZ_UXØ_ZLVN{N<Ô`CÖÝH_HVUSÖ ÔXZÔXÛONCZCNOLVH"ÙOÔávÙPLVcdÙOGÞ×ÙOLVcIÔ]GÞ×GIH"LVN¶ÓPâcdZ1LVNOÔyÖÝH"LVU]cIc´Ô]â{\OêhNPÛOLVÔ]GÞjZcdGÞljÚGdÔ>Û[GIl j
ZU]H_iRcdZçÙOcIGIHKNl{GIÓPNO\O^GdcÞ`fLVÙOGINOÙO^CcIGÞ××0LKH_ÔXi/GdH_ÙPNfcdZávjeÙ-`fZ×ZGÙ<<Z×NPZ0`OeOLV×0ÓPZcdÙfZ>Ô]LVGIH"ÙPNÙOcdÛ<GÞ×LVLVNPÔ]`fGIH"cIGINPNOj^9â GÞj:NOHKÚL_`OLMlfjÙOcÞLMl[GdNO^LpiCL wH_U
j]×H"Ù-ZeOj ×0Z ZÙfeOÔ]×0GIH"ZNøÙOÔ]ÛPGIH"L"NéNP`f×0cIH_GdN_NOÔX^éZ0e[UXÔXZj cIGIçZjCLVN<H_` NøL_ÖÝj]Zj]LKHfÔX×0\OGÞUXLKZÔXjRGdNOÖÝ^H_UÛPL"`fNPZ`f×0cÞcIZLVU)UXj>GdNOÚ^ GÔXZÛ ef×Ô]ZÛOÙfZÔXiGdH_ØrNPjpL"jçGIN ÚZ`fcIGcÌ-ZL"jçU]ZH_N{N Ô
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OÔ]ÙLVZÓOUX×)L_GIÛPcd×GdNOÔwÔXlGIH"×cILVÔXH"HçcP^_cÞGdUXLVZL"NPj GIj]^" Zh\Pj]\PL"Z0eO×)^"Û×0ZZj L"Ùf j Ô]GINPGIH"×0NPcI\Pj2`fL"GINPNOÙP`/^U]HKÙO_J[UXLMGÞH"JK`fÙPLZçL"L"^_ÖÝZNPLKLV`pÔXÔ]Z\ObSÔXUXÛO`OZZjhLi8ÌÖÝH_L"H"Ujy\fÛPÚyÔ)L"jZNPGÞcd`fc`fZL"cIGdÔ]jNPÛP^CLZ Z0N[eO\ONO×0iZZjwÙfÓ<ÔXZÔ]ZGI` UyH"NPH"jXjÖ+×0â ×0H_H"Ù<iReOZ×0jÙ-ZâVH"ÙOTNOÔ]ZGIH_H"N{jN ÔÔ
ÛPJ"ZLVcINPH"`OÙ-cdZGINO`.^LVÖÝNPZ`åLKÔXÔ]\OÛOUXZZj:ZjN[ÛOJ[H_GdUX\OH"cÞ`NPi/iCZLKN{Ô)Ô×)Ø?Û(Ô]ÛOÔ]ÛOZ(ZR`f×)ZÛPjGIL"^"UXNåL_×Ù<Ô]ZLVU]U)GÞL"j`fÔ]GÞGI×^"j1iH"Ø¶ÖÔXÔ]ÛOÛPZ(Z/×0L"H_ÙOi/ÙOcIÙPGI×\fLKÔXÔ]LVGIÔ]H"GINH"NPÔ]L"HcyÓ<iRZRHf`f`fZ0Zác
LV`fNPcdGI`åNO^(Ô]ÛOiRZZ×)cIL"Û<NOLV^"NO\<GÞjLViC^"Z j:GÞÔXjZ×)LVÛON NOH_LVcdUXH_Z^"LlHV\<ÖhjLZ`J"ZUX l ·âL"×0QSÔ]GIZJ"J_ZRZcIUXH"ZÙOj]GIZNOLV^ U)×)jÛ¶Ù-â ZO×H_GIL"U>cdGIZ0WeOZ`éLViRZ0ÙOeOcI×0Z"ZØ¶ÙfLÔ]GIH"N[N.\Oi$ÛPÓ-LVNfZUá
HVi/Ö+ZH_×)ÓÛPwLVZNP×0GIÔj]á·iCH"UXjGdZÖÝN_H_ÔXUyZÙO`CUXHKiRJ[ZGI`O×)ÛPGdNOLV^NOGÞÖ¤j]LViR\OcdjyÔyÚÔXH"ZUXcIZZSU)LVÙONPUXH"×Ù-Z H_ j]ZZeO`9×0ZLVÙOUXÔ]H"GI\OH"NpNP` ÛPL" NP!`f"OcIGdØ{NPLK^Ô]ÌH_GdiRNGI×0×:H"L"N<×0×0Ô]\OGIH"UXU]N9ZN{Ó<ÔyL"j]×0ZH"` á
H"Ù-ZU)LKÔ]GIJ"Zçj]l[jÔ]ZiCjhÚyZU]Z>`fZJ"ZcIH"Ù-Z`GINiRGÞ#` !""jâ
ì<%í $ &õ¶(õ 'Kú?ô ö?ùfóô¤õ-*ö ) +ù ,ñ[.ú - õ /ô¤û ñîSö 0¶1ô 'Mõ-3ö 2åñ[ö ó ,
Ô]T(9¶GIGIH"NPH"N.ÓO`OGIL$iRcIZ$j]HfÙP×0`fH[L_Z×0H"4c Z1U)`f Ó[56GIlR´NPØLKGd\PÔXN<Gdj]jH_GdZNPNfU^ßá·ÔXÓPGdNOL"L ^<j]ZØ_jÛP`9UXZL"ZL_U]N[Z`fJ[`åGINOGdUX^`OH"LVNOH"ÔXiRUyL U]ZZjN_ÙPiRÔ)L_jHK×0J{\P8Z GIj]NO\PL7 ^çLVcÞcIÔX:LcI\OlpÙO9+ÖÝcIH"GdZN<cIjcI`OHKHVLOÚAÖ+â2`OLCb1LV^_`OÔXLçZLVN{ÔXÖÝÔXLVUXjRH"á·`fi ×UXH{GIJ"L$H_ZUXÓON(`OcIGdL_NP××)H{LVk[H_Ô]Ó<ZUXH{`OGdLVGdN»NPU)LV`L á â
ÓPê+LVNPL"\Oj]`ÙPZcd`9L"Z×jpZ×0N[LVZJ[jXUXjZGdUXÔ]H"U]ÛPNOZZÔ]iRUX`fGdZZGN_J"Ô)ZZjÌ`»UXZÙPN{L"U]ÔHK×J[×0j]H_GÞÙP`fUXL"Z`f×jGIZNOjj^ Zâ J"Ô]ZHåUXL"L"cONÕÔ]\PL"ÙOjXcdjZ>Hfj]×0ÙPGÞLKL"ÔX×GdZJ_jZLVj]NPZ`9L"UXÚ×)Û+LMlfâjÌT(ÖÝH"H"UÓOGILVcIZ^_Z×0N{H[ÔXH"jÌU)Ô]`fHRGINP`fLKZÔXNOGdH_HVNfÔXZ á
Li/VNPH_4` ÓOb19?GIcdiRGdLVÔwNPH"l9@LNOH"^Ö2AiR´L"â ^"H_9+ZÓOGdN_GdiRcIÔ)ZjZ ×0LVH[9¶NPH_`GIUXNP`f`OÙPGINPLSÛ{LVlfGdN/Ô]j]GIGIH"×L1NfLViRcá·ÓPiRH"L"ÓPH"j]GdZÓPcI`ZyGdcIZZGÔwN[N[lJ{J[GIGdHVUXUXÖH"H"NO`fNPiRZi/J{ZZGÞ×0N{N{ZBÔÔjØâ(ÚGIjr9¶ZÚGIi/×ZLVcIZ$N>c{j]i/×\OGÔXH_Gd;ZÔ]ÓOZ9¶GI`>cdZGIiRÖÝH"L"<ZUr^"ZÓ- =>N{HV´Ô)Ô]ØjÛT×0cdH[bH_H"^"gU)GÞ×`fY L"Gdác ?>·Ø
Ô]NPÙP\OLKLVÙOÔXUXZZcIZN{Ô]Ô]j]ÛOcIÙPløUXL"H"×\PL"Z^"jpjCÛ GdLVÖ>9¶ÔyÔ]GI`fNPÛPG `OZ-ZløL>U]Ô]ÚyZ\ON{ZÙOÔyU]cIZàZjGdj]Ô]cdÙPHfZjÌL"×L"×L"Zc U]âjÌZT\PiRjbGIZNOUXgS^^"YZDL `P Ô]T(e[H"Z^_H_`CZ0ÓOÔXGIjÛOcdZZ ZÔyUÌb1H"L"Ö ^"NPGIZ`RN{N{Ô]ÔLVZ^_UXgL_ZN{×ZÔ]ÔXL_GIj×H"ÔXL_NRGd×J_ÙO×ZßZUXGIjXY[i/jÙPÔ]GdL_Ô]ÛOGI×0ZJ"Zi Zj jCâ ÔXGÞUX9¶j9L"GIiRNPL"jN Z á
H"LVÓNéwZH"×Ó Ôwá·ZH"×UXÔ]GIá´ZH_N{U]Ô]GIZZE` N{ÔX{ZLM`ßJKLKÔ]\Oá·ÓPÙPL"cdZj]Zj`9ÙPZL_N[×0J[:Z GdUXL7 H"NOcÞL iR9+ZN_GdNPÔ`PØOLOÚØrÛO\PZjU]GI4Z NO^à{LMLJKL/ÙOL"U]H_^"^"ZN_U)LVÔ)jiR×0iCH[H"LVÓOU)`fcIZCGINPjLKZÔXÔ$ZçHVÔ]ÖÛOUXÙOH"UX\PGIi^"Û á
GÚÔXGdÛOJ_ZZUXjZ$ârGdb Ô:GÞTj:×0bS\OgUXU]YåZN{L"Ô]^"cIlZN{ZÔRefZ××0LV\ON.Ô]GIH"NONO^PcIâ lé9+L"L"×NP×LpZjXGÞjjSÔXL"ÛONZH"Ô]Ó \OwÙOZcI×ZÔ]á´jH_ÙPU]GIL_Z×0N{ZÔXZL"F` jXj{HfLM×0JMGÞLKLVÔXá´ZÓ<` L"j]ÔXZH`ÔXZÛON[ZJ[GIÛPU]H_H_NfjÔá
i/U]\OZN9N{ÔH"ØfNCÚÓ-ÛOHVGÞÔ]×)ÛÛjw×Ô)H"LViNP`PÓOLVGdNPU)Z`Rjh\PÙOjUXZHKUHJ[GGIj]IGdH_jÌNp×0HVH_ÖNONO×0H[Z×H"Ô]U)Z`f`RGINPÔ]LKH$ÔXGdÔ]H_ÛONZ L"ã NPN{Ô]`ZUXj]NOZ×Z\OÔUXLVGÔwN<lp`RL"ÛPNPLV`9NP`OGÞjÛOZ`fcÞZ`pjGI`f^"ZNOJ{ZGÞ`C×0ZÔXjH â
9+LVN<L>LV^"ZN{ÔXj×H{H_UX`OGdNPLVÔ]ZhÔXÛOU]H_\O^"ÛpL"NCH"Ó wZ×Ô]á´H_U]GIZN{Ô]Z`Ô]\OÙOcIZj]ÙPL"×@
L^"$U)`fLVZiRÖ¤LViR\OZcdHÔ Uâ_Pb1e[NZ`9LVj]^_Z0ZÔN{ÔHVÖ+×ÙOLVN9UXGIi/L_×GdÔ]×0GIZJ"j]ZjyjÓ-Ø{HVÚÔ]ÛOÛGÞ×)U]ÛZiR×LVHVNpÔ]Z:NOLVZNPJ"`pZUcdÔXHfÛO×ZL"cIZcPjXÔXj\OÓ-ÙOZScIZ>Zje[ÙPÔ]Z L_Z×0N<Lç7 Z`fcÞjZ4L â`99+9¶Ó{LVGINPN<l/`OL$ÔXLPÛO`fØ"ZSZA\PPÙPj]NOGdU]NPZH"^ já
ÙO×0H"U]H"N<Ô]jZGÞ`f×Ô]ZGIUXH"GINON^`ONPH"Z0iCÔwÚLVGIH"NPUXjhkRÖÝÖ¤H_LVUGIcdGI\ONfUXÖÝZH"jUXiCL_jhLKÔ]NOGIH"H"UXNiCL_LV×c×ZZJ"jXjZØPN{L"Ô)jNPâ `ÙOUXZJ_ZN{ÔXjSLVÙOÙOcIGÞ×LKÔXGdH_N(×0U)L"j]ÛOZjÓ[l
ì<Kí J L?ù M?û¤Nó ) Oyõ-û¤ñ 'KùOörð"ñô .ö - õ /ô¤û Fñ &õ¶(õ 'Kú?ô ö?ùOóô¤õ-Pö )Q+/ù ,ñ[úøî:ö 0¶Rô 'Kõ<3ö 2åñ[ö ó ,
\PLVcIjLVcGIUXNOÙOcI^(låU]HfÔXÚy`fUX\<L"H_×0NPU]ZkéjX`9L"H_×Ô]ÔXN»\PGdH_ÙOÖ¤NPcdLVZj\OjcdGIÔÔ]SN á´HRÔ]H_9+Ó-cdGdZZ>NPUX`PU]L"ZLKNPÔXá·×0LVcdZGIGIk"NOZpGIZNø`pZN[×\OJ{H[N{GIH"Ô]UXU)GIH"`fcNOGdÔXiRN<ÛOLKZ:ZÔ]N{GIÔ]H"ÔU)NOâ+LVá´NPêhÓPjXÚyL_L"j×0H ZÔ]`åGIL"H"`ONZ`ON{×GJ[ÔXH"GdGIiRH_U]H_NPiRNOLViRcyGÔ)ÙOjZØ[N{U]GIÔXÔXiRÛOjZçGÖÝÔXHfÔ]GdJ_×0\PZ\<ÙOjjcdZZLV`äjcIcdLVHKH_UXÚ N Z
Ô]jÛOZiRZN9L"N{L"Ô]×0GÞÔ]×\PjL"ØcdÓOcIl/\fÔL_`OU)`fLVZGÞj`/ZjSÔ]H>ÙPÔXU]ÛOH_ÓOZ1cdÔXZ\OiCÙOj>cIZSLVj]iRÙPH"L"NO×Z"^(â_`fg1ZZ0Ù<ÔXZL"NPGdNP`fGdZNON_^Ô$Ô]L"\O^"ÙOZcIZN_jyÔ)jZâ¶N<b j\OUXUXZZjcÞLKÔ]efÛOZZ1`Ô]U)J"LVZNPUXj]jXGIL"H"×0TN Ô]GIH"  N 
?
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ÙOÙ<U]ZHKNPJ[`fGÞZ`fN{ZÔçjÌLVÔ]ÛP^"ZZçN{L"ÔXcdjcØfH_Ó{UhlNOUXHVZÔXcÞÛOLKGdefNPGdNP^$^RÔXUXÔ]L"ÛONPZ$j]L_LV×Ô]ÔXH_Gdi/H_NGÞ×0j]GdÔwZl9iCÙPLVU]N{H_Ô]Ù<GÞ×ZjUØfÔwl_LMâPJ"H_ê+GI\P`fÙOGINOcdZ^jÙOL"U]U]H_ZÓOLMcIZJKiCLVGIjhcÞLVLVÓOiRcIZ>H"GdNOiR^/iR`fZ0Z0áá
`fGILVÔ]ZcdlpGINÔ]ÛOZçÔX\OÙOcIZjÙ<L"×0Z_ØfZJ_ZNGÖcÞLKÔ]ZUhÔ]ÛOZçÔXUXL"NPjXL"×ÔXGdH_N`fH[ZjhNOHVÔ×H"iRiRGÔâ
NOGIj/HVÔXÚGT(<UXG×H"Ô]LKÔ]ÓOÔXZGIGdN.cIH_ZNàÔ]×HßiRH[H"Ô]ZU)ÛO×)`fZÛPGdL"N<j]NOLKÙPGÞÔ]L"jGIiC×H"Z"NOjâ2á´â ÓPêhbL_ÛOj^"ZZZ` N_NOÔ)HVZjçN[ÔXGL"J[<j]Gd×UXkLKH"ÔXNPÔXGdHi/H_NåÓ<ZN{ZRiRÔXNOjZØrH"×)Ô]ÛPcIGIG L"k"PNO#Z ZGI`àj]UViÚIWØ2ÛO9 ×0ZH"NO\PL"ZNPJ"ÙOZT`cdZUç`é{LLMÚJKiCGdL_Ô]LKY[ÛäÔ)Ù<×)L"Ô]ÛOÛO×0GdZ_NPZØ2^NO`fZHVNZ N_ÔXPGdÔXH_NPU]Nl Z
HVGIj$ÖçNOÔ]HVU)LVÔXGNPPjXZL"` ×0Ô]HVGIH"ÖhNPiCjØLKÔXÙO×)UXÛPHKGdJ[NOGI^(`OZZjpN{Ô]LåUXGdÖ¤ZLVjç\OÖÝcdH"Ôá´U$Ô]H_Ô]cdÛOZZ9UXL"`ON_\OÔpUXLViRÔ]ZGIH"×)N ÛPLVHVNOÖGÞj]Ô]iÛPZCØyÔ]ÚU)ÛOLVZNPUXjXZàL"×0L"Ô]NÕGIH"N¶ZâJ"Zã NN{ÔÔ]ÛO×LVZ9ÔX×)×ÛOL"Zj]ZU
HVNOXÖHVÔX9+GdH_L"N9NPLOHVØÌÖrÖ¤ZLVJ_\OZcdN{ÔÔXá´jÔ]H_â cdZUXJ"L"ZNPN{×0ÔXjhZàLVGIUXjZSL"`f×)ZÛOÙ<GIZH{J_jZGdÔ]`øZ`9GINÜGIN{LVÔ]H/N Ô]L"ÛPj]ZSl{ÔXN<\O×)ÙOÛOcIU]Z>H_NOjÙPH"\<L_×0jRZçÖ¤LVL"NPj]ÛO`GIH"UXN¶Z0Ô]ØÌUXÔ]GIZÛOJ"UXZH"`C\O^_Ó[ÛÕlCÔ]Ô]ÛPÛPZZ
H"×0×H"LVN¶UXUXØ UXZ>GdZÖyLVj]Ù<Ó-GdÔ>H_H"NP\fj]Z`fÔhL"GIÔXNOUXÛO×)^9ÛPZ>ZLVZj^_J_ZÖÝZN{H"N{ÔUçÔþ â GGIÔçiRcÞLKi/Ô]ZZUç`fGÞGdLKNßÔ]ZÔ]cdÛOl_Z/Ø GÔXÖy\OÔ]ÙOÛOcIZRZRLVj]ÙP^_ZL_N{×0ÔS!Z Y ÚhH_L"USjSNOÚZJ"L"ZGÔXUGdØNPGd^9ÖÌÖÝÔ]H_ÛPUZ/ÔXL"ÛO^"ZRZN{ZJ"Ô>Z`fN{H[Ô ZY j:cILVNOÔ]H"ZÔU
LK`fÔGÔXÔ]GdH_Z ÛPNPZ$HKLVÚLVcçZÙOj]J"ÙPZZcdNPUGÞ×j]ØLVZ"L"Ô]ØhcdGIcKH"×ÔXNL"ÛONOZÌcdNOZL"J"HVÓ<ZÔHKc´ØPJ_Ó<Zrj]Z \iRUXZZZN_LVUÔXcIÖÝGIGdWUXH_H"ZNO`¶i Zâ `:ÔXã iRÛONPZ>`OZ×)ZÖ¤Û<ZL_`¶LV×ÔNOØhGÞÔ]L"jÛ<iCN LKjÔZ0ÖÝeOZH_×efU+Z×`fÙfZZÔXÙfGdLVÔXH_cIGdGdN¶H_NONØ^hj]Û<ÚGI^"LVGdNPNPÔ]Ûç`fL"cdcIÖ¤GIGIL"NONO\O^.^PcØOÔ]L"á GIÔXN(NÜH"cIGdLVZÔXU)jhÓOLVNPÔXNPUXH"×LVU]Z áá
iR×)ÛOL"U]c+H_NOZJ"H"Z\<N{jÔcIl"ØOØ[GIj1Ó[l9NOHVLVÔN(NPL"Z^"×0ZZN{j]ÔjXLVâ UXGIcdl9×LV\O^_Û{Ô1H"UÛPL"NP`fcIZ`Ø<NOZGdÔ]ÛOZUSj]l[NP×)ÛOUXH"NOH_\PjcIlCH"USL"j]l{NOá
<ì í\[ &õ-ö óA'KôR/]M+óô¤õ-ö
êhLVÓOÛOcIZ1Z1ÖÝÖÝHfH_×0UÌ\<iRjÌH"H"ÓOÖ¶GIÔ]cIZSÛOGÞLVjyÙPÙPÙOLVcdÙ-GÞ×ZLVUÔ]GIGIH"jyNPH"jyN`f`fZGIJ_jXZ×0cI\<H"j]Ù-j]ZGdNP`R^$GIN9L×0NOH[ZH_ÚÕUX`fiRGINPH[LV`OÔ]ZGIH"c-NfHVá·Ö¶ÓPZ0L"eOj]×ZZ`/ÙfZÔXN{GdH_J[NpGIU]ÛPH_LVNON<iR`fZcdN{GINOÔX^/jâ[jýS\OGd\PÔUá
^"Ó<ZZNPÔ]ZUXU)ZLVLVcrÔ]J{Z`ßGIZÚ L"jSÛO\PZj]UX\PZ$LVGÞc jS Ô]NPÛPH"LVUXÔ:iRZL"efKc ×1ZZÙfJ_ÔXZGdH_N{NPÔXjjçâ LVUXeOZ×0j]ZÙ<ÙOZÔ]×0GIH"GÞLVNPc jS ÛPL"LMÓOJ"NOZ$H_U]Ô]iCHLVÓ<%c FZZ^ J"_`;ZN_^ Ô)a>j1bCÔX×ÛPLVLK\PÔ>^"×Û{L"Ô:NOL"NONPH"` Ô
Ô]ÛPL"ÛOjXLVjZ/NP\O`OLViRcd^"ZÙfZ`N{ÔXØ"GdÔSH_ÔXÛONÙOZ\fÔ]lCÔ]ÛPÔ]L"LVGINOU]ÔSZ1^pGdÔXL"ÔXjÓO\OÙONOÙOU]H"cIZHfUXiC×GIZN(LVjXjcOÔXGIÛOZNOJ"Z/^CZj]N_ÚÙPÔ)H"L_jÌ\O×0L"Z$cÞcd`ÚhL"^"LMNPH9lf`j2j]×0NOiRH_ZN{H[ZÔ]HV`fGIÔ]N{GIÛPNO\Pcd^Gdl_NOâ<UX^9ZêhL"GÛO×0Ô)Ô]jZGIH"ÚÙON¶U]H"â[H_UXÓOF:kcIZZL_NOiC×ZÔ)jUXj1L"ÛO\OcdZcINPlRU]`OZ$jZÙ-L"U:ZU]ÚL"Z_k{þ<U]GIH_`fNONO\P^<^Z Ø
Ô]L"HjR`fGdÖçZ×0NPH"Hé\PÙOZ0cdeOGINO×0^>ZÙfZÔ]J"GIH"ZN»N{ÔÛPÙOL"UXjpHf`fÓ<\PZ×ZZNøU)jrUXÖÝL"U]GIH_j]iZ`¶Ø×0H_jNPHéj]\OGdÔpiRGIZjpU)jrNOÔ]HVÛOÔpGÞjUXZLVL_^_`fZléN{ÔÔ]×0HéH_N_Ó-ÔXZGdN[GI\ON[ZJ"j2H"GdcIÔXJ"j2Z`åZe[GIZNø×0\fÛPÔXLVGdH_NfN á
`f`fcdl[GINPNOLV^<iRâ?T(GÞ×LVH_cIU]cIZlHKJ"×0UXZZULVØ Ô]GZ>ÔRH_×UL"NécdGINOcdZkLMJ"LCZ/cIÔ]HfÛO×ZLVc+cdHfÛP×LVLKNPÔ]`OGIH"cdZN+Uâ+Ô]êhÛPÛOLVZÔUXÚZpH"GÞj\OcÞ×0`cIZjL"l[U]NPcIlß×)ÛOLUXH"NONPZH"Z\P` j]cdÔ]lpH`OÛPZLMLVJ_c+Z ÚG ÔXÔXÛH
Z0×)ÛOeOU]×0H_ZÙfNOÔ]H"GI\<H"jNPcIjl"Øâ ãÚNéÛOGdL"cI`PZß`fÔ]GÛOÔXGdZ H_N ÙOUXÔ]H[H×Ô]ZÛPjXjGIjZØ+jpGdU)Ô$LVGÞGÞj>jGINOGdiR^åÙ-ZH"eOU]×0ÔXZL"ÙON_Ô]Ô>GIH"ÔXNPH(jiCk"LVZk"ZÙÜZCZ×eOH"×0iRZÙOi$Ô]\OGIH"NPN GI×ÛPLKÔ]LVGIN<NO`f^»cdGINOL"j]^l{NOL_já
cPZ0efGIÓOcdZ(L_jRÙ<H{j]j]GdÓPcdZ_âdOH"UCZeOLViRÙOcIZ"ØrÔ]HéH!-ZUÖÝZLKÔX\OU]Zj/Ô]Hé×)ÛPL"NO^"Z`fl[NPLViRGÞ×L"cdcIléÔ]ÛPZ
`fGdUXZ×0Ô]GIH"NHVÖZ0eO×0ZÙfÔ]GIH"NÙOUXH"ÙPL"^_LVÔ]GIH"N¶â
e
fÕÐÊSÊÒ]<
Ê gihEjlknmioqpsr
UßZßGdN{Ô]UXHf`f\P×ZßLåj]iCLVcIcSÓPL"NOk[GdNP^.jlfjÔ]Zi3ÔXÛPLKÔH"Ù-ZU)LKÔXZjCÚGdÔ]Û i/H_ÓOGIcdZàL"^"ZN_Ô)j9L"NP`
U]Z0ZeOÿ_LV\PiRGdUXÙOZcIj Z1Ö¤ÚL"\OGIcdcdc-Ô+Ó<Ô]ZSH_cd\PZUXj]L"ZNP`R×0ÔXZ_H$ØLVGIcdN<cI\P`>jÚÔ]U)ÛOLKGÞÔ]×)Z1Û>Ô]GIÛOj+Z:GdiR`fGIÙOjXcI×0Z\<iRj]j]ZGdN{H_ÔXNCZ`>H"NRGIN>ÔXÛOÔ]ÛPZZHÖ¤L"9+\OL"cdNPÔá´LÔ]H"ZN{cIZJ[U)GILVU]N{H_Ô2NOiRÔXZZ×)N{ÛOÔNOâGÞêhÿ{\OÛOZGIjj
GdN{Ô]ZNP`fZ`9ÖÝH_UiRH"ÓOGIcdZ×H[H"U)`fGdN<LKÔ]GIH"NOá´ÓPL_jZ`CZN[J[GIU]H_NOiRZN{ÔXjâ
5

47

ECOOP'2003 - EHOOS workshop

í ì O4trñuyùOö?ù î:ö0¶ôR'Kõ-öv2åñ[ö ó
Z0jY[l[efGdN<NPÙO×0×)cÞLVZwÛOGIUX9?NøH"LVNPj]NPH"H"Lç\PiRjçÚZFGIiRcd9+c<Z0L"jÔXZNPÛOU]LßHfJ_`åZ1ÖÝZL"×LVjL"Ô]cd\OLçcÞjUXÓPâZL_jZ âHjGÞHKjIyÚÖÝH"ZH_iRJ_UZi$H"U\OØ*\PUyNO9+`fGIL"×GINPLKjXL×0ÔX\<GdH_ÙOj]Näj]UXGdH"H_GI^"NPNU)j]LVH_GI`fiCNRZj>Ö¤LVL ×\OH"cdÙPiRÔU]ÔXH_i$H"^"cI\OU)ZNPLVU)iGILV×NPLK×Ô]HfZ"Z9×ØK×\PÚ\OjZURGINOÚÔ]^TÛOGdcIUXc^ H"bBP\Pa U)^"xjÛ Ô y
LÔ]/zQZ{UXÖÝ|~U]ÙO} ZUXx jZ0Û } ÔR Ô]byÛPNiRZ(a9Zi/H"Ô]ÛOÓ ZHfwÔ]Z`/ÛO×HfÔ1×`äLVÚcIcÞU]ÛOjZâMZÙONêhcIl"ÛOÔXâÛOZêhj]Z$ZhÛO××GÞLVjCLVcIcIccÞiRj?GIjZL"×)U]GIjXÛPZjL"\PjNOZZ×0GÞ`j\OiæØPUXL"ZyNPÙPGIN`U]ZÔXH"J"ÛPNOZLKcIN{lCÔrÔ)Ô]jÔXÛPÛOiCZhGIjL"×LVcdk"GÞcIZ×0cdl9GIGIH"NO\P×^SL"j/ÙONU]ÙOH_Ó-UX^"H"ZU)^_LV\PUXiAL"j]ZiC`GIjrjÔX^_ÖÝHCGdUXJ_H"GdZNfi N á
GdN{Ô]ZWUX× ZAÙfxÔX GdbNP^/LVUXH_ZçUh\PÔXjL"Zi/`Ù-ÖÝZH"UXUGINOj]^RGd^_NPÚLVGÔXcIGIÛNO^RiRU]ZZj]Ô]jX\OLVUX^_NOZZjh``fJKZLVjÔ]cI\OGINOZZj1`9HVÖÝÖ2H_L"Uj]HVl{ÔXN<ÛO×)ZÛOU)U]jH_â NOH"\<jyiRZÔ]ÛOHf`(×L"cdcÞjâ
êh NOÛOH Zl9Ù<ZL"U]U]iRZçGÞLVj]cÞj]j]GIH/H"Né\<jÖÝZH_`pU/ÖÝLàH_U1i/jZGI^"Ô]ÛONPHfL"`äcdGINO×^/LVcIZ%c UXU]ØH_H"UXUjyH"Ô]ÛOUhZZefÖ¤×L"Z×0ÙfÔ$ÔXÔXGdH_ÛPNPLKjÔ/ØOÔ]jÛO\PZ×)ÛUXZL"ÿ{j\OþOGIj]U]ZZ×0`é\PU]ÙOGdÔwUXlCH"^"J[U)GdLVH_iëcILVÔ]ÛPGIH"L_N j
i/U]ZHKÔ]\OJ_UXZNO`Zâ ` GUXRZ0áv`fNZ <NOZ`!ZJ"ZN{ ÔSBY<Ôwl{Ô]ÛPÙ-LVZÔjSGIÔXNPÛO×0Z9cI\PiR`fZZ0ÔXÔ]ÛOÛOHfH{`.jZ_×þPLVÔXcIÛPcÌLKÛPÔ:L_GdjN<Ö¤`fL"GIGd×cILKZÔX`åZ$`OÔX\OÛPZpLKÔçÔXHLpÔ]iRÛPZ0Z9ÔXÛOGIN{HfJ_`H"k_ÛPZL_` j
ÙO U]H_^"U)LVi >ÛPLMJ[6GINO^!iR6HK!J_ ZN` Y"ÔX1ÛOZ/Z0efZ×\f!Ô]GIH"Nß6HVÖ2 Ô]ÛPBYKZNPiRHRZ0L_ÔX×ÛO×HfZ`àjXjy×UXH[GI^"`OÛ{ZÔÛPÛPL_LMjJ[^_GdNOZ^/NOZÓ-UXZLVZÔ]NZ`(^"U)LVLVNàN{ÔXZZe[` á
×Ô]0HZÙOcdÔ]HfGIH"×)kN*Y?H"Ô]Ó ÛOwZZ×U]Ô)ZjiRL"HVNPÔ]`éZ9ZÙOJ_cILVZÔN{ÖÝÔXH_jU]@â iëv^"xZ1NOZU)LKk"ÔXZZ`lfjLVL"N U]Z jLVlf\fjÔ]ÔXZH"iCiCLKÔXZ0GIeO×LV×0ZcIcdÙfl Ô]GI^"H"ZN¶NOânZU)LKNÔXa>Zb9` L"ÖÝH_U]Z9U\PZL"jZ×)Û`
LÔ]"ÛOj]l{ZlN<×)L"ÛOcdU]cIH_HKNOÚ H"\<Ô]U)jLViRNPjZ0ÖÝZÔXÛOUHfHV`.ÖÚy×L"Zcdcdc´cd;â á·k{;NPHK¡Ú ¢.N  k"H_ZÓl[wj/Z×0×ÔL"Nå×0H_ÙOÓ-GIZZj>^_ZÔXNOÛOZUXH"UXLV\OÔ]^_ZÛ `éÔ]Ó[ÛOlåZj\PZjJ"Z9ZU)HVLVÖ1cyLàÙOUX×H"H"^"iRU)LViRiCH"jN Ø
k"Zl_âêhÛOZ$L"j]l[NP×)ÛOUXH"NOH_\PjhNOH"Ô]G <×LVÔ]GIH"N(HVÖ2ZJ"ZN{Ô)j1GÞjLKÔSÔ]ÛOZ$ÛOZL"UÔH"Ö2Ô]ÛOZ×0\OUXU]ZN{Ô1Ö¤LV\OcdÔá
Ô]LVH"NcIZLVU)^_LVZN<N{×0ÔZpÙ-iRZU]ZÖÝ×)H"Û<UXLViCNOj GÞjPi U)jwÙOÔSUXL"HKNJ[GIL"`Oj]Zl[` NPÓ[×)ÛOl8UXH"9+NOLVH_N<\PLOjhâ?iRêhZ0ÛPÔ]Z9ÛPH[Ôwl[`àÙO×GÞ×LVL"cIc´cØPjXGdÔ×0ZÔ]NPÛPLVZUXNàGdH(×H"GÞj$N{Ô]Ô]GIÛON[Z\OZÖÝjH"cIGdcdÔXHKjSÚZ0GINOefZ^<á þ
×Ô]0ÛO\fZ>ÔXGdH_iRN Z0ÔX ÛOÚHfGdÔ]`ÛPU]H"Z\fÔ]Ô>\OUXÚhN¶LVØfGdGdÔ]ÔGINOÙ-^pZU]ÖÝH_ÖÝH"UUXiRÔXÛOjZL"iRN Z6Ô]ÛO£Hf¤!`UXZ0]ÔX\O¥ UX¦ (N Ø"ÚØ ÛOH"GÞN<×)Û×0Z/ÓOGcIÔçH[×)GIj:kfjGIN{ÔXÔ]ÛOZZUXZLVj^_Ô]ZZN{`(ÔGINà\ON{ÛPÔ]LMGIc¶J[Ô]GINOÛP^Z
i/×0ZZÙOÔ]Ô]ÛOGIH"HfN `à©ÛPZ0L"efjSÙOU]cÞLVZÔ]GINO\OGIUXNONO^Z`Ô]â-ÛOZCêhÛPÙPZ$U]H_UXÓOZ0cdÔ]Z\PiU]Nà*â 9+×LVLVNN<LZGL"ÔXÛOcdcIZHKU:Ú1Ó-jçZ$j\<ÔX×)ÛOÛßZZZefef×Ù<ZZÙf×ÔXÔ]GdZH_`(NPj:UXZÔ]j]H\OcÓ-ÔZCØ H"^"USZNOL"Z¨N U)LK§ÔXZZe[` á
ÖÝLVU]NH_i L"^"ZLN_U]ÔZÔ]i/Û<H"LKÔ]ÔhZ/i/ÙOHKcÞJ_LKZÔÖÝjyH_i$U]i\PØjÔ1ÛO`fHKÚZcIZZJ_^{ZLKUSÔXZÔ]ÛOÔXÛOZ Z !!££¤!¤!]]¥ ¥¦ ¦ ×ÔXH"H/iRL"iCNLVLVNP^_`ßZN{i$Ô\PÔ]jÛPÔ>LVÔÓ<ZCjÔXcILMHflf×jyL"Gdc NØG´Ô]â Z_ÛPâdZ Ø
ÙOcILVÔÖÝH_U]i ÖÝUXH"i ÚÛOZUXZ:Ô]ÛOZ×LVcIcÛPL"jhÓ-ZZNGIjXj\PZ`â
$%í $
- 
ù 'ª-ñ{ó «>û ùOð"ñßîï¶ù 2éòrû ñ ¬PuÌùOör®ù ñ ,ô¤ü-ö
?GI^"\PU]F
LVÿ_^"\PZZN{jÔ]ÔZZ `ÔXÛPpH_LKj]ÓÔRÛOwÚHKZÚ1×0GdÔcIj>câ+UXL(êhH_ÛPLV\PZpiëj]ZÓOUÔX\OØ¶ÛOl_ÚZ ZGÞU$jã ÛPN_L"GdÔXNPNOZ` ^UXNOjÔXZ0ZHÔCcdcIL"Zj]ZU$×LVÿ_L"U)\P^"×)GdÛOUXZZpN_GINOÔ)j^j>H_iRÚÖÝH_GIZCU/cdcyÙOL i/U]Hfj]ZZ`fZ0cIÔ$\<cdZ×GIURÔNåâ L"LVZ^"N ZZpN_ZÔRcÞcdLVZ6H\O×N<Ô]UXZ×)H"UXÛOGINPZNOGIj^×RLiCÔXÛOÓPLVZ\OUXl"k"U]ZZZUÔá
Ô]ÙOjGIH_cIJ"L_i/Z×0ZhZ_\PØLVj]ÚZiRU)ÛOjH_Z\OU]`fN{ZZÔrjÔXGIÛOH"U]ZÖPZçl:ZÔXcIÚHpZ×0GdÓOcIÔ]c"UX\OZH"leONO×)GÞH"×ÌÛPU1LViRj]NOZH_^_cINOc´Z2â ZGdl_NOâ ÖÝL_H"ã ×)Ö<UXÛ(iRÔ]ÛOLVLVZy^"Ô]ZÔwGIH"ÚN{NçÔhH:UXGÞL"j1Z^"^_ZZL"ÿ{N{UX\OÔ)`OGdj+GdÙPNOÛPÙ<^hLMZJ_ÙO`ZÌUXHfÚiC`fGLK\PÔXÛÔ)×0×)ÔXÛOLVjN(GIÔXNOÛP^SZ0LKá·UXÔ+ÙOZ\OÔ]ÿ{ÛOU)\OZj]ZZ:GdU?jwÔ)ÛPU]jH"ZØjcÞÔX`fÙ-ÛOGdZNPZ×0l^ á

Ô]U]ÓOÛOZ\OL"Z1l"×)ZÙ<ÛßU>LML"l{LVNßiR^"ZZL"N{N_^"Ô:ÔUXZ`fGÞZjGIU]iRÔXZÛO×ZZÔXN_NCcdÔ lUXÔXZÔXHL"ÛOcdZCGIÔXWÛOÙOZZ/`UXHfZ0Ó[`fá·l$ÙO\P\O×Ô]U)Ô>U)jLVGÞZ/NPjçjHVÓ<ÖÝÖZH[UXÔXH_U]ÛOGIk"NOZCZ^>`¶jZØj]cdH"L"cIiRZNPU>` ZL"iRL^"ZH"×N{NOH"ÔZN{â lÔ]ã U)NßÖÝL"UX×0H"Ô]Ô:iÛOGÞGÞj>j>Ô]ÛO××0ZL_H_jNPZZ$×0á´ÙOcIÔ]\P\PÛO`fUXZRZj]`ZZá´HVÙOØ¶Ö \PL"Ô]UXNPÛPj]` ZZ
iÔ]/L"ÛO×ZÔ)Z(N{jÔÙOL_UXÖ¤j1HfL"Gd×`fcÞL_\PjjØ[×0Û(Ô]ÔÛOâiRZb1N9H"NøNPÔXZÛOZl"Z>á´ØPÙOLVÔ]\P^"ÛOUXUXZj]ZU]ZZZ$iRGIGIjRjZN{GINOiRÔHpÙOÛ<NOcdL"ZZjyiRZÔ]`ZH/N{Ô]Ô]Ó<HZZ`äL"×j]LVÓ[k9NPl.ÖÝ×H_ZL"UScIN»cdLRZ`L_ÓP`OØfL"LV`fNONPGdÔ]k`9GIH"×Ô]NPZÛPL"U]ZçÔ]c1G j]<LVZ×^_cILVcIZZÔ]N{UGIÔRH"LVN¶Ô]^_âÛPZãLVN{ÖÔRÔÔ]Û<UXÛOZLVZcINPZÙPL_`fLMjcIl{ZZjjá
$

¯
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Ô]H"ÛOÙ-ZCZU)LVLKiRÔ]GIH"H_N<\ON{jâ Ô:H"ÖÌiRH"NOZl(HVÖÌÔXÛOZRZ0á·ÙO\OU)jZ_Ø-L_××ZjXjÙOUXGIJ{GIcIZ^"ZjØ`fZÙ<H{jGdÔ>LVNP`àÚGÔXÛP`fU)LMÚL"c
LÖÝVH"^"UZN{ã ÔXNÔXÛOjZ9ÔXUXÛOH_\<GÞL"jjZi/jXU$×0GINOZÔXN<Hà^hLVÔX×0UXÛOH_GdZH<N_Ø[ãÔ)N{L"Ô]ÛOÔ]×0ZÔZU]NOÔ]ÓPÛOZ\OZÔ?l"j]ZÓOGdUi\OLVl_\O^_ZcZU/Ô)LVN{LVNOÔ1^"Z×ZH"LVN{\PN(Ô$j]cIÓ-H"l"ZU>â ã ÖÝZÔrH_GiRÔXU$ÛOLMÔXZlSÛOUZ9Ó<L"ZycdÓPH_\O`fNOl"G Z>°pZH"U×U1\OLVc×^_ÔrH"ZH"iRN{U?ÔÙ-ZH_ÔXJ"Hßj]ZZNç×0`H_GdiRHVN{ÖÔXÙ-L"j]H_×0ZjXÔJ"jZGIÔ]ÓOUXÛPL"cIZZ c
i/NOLV^"ZH_GdZÔ]ÓON{ÛOGIÔXcdZjZçU1`OLVk[GI^_NOjZÔ]HKN{UXÚ GdÔXÓPjy\fZGdL"Ô]UXZUX×)Z`Ûj]Ù<HVÚÔ]ZH"ÛP×UXÔ]ZcIGIU`[J"á·ZNOÚcdH_l/GÞU`fHVZ"ÙPÖ+â LVÔ]ãU]ÛONPÔ]ZGÞ`f×0GdZUhGIÙPZÙ-`LKH_ÔXØZçj]LpGÔXGdNGdiRH_N9Ô]H"ÛPÓPGÞZjGdcIZj]`OL"G ã °pi/G ×0Z>\Pj]L"×)cÔÛOÙOZÙOÔ]iRHRcIGI×Z$×0LKH_Ô]ZNPGIN<H"jLVN+GÞ`fÓOâ ZcIGdUyNPÚ^pÛOÔ]ZHN×0L"H_^"N{ZÔXL"N{×0Ô)Ôj

 u¸·qXtH¹+°XqS¸º_>²_q
LÓOV^"\OZl"N{êhZÔSUÛOÔXGILVjÛPNPLKZ0` Ô>eOj]L"ÚZi/H"cIcdUXÙPZkUçcdZH_L"j^"Nà×ZH"Ó-N_NPÔ)Zj]jçÛPGIjL"ÛPÔXcLMÖj$J"HVHVZ/ÖyÖ1UXÔ]ÔwZÛOÚL"ZR×)HÛPÓOiCZ\O`(l_LVZGIÔXNTUÛOØZR9?LViCLVNPNP` LVLàUXjk"ZLVZ0cd^"Ô>cIZZU:ÙON{cÞÔXUXL"jZ×þ¶j]Z"Ù<Ô]Ø¶ÛPZLZ×Ô]j]GIÓOJ"Z\PZÿ{l"cd\Ol_ZZâ+URN<ýS×0LVZ/NPN<×0` HVZRÖÔ]Ó-ÛO`OHVZLKÔ]Ô)Ûßj]LZÔ]cIZcdÛPe[ZZUá

Ô]ÙO×)ÛOÛPcdZ:ZçLVNOjÓOÙ<^_\OZçL"l_×0H[ZZ_U ×â_×0êh \OjÛOZU)jcdZScIZÔ]ÓOUBÛP\OU]l_H_LVZ\O^"Uy^"ZL"N{Û^"ÔÔ]ZGIÛPN_NPZ>Ôyj]ZU]i/U]ZÔXZÔ]jhUXj]GdjXL/ZLVJ"^_ÓOZZç\Ojl[Ó<Ô]GdÛOH{NPZ:LV^ U)j`  ZjcdZcIGIGdcdNONcIGI^NOÔX^ÛOUXyZZÿ{UX×\OZL_ÿ{Zjj\OZçÔZjÚL"ÔhNPÛOU]`RZZU]jÙOZçÙ-UXH"ZÔXÛO×0Ù-Ô]ZH_GIUXJ"j]Z>ZZjycIGIlCj1LNOGIN9×0HCH_ÔXN_ZÛOÔXUXZçUXU]L_H_Ô]×U \fÔ0á Øþ
Ô]ÚU)ÛOLVGINPUß×)jÛÖÝZZGÞUXj1ÚU]GIL"GINOcI×c+^/×0NOZiRHKÙfÚ H"Ô]ZNO`×0ZH_lCÓ[NPl9ÖÝjU]GÞH_Ô]`fÛOi ZZ$UhÔ]j]Ô]ÛPZÛOZ>cIUXcIZZÓOZ>U\OâPÔwl"êhl[ZÙ-ÛOUZZ>Z0já·GIÙON_HV\OÔXÖZU)ZU)jUXL"Z:U]×0H_ÔXÔ]UXHRGIjH"þOj]NZjcIlfZcINPZjÔ]U`OZjZ0i á·ÚÙOZ\OGÔXUXU)ÛUXj]H"Z"Ô]Uâ ÛOØOZLVÙOÙ<ÙOLMcIl{GÞ×iRLKZÔXN_GdH_ÔNØOG´Zâ Z_UXU]âdØOH_Ó[UXjl Ø
NOi/Z0HfÔwÚ`fZH"c UXþ k.Ö¤L"GdcI\OUXZj YyL"NP` j]ZZÛOHKÚ ÔXÛOZlÕ×LVNÕÓ-ZßÛPL"NP`fcIZ`ÕÚGdÔ]ÛPGdNÕÔXÛOZ ×0\OUXU]ZN{EÔ 9+L"NPL
»½¼ a>bB¾N¿À |B|~} | â{êhÛOZcdHf×LVcOH_UU]ZiRHVÔ]ZhÙOcÞLKÔ]ÖÝH"UXi ^_ZNOZUXLVÔ]ZjrL"NCZUXU]H_UØMZ_â ^<âdØKÔXÛOZ×H[`OZ
×L"NONO^ _HVÔÂWÓ-Ã!ÃZ>_ÄZ0 ef^ ZÅ× \fxÔ]Z` ØfÔXÛOZbNÆ×L"PcdH"cIZU`GINPLVjw^_Ô)ZLVN{NPÔ×Z"ÛPØfL"ÚjhZ>iR×HKLVJ"NZ`iRØfZZ0N{Ô)×VÔ]GIâ H"N+þ
z }
|B|~}6|
»iÁ }z
Ç Ô]ÛPZUXZ>GIjhNOHC!H -ZUiCLKÔX×)ÛPGdNO^/ÔXÛOZ>U]Zÿ{\OZjÔ Y
Ç Ô]ÛPZUXZGÞjyL>ÓP\O^$GINCÔ]ÛPZSj]ZcIcdZUyLV^_ZN{Ôy×H[`OZ"þ{GÔGIjÌGdiRÙ-H_jXjGIÓOcIZ1Ô]HU]ZL"×)ÛCLVNLV^"UXZZá
ÔÇ ]Ô]iRÛPÛPZZ>ZN{ÓOÓOÔ1\O\OH"l_l"UhZZÔXUyUHCZ0Z0á·á·L"ÙOÙO×\O\O×U)ZU)jjjXZZ>j`OÔ]`fHRH{H[ZZZ0jÌjhá·ÙONPNO\OHVHVU)ÔyÔj]ÙP!Z ×YU]H"ZN{jÔXZL"N_GdÔNjj\\ °p°C××GdGdZZN_N{ÔÔhÙOiRUXGdH_J[NOGIcdZZl ^"YZjØVZ_â ^<âdØ[L×0H_NP^_\OUXLVá
Ç
Ô]GIH"NZU]UXH"U`fH[ZjhNPHVÔ1LV\fÔXÛOH"UXGIWZçiRH"NOZlCÔ]HCÓ-Z>ÚGÔXÛP`fU)LMÚN9ÖÝUXH"i=Ô]ÛOZ>Zá´ÙO\PUXj]Z"â
±;² ³´ µ´(¶
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OÖÝÓ H"\OU1lLRj×0ZH_J"cdZcIU)ZLV×0c Ô]GIGdJ"Ô]ZçZiRUXZj1×0HVHKÖ+J_ZÔXUXÛOlRZHVjXÖrLViRÔ]ÛOZZ>jZZU]U]YfUXGIZH"ZJ"UjZââ UXã L"NcÔ]L"ÛO^"ZZN_×L"Ô)j$j]Z:ÚH"H"ÖrUXL"k N×0ZH[U]H"UXÙ-H"ZUU)Ø{LKÔ]ÔXÛOGdJ_ZU]ZZçcIl"GÞØrj1Z"L/â ^PNOâIØ+ZZÔX`H
»ÊÌ A ` }6|~Í v^ %_ | BbAÆ-êhÛOZU]Z>LVUXZ>×0H_i/i\ONOGÞ×LVÔ]GIH"NÖ¤LVGIcd\OUXZjhÓ-Z0ÔwÚZZN9ÔXÛOZ>ÓO\Ol_ZU1L"NP`
jZcdcIZU1L"^"ZN_ÔÙOcÞLKÔ]ÖÝH"UXiCjØfH_UÓ-Z0ÔwÚZZNÔ]ÛOZL"^"ZN{ÔÙOcÞLKÔ]ÖÝH"UXi LVNP`GdÔXj\Pj]ZUâ
LVêhNåÛPLVZã NONåJ"kfZÔ]N{jyÛPÔÔ]ZØ?H/G´×ÔXâ Z_L"ÛOâdj]ZçØrZGdk"ÔH"ZÖSl_GINPØ{jjÔ]lfZÛOjUZ:Ô]Ô)ZjÔ]i\PÔXÙOÛOZcdZZçUXU]×0GÞH_jyH"UXUXjÔ]UXÛOØ¶ZZÔXj]NÛOÙ<ZH_UXNPZ0cIÔXHf`fU]×GIGINOL"Z^J_cZH_Ô]`C\OUÙPÓ[UXcdlRZZiRÔXGdÛON.H"Z>Ô]#Z Ô]LVÛO^"9+ZZLVN{jN<ÔyÛPLL"ÔXÛPU]ÙOZLKcÞ` LKÔÔ]ÚhiRÖÝH"L"ZUXji
iRÚH"^"L"UXléZGÔXNPGdjNPZÙPU)^$LKL_Ô]ÖÝ×0H_ZZ_Uj â
Ô]ÛOZã ×NH"UXÔ]U]ÛPZZ/jÙ-×H"L"NPj]Z$`OGdHVNOÖ^/LVH"ÙOÙ-ÙOZcIU)GÞ×LKLKÔXGdÔXH_GdH_N¶Nàâ ZU]UXH"U)jØPZ"â ^PâIØ<ÔXÛOZUXZ/GIjçLVNßZUXU]H_US`f\PU]GINO^pÔXÛOZRÙPLMl[iRZN{Ô
ÓÔ]{`fU)lå\OLVZNPÔ]ÔXjXÛOHL"Z×0GdÔ]N<j]GIZH"jcI\N¶cdZ°pØ¶UpL"×LVNPGdZ^_` N_ZÔN{U]ZiRÔGdNPÔXH_ÛPj]NOZLKZU]Ôpl_ÔXØVjSÚhÔ]ÔXÛPL"ÛOZ1jRZ9ÓOÚhj]\OZLVl_cIGdcdZÔ]GIGIUÌNONO^L"^ß^"U]ZÖÝZH"N{ÿ{URÔ\OGIÔXZNPÛOjj]ÔZ(ZPâ U]ÙPrÔXLMjGINPl[LçiRLVÙPcIcIZLMl"N{l[ØÔiRÔXâÛOZêhZCN{ÛOÔ2ÓOZ(Ö¤\OL"l_cÞGdLKc<ZÔ]UZÔ]J"ZLVZUp^_N{Z×ÔN{LVØVÔ>N<UXZ0×0GdÔXNOZU]cÞÖÝGIj/H"ZUXJ_Ô]iRÛPZ` Zj
Ô]GdNPÛOj]ZSZU]ÓOÔX\Ojl"ÔXZÛOUyZGINC×0H_ÔXU]ÛOUXZSZj]H_Ù-U]H"GI^"NPGI`fNPGIL"NOcO^/ÙOZcÞLKJ_ÔZÖÝN{H_ÔU]i8GdNÔXÔ]ÛPÛPLKZ>ÔhH"LVUXNpGd^_ZGdNPU]UXL"H"c UÙOHfcILV×Ô×0ÖÝ\OH_UXU]U]iZ`Câ `f\OUXGdNP^Ô]ÛPZÙPLMl[iRZN{ÔØ{GdÔ
Ô]cdHfÛO×ZSLVêhÙOÔ]GIÛOU]H"H_ZÌNßÓO×cIGIL_Zjçji8ZÌNOH"HVÛOÔ>ÖPZ`fUXk{Z1GÞNPjwGÞÔXHKjU]ÚGIÔXÓON¶H\fâ¶U]ÔXZb8ZL"`×)Ù<L"Û¶H{ÙOØ_j]ÙOZj]cIJ_GdGIÓPZ×cdNpLKZCÔXL"GdLVH_j]ÙPNPl[ÙONPj¶U]×)ZH{ÛOU]L"UXUX×)H"H"Û(U)NOjH_ÔXGÞ\PHjj]Ô]U]cdÛPl_ZØKZyLVÓOcIiRGd\fWH_GdÔyNOjNP^9Ô+ZGIÔ]×0N{ÛOZÔ]j]GÞZj>jXUXLVZGIUXjÎN GIÔ]cdGIl_9?NOØ"LV^1LVNPH_^_LNOZN{Z"GÞj:ÔXâ jÌã ÖÝNPH"Ú`fUçÛOZÔ]H_ZÛPj]`ZZ Ø
LVjGd^"Ô]Z\PN{LVÔXÔ]jRGIH"ÔXNPHåjØPLVL"^"U]UXZ>ZZjÔ]H"\OUXÙ-ZH"`¶N âPbLéÖ ÔX×ZH"UiRÔXiRÛPLKH"ÔNøÓ-ÙOHVcÞÔXLKÛÔ]ÖÝÔ]H"ÛOUXZ4i Ú\Ol_ÛOZZUU]Z(L"NPZ`J"ZÔ]N_ÛOÔ)Z$jØÌYfU]ZZcIcdcIZLVUÔ]ZLV`ä^_ZÔXN{HåÔXjhLVÓOcIZNOLMH_J_U]ZçiCL"L"N c
L"LVNP`O`f`9GdÔ]Ô]GIHCH"N<GINfLVÖÝcPH"L_UXj]i j]GIjÔXÔXÛOL"ZN{GIU1ÔÌLVUXZ^"j]ZÙ<N{ZÔ×GIÔ]NRGIJ"Ô]Z>ÛPL"GIjÌ^"ÙOZN{cILVÔ)ÔjÖÝâ H_U]iØ"ÚÛPH_j]ZU]H_cdZhGÞj2Ô]H>H_ÓPj]ZUXJ"ZÔ]ÛOH{jZZJ"ZN{ÔXjØ
J"ÚZL"UXGlÔ?GIÖÝjNPH_GIiRL"U1cdGdÔ]cIcÞl"ÛPLVØ?Z$USÔ]LMÚÛOJKZÏLMLVl_GI9+cIâPL"L"b1ÓONP^_GdL(cIZGdÔwN{iRlpÔXj:HfHV`fÖLVZUXÔ]chZ>ÛPLVZ$GdNOcIcd×0ÖÝHKH_H"Ú1NOUXi/j$NOZZNO×0`(Z0Ô]ÔwGIHVÚH"Ö2N¶H"ÔXØ<UXÛOkßH"ZU`OÖ¤×GIL"jXH"Gd×0N{cIH_\OÔ]NOUXGIN[Z>NO\OZÔ]Zç×0ÛPÔ]U]Ô]GIH_ÛPH"\ONPZGI^"jUÛ(Ô]Z0HßefZJ"ZÓ<Z×0ZN{\fÔ)ÔXÛPjGdH_LVØ NNPLV`ONP\Pcd`N_Z`éÔXZGdGc?ÔXGdNäÔ]ÛOÛPZLZU
×0H"NPNOZ×0Ô]GIH"NGIj\PÙ¶ØOH"U`fZAPNOGdÔ]Zcdl^"GIJ"Zç\OÙ¶â
»ÊÉ KbB | 1Ë  ¾ ¢FÂHÃ!Ã_Ä z ^ Å } x  |B|~} | bAÆ

í Ðö?ùOû1Ñ*,ô ,
GÖÝd9+iRH"LVUÙON<Z0cILefZiRÙPÔXU]L"ZZNPN{LK`fÔXÔXGdGIjyNONOZ0^:^eOZ0ÔX×ÛOeOZZ×Ùfj]ZÔXZÙfGdH_ÔXÖÝNPGdZH_LVjhN>Ô]L"\OÛPjyUXLVZÔ]NPj?ÛO`OZ>Ô]cdHçGI×NOÛOH"^PN[Zâ>cdJ"ÙRZN_\fLVÔXÔÙPGdÙOH_ÚyNPcdZyGÞLV×ÛPLVcPLMÔ]Ô]GIJ"\OH"Z2ÙPNÖÝcdZH_ÙOj\OU]H_NPLV^"`çNPU)`9ÔXLVÛPiRH6LKiRÔrZÔ]ZU)ÛPjyU)Zj¶Ó<UXGIZÌL"N/j]GÞ`OGIj?×SZ×J"ÙOcdZZUXLVcdGdH_iRUXÙOcdlçGdGIÔ]NOGILJ"^Zj]Ö¤ÙPjyL"L"\OÖÝH_×cdZÔU
Ô]Z0H"eOcI×0ZZU)ÙfLVÔ]N{GIÔÌH"NPL"jÙOÔ]ÙOH1cIGIÓ-×LKZÔ]cIGIZ0H"Ö N<Ô?j\PGdNONpÛPLLVN<jX`fLKÖÝcdZZU`:LVáPNPÚ`RÛOcIGÞZ×)jXÛ>j2GIZj+U]×0UXcIH"ZU]LVá´UXÙPcIlU]H_ZNOUXZyUXH"ÚhU]á´LMÙOl"UX6â H"rNPGIZrUXjL"ÔÌNPH"`çÖ ×L"LVcdc´N>Ø Û<9?LMLVJ"NPZ2LçjLVZcIU]cIGIHKH"Ú1\<jj
ZN Z×Ô)jH_N j]lfjwÔXZiU]ZcdGÞLVÓOGIcIGÔwl_â?Y[Z×H"NP`Ocdl_ØÔ]ÛOGÞjiRHf`fZciRGefZj$NOH"UXiCLVcL"NP` LVÓONOH_U]iCL"c
cPHKÚ1jHVÖ×H"N{Ô]UXH"c¶L"NP`(×0Hf`fZ_ØPLVNP`(`OH{ZjNOH"ÔSjZÙPLVU)LKÔXZj\ °C×GdZN{Ô]cIlpÔ]ÛPZNOH"UXiCLVc+j]lfjwÔXZi
Ó<ÛPLVZÛPNPLM`OJ[cdGIGdNOH_^Ò\OU/ Ó ÖÝ U]H_ L"ijSLRÔ]ÛOiRZLVL"ÔÓOÔXZNOUH_U]H"iCÖ?LVÖ¤L_c×H"ÔNPGIZNáÔ]ÛPÚZGIÛPUGI×)ZÛ»L"U]GIcIjCl9Ô]ÚÛOH"ZUXkCiCÔXLVÛOGINäZL"GÞ`f\fZÔ]ÛOLßH_Ó-UXjhZÛPH"GdÖdNP9+`»LVZN<efLC×ZjwÔ)ÙfLKÔXÔ]GdH_ZN`
Ô]cd×0ZÛOcIZLM<Z LVJ"UX9?ZcIj>LVl NPL"LScdAciR×0Ô]H_H[ÛPi/`OLVÔ1ZÙPcPZ0cdGÞ`feO×H[×0LVZZÔ]j?ÙfZ`Ô]NPGIHVH"GÞÔj]NPj]jhGI\ONPj]Z×0ÛOj>cI\PH"Ú`f\PZcIGÔX`ÛLVNON[Ô]HVl$ÛOÔ1j]ZÙ-Ó-LVZZç×0ÙOGdG ÙPN{<cdÔX×hGÞU]×Hfj]LV\O`fÔ]ÙOGI\PH"Ù-×NéZH"`U]`fÔrZL"ÖÝj]jhH_GI^"U2NONOZ0H_ZeOU]UXiC×0jZâ¶L"Ùfc-êhÔ]GIZÛOH"J"ZN/Zj]N_ZpÛPÔ)L"QjÛPNP0L_âO`fjêhcIGdj]NOÛOZ^>GIJ"UXL"Z`fUXNPcIL"l"` cØ
Zj`fZUXZU]U]cIGIH_GdH"J_U\PZá·ÙOUXjCZUX`/×H"H"NOÔXNPZ_ÛOj]âZZýSÿ{ÙO\ONOUXHfZZNP`fHV×0\PZÖ×j/ZÔ]UÌÛOÚZ(j]ÛOÛOGIZH"×)ef\PÛøL"cI`CiRiCÚhÙOLMcdläLVZGdÔ×GÞj/H"ÖÝH_iRÔ]UÛPÙOÔ]LVcIÛPGIÔ/×ZLKÔXNOÔXH H"ZÔ]^"Gj]\P<lfL"×jwLVUXÔXL"ZÔ]GIiN_H"ÔXNRZ`fZ9Ô]ZH$Ô]j]ÛPGdÓ<^_LVZSN»ÔCGdiRL"Ô]ÛONPÙOZ`»cIZGIiRiCNfÖÝZLVH"N{k"UXÔXZiCZ`pLKGdÔ9Ô]LVGIiRH"ÔÌNäÔ]H"ÛPUXGIZZj
LVÙOÙOcIGÞ×LKÔXGdH_NcIZJ"Zc Ø-GIN(Ô]ÛOZR×0Hf`fZHVÖÓ-HVÔXÛÔ]ÛPZÙOUXHf`f\P×ZUSL"NP`ÔXÛOZ/×H"NPj]\OiRZUâ<bNOHVÔXÛOZU
$ KJ
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Z0U]ZeOjLVÙ-iRH"ÙONPcIj]ZGIÓOGIGdj/cIGdÔwÔXl ÛPLKÖÝH"ÔCUR9+ÛPL"LVNPN<L `fcd`fGIH[NOZ^ jRZ0NOeOH"×0ÔRZÙfÙPÔ]U]GIH"HKN<J[j/GÞ`fÖÝZU]jRH_i LVN[låÔ]ÛOj]ZlfjwÙOÔXUXZHfiC`fLK\PÔX×0GIZ×URÚhHVLMÖSl[L"j$NäÖÝH"ZURJ"ZÔXN{UXÔ/L"NPÔ]jHéÖÝZj]UXH"U]GIiRNO^Z
HVZ0eOÔ]ÛP×0ZZÙfUÔ]ÙOGIH"U]N»Hf××0ZH"jXN{j VÔXZ0×0e[HfÔ`fØZ"âÚT(ÛOGÞH"×)Û.UXZHKGÞjRJ_Z×0UUXØ2\PÔ]×0ÛPGÞLVGIcyjÖÝiRH"UCHf`fLVZN[c>l `fZ0H[eOZ×jZÙfNOÔXH"GdH_ÔN.GIN{ÛPÔ]L"UXNPHf`f`f\PcIGd×0NOZà^ Ô]iRÛOZZ0ÔXÛO×0H_HfNP`f×0H"ZcIH"Ùf^_ÔlßHVáÖ
Ô]ÚcdZÛOÖÛOZÔGIl×)ÚÛßLVGÔXUXiCÛ(ZLVÛPLVk"ÙOLVZN<ÙOj:`fcIGÞGcd×Ô>ZLK`GIÔXi/GdLKH_Ù-ÔçNH_LVÙPjXcIj]U]c GdH_âÓO^"ê?cIZU)H[LVÔ]HpiRHiCiR\OLVZNPN[U)`fjlZâ UXU]ã jN(ZÔXjL"Ù-L"NP`OH"`NP`Oj]GÚÔXGIGdÓOÛOH_GdHNcIGdÔ]ÛPÔXGIZH/L"j NPÔ]`fÛO LVcIGÞZwjN<j:`(9?Z0LVU]eONPH[×H_L/ZiÙfZ0ÔXeOGdÖÝH_×H_NPZUÙfjÔXiRØ GdÚH_GÞjwNÛOÔ)ZLVÛPNßk"L"ZNPL"Qj `fNPcI`GdLVNPUXGd^Z Ö
`fjZH[J"ZZjCU)LVNOc H"ÙOÔUXHfj]\O×0ZÙOj]Ù-j]H"ZU]jÔ9â NOZjÔ]GINO^<ØNOH"U9GÔj]\OÙOÙ-H"U]ÔXj9×0H[H"Ù-ZU)LKÔXGdJ_ZÛ<LVNP`fcIGINO^éÔ]Û<LKÔ9GIN[J"H"cIJ"Zj
Ô
hÏj1
Ñ r*o1ËOÒÎÌÖÊ Õ×k2ÊqÏ pÒwÊ giØæÎhwÏ rPp
ã×0NéZÙOÔ]Ô]ÛOGIH"GÞj$Nj]ÛPZLV×0N<Ô]GI`fH"cdNéGINOÚ^RZ9ÚÛO`fGÞGÞj]×)×Û\Pj]jXÙ-jZH"×0\PG <U$×LVLVcIÙOcdl9ÙPU]ÖÝH{H[L"××)\PÛ j]ZÔ]jhHH"GINN{Ô]×0UXHfHf`f`fZ>\P×0iRGINOH_^àÓOGd×cIGdH[Ôwl"H"âU)`fGdN<LKÔ]GIH"NOá´ÓPL_jZ`àZe[á
¶í ì ÙñÚMrôR'Kñ2åñ[ö ó ,
Û HKJ"Zc2Ö¤LV\PcÔÔ]H"cIZU)LVN<×0ZRÔ]Z×)ÛONOGÞÿ{\OZjÔ]HàÓ-Z9L"ÙOÙOcIl{GINO^GIN.`fZJ"ZcdH_ÙOGdNP^×0H"iRÙOcIZ0e iRH"ÓOGIcIZ
jjlfÛOjHKÔ]Ú1ZiCj:ÔXjÛOÛPZCLMJ_iCZÌLVÔXGIH>N ×0ÚH"UXLMUXlZj]H"Ù<ÖyH_ZNPNP`çj\PÔ]HçU]GINOÔXÛO^ZGIÖ¤ULV\Oj]Ù<cdÔZ×0ÔXGH"<cIZ×hU)×)LVÛPNPLV×U)ZL"×0GINåÔ]ZUXjGÞ\<jw×)ÔXÛGI×jj]âMlfbjwÔXjZiCH_\Oj>UGÞLVjçNPÓ{L"lßcdlfj]ZGIiRjrÙOGINÏcIHK l{¯ á
GdÙONOU]^>H_Ù<L"ZÙOUÙOÔXcIGdGIZ×jhLKÔ]Ô]GIÛPH"ZNOj]á·Z$j]Ù<iRZZ×0×)G <ÛP×yL"NOZ0eOGÞj×0iCZÙfj1Ô]j]GIH"ÛONH"\PÛPcILV`NPÓ-`OZ$cdGINOcIGd^ç^_Û{iRÔSZLV×)NPÛPÏ`L"NOc<GIj]Z0iCefGdjÓPâKcdZ_bØPi/ÔXÛOH_ZNOl^çjHVÛPÔXÛOH"\OZUcÞ`(GIi/LVcIÙ-cdHKH"ÚAU]ÔXL"ÖÝN{H_ÔU
\P`fLV^"l[LKZÔXNPGdN{LVH_ÔXiRNPjjGÞLVâ[×>UXêhZçL"ÛO`>Ô]wZHC\PjZ1jH_Ô]Ù<iRiRZZUXZ×)LVN_ÛPÔ]Ô)ZçLVj1NOGILVN(GÞN<j]iR`p\ONOjÖÝk[H_j]U1NOÛOHKH"LVÚ\O\fcÞÔXN`RH"ZNOÓ-N[H_Z:J[i/Gdj]UXH_\OH"\PGdNPÔXj LVi/ÓP ZcIcdHfZN{×ÔXÖÝL"jH"cdUÌGILVWN<H_ZÙ<``ZÓ-N9ÛPZ$LVj]×l[N<LVj`fÔ]ÙPcdZGIL"iCNOÓO^RcdjÌZçHVGINpH"Ö2Ö2LVÚ`OÓPÛOZNOGÞLVH"×)cIÛpUXGINOiCiR^RLVH"cÚÓOjGGdGIÔXÔcIÛ Z á
LVÓONOH_U]iCL"c j]GdÔ]\PLVÔ]GIH"NPjÔXÛPLKÔL"U]ZçNOH"Ôhk[NOHKÚNGINL_`fJKLVNP×Z"â
J

¶í - õ+ú?ñ[û
Ô]êhýSGIH"ÛONONRZÜcdlRiRPGIU)NpH[jw`OÔSÔXZÛOÙOcPGIU]jL"H_NP×ÓOL_`RcIZjLKZSi Ô2ÚyÔ]ÛOZ:ÛPZZ1×UXZL"j]NpL"GÞi/j^"Ô]\PZHL"ÔXUXGdjwiRL"Ô)N{LMZlÔ]ZÔXÚZ1H>GdÔ]^"Ô]ÛP\PÛOLVL"GIÔNàUXL"LV`fN_cIc-ZÔX×0ZZ0H_ZheO\O×0`fÙOZZÙfcIcIZGIÔ]J"` GIH"ZNPUX L_ljjH"LVl[Ö-UXNPZSZ×)efÛP××U]LVZH_\OÙfNO^_ÔXH"Û{Gd\PH_ÔyjNPLVjrNP×0Ô]`H_H>i/LKÛ<Ö iLVÔXZNP\OUy`fNOÔ]cIGÞZÛP×U)LVLVjÔá â
ÛPi$LV\ONPNO`OGÞcd×ZLV`Ô]ârGIH"ýSN \O U>G â Z"GÞ`fâ-Zk"LZlfGÞj:j1Ô]H"H(USZk_J_ZZZN{Ù ÔXj\Pj]GdÓONP\O^ÔS\<ÔXjHp\PL"iCcLVjwk"Ô)Z/LVNPj`P\PLVU]Z>U)`ßÔXÛPL_LKjÔl[Ø-NPj]×)ÛOÛOH_UX\OH"NPcI`àH"\PLVjSNÚZLMeflf×Zj:ÙfHVÔXÖGdH_×0NH_i/Ó-Z á
UXL"GIj]bZ`j$Ø[`OÔXÛOZÙOZ>GÞÛP×ÔXL"ZNP`å`fcIGIZSN U1rLVcIGIÚh^"\OLMUXl[EZ jy?fZ0efØ+GÞÔ]jwÛOÔ)jZGI\ON9NPÔX`fÛOZZ>U]cIcdl[HfGd×NPLK^Ô]GIGIH"`ON+Zâ LÛPZUXZpGIjÔ]ÛPLVÔÚZL_j]j]\OiRZCÔ]Û<LKÔØ
GGIÖjL"UXL"N GIj]Z`ø6`f\PU]GIGINOj^å×0H_ÙONPUXjHf\P×0i/Zj]Zj]`ÕGdNP^éÓ[lÕHVÖ>LåÔ]ÛPÙOGIUXjH"^_ZUXJ_L"Zi N{ÔØÌÔ]ÛO6ZNÕÝÔ]!ÛOGÞj¤>!ZÞJ"Z N{ØÔ9LVGIN<jp` Ô]ÛOLVZ N ×ZL"eO\P×0jZZàÙOÔ]HVGIÖ>H"N Ô]ÛP Z
Z0Ù<eOH{×0j]Zj]ÙfGdÓPÔ]cdGIZ:H"N¶jH_Ø?cdLV\fNPÔXGd`éH_Npj]\PGÞj×)Û ÔXHZ0eOLV×0cIcIZHKÙfÚ»Ô]GIH_H"NONécIlRj]ÛOj]H"l[\PNPcI×)` ÛOUXÓ-H"ZRNOH_Ô]UX\PZjÌLV×Ô]H"Z`iRi$H_\f\PÔXNOj]GIGÞ×`fLKZ ÔXGdH_N¶!Ø"GIN9ÝÚ6ÛOGÞ¤>×)!Û9Þ×!L" j]â-Z1ýSÔ]ÛPNPZZ
!ß!
Ô]ÙOÙOHàU]U]HfHfL"`f`fcd\<\<cIHK×0×0Ú8ZZUUâ_L_H"Y[jÖOl[HçÔ]NPÛOÔX×)ZhÛOÛPZZU]J"H_H"ZNONPN{H"cdÔl\PØ jçÙ<H{×H"j]j]iRGdÓPi$cdZ1\Oj]NPH"GIcI×\fLKÔ]Ô]GIGIH"H"NRNéÚGÞL"j2H"NPÔX\O`éHcÞ`×0LVUXÓ-^_ZZZLKN{Ô]ÔXÔÛOZZhiRLçÓ-NOH"ZZÓOjÚøGIÔ2cdGdÛPÔwÙOlàLVUXNPHfÚ`O×0Z9ZcdZjXU]j×â LVà NO¥~NO\fH"Ô¦ ÔGÖ-Ô]ÓOH>ÚyGINPÛPZh`L"ÚhNPLVÔ]`fÛPN{cIZZÔ
Ô]ÛOZ>Zef×ZÙfÔXGdH_N¶â
J %$
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Shared Tuple Space
EventProducer

EventConsumer
event

H(E)

E

exception

Handler Creation by System

result
Result of H(E) asynchronously
retrieved if necessary

¸ "°)q)²"twzs ¶ V "q)

±d²\³´Aá´ º

hê ÛOZ/j]Ù-Z×0GÞLVcIGIWâ Zã `àN ÙOH"UX\OH[U×ZLVjXjwÙOÙPà U]¥~H{L"¦ ×)ÛøGÞjçLV×0N[UXläZLVZÔ]eOZ`à×0ZÚÙOÔ]ÛOGIH"ZNN LVGÞj9NßLåZ0eOÔ]×0\OZÙOÙfcIÔ]ZàGIH"H"N Ö$ LåGIjçj]Ù<j]ZGd^_×0NPGÞLVLVcScIZÔw`(l{Ù-Ó[Z"l þ
Ô]à ÛO¥~ZU]¦ ZpØ GÞU]j$ZÙOL"U]cdÚhZjLMZlfN{j>Ô]GIL(NO^9ÙOUXÔXHfÛO×0ZCZZ0jXeOjç×ÚhZÙfLVÔXGdÔ]GdGIH_NON ^(×Ô]H"HàN{Ô]ÛPZLVe{NPÔ`OØcdGIZ jç\< G jâ Z"\Pâ+L"Ô]cdcIHàlà×`fH"ZNPjj]GI^"\ONPiRZZ`ß>Ó{GÔlârÔ]Y[ÛO\PZp×)Û.`fZÛPJ"LVZNPcdH_`OÙ<cdZZUU
HVL"ÖjÚyZ!cdc´â ã ßN Ô]ÛOZ 6cILV ÔÔXÓOZU\OÔp×L"GÔpj]Zà×L"ZN.GÔXÛOÓ-ZZ(U`fÔ]ZÛPj]ZßGd^_ÛPNOL"ZNP`.`fÓ[cIZléUÔ]ÙOÛOUXZ(HKJ{`fGÞZ`fjZGI`ø^"NPÓ{ZlU/HVÖ !!ßÝ!!¤>!ÞGI j
GdÓ<^_H"NOÔ]H"ÛéUXZÛP`CL"NPGIN9`fcIUXZ\OU)N{j>Ô]U]GIiRZ×0Z>ZGdLVJ_NPZ/`9ZeOH"×0NOZcIl/ÙOÔ]Ô]GIÛOH"NZçÛPTL"NP Gd`fNécIZÚUhÛPj\OGI×)ÙPÛåÙOcd×GIL"Zj]`ZRÓ[Ô]l ÛOZlß6×L"NåÝ`f!Z×¤>GI!`OÞZRÔ] HGIjÛP\PL"NPj]Z`f`cIZpØ[H_GdÔU
Ô]Z0×0ÛOefH[ZH"Zlp×Ù-\fZ`fÔ]U)H$GILKH"ÔXNONGdJ_H"ÖÝZÔH"cIU1lÛ<0LML_â+J"jhZêhcdH_ÔXÛOHPNOZp^CâfÛ<F:L"LVZjhNPNONO`fZZcIUXZ×0L"UZcdcIjXÙOlCjXUXLVjH[UXÙ-×l"ZZâ L"jXj>k{GI\PNOj]^<\PØ"LVÔXcIÛOcIlZlp××H"LViRNpÙOÓ-cIZ0ZSÔ]ZGIN[jJ"ÛPH_L"cdJ_NPZ`f`RcIGdNPGINp^ÖÝLV\ONPU]Ô]`åÛOZ`OUGdZj]jlf3â jwÔXyZ\Oi Ô
Z0UÕeO×0ÛOZãZN(ÙfÜN Ô]H"GIâSH"\OGINPUjjyÙPL"`f\fÙOZÔ+ÙO×GIUXcIN_L"H_ÔXU]L_H1Z×)`RÛLGdÔ]ZN9\OL"ÙP×)GÔ)ÛcdjyZÌÔ]j]j]\PGdÙP^_ÙOL_NPcd×0XZLKZÔXâÔ]\OÛPUXÙOZÌZ"UXþ jHflf*`fjã \PÔ]ØPZ×âIiZâIØ`j]Ó[ÛO lH"Gd\ON9cÞ`:L_!`OÛP`fLMGdJ"Ô]ßZGIH"UXNRZ0ÖÝÔXZHU]6ZLNP ×0j]ZZ0ÛPj-ÔL"Ô]HVjHÖ¶LC`fÙPZL"N[×0UX\OcÞL"LVi$i/U)LKÓ-ZÔXZÔ]GdUSZH_UXNPHVjjÖ â
HVLVÖfNNZ0ÛPeO×0L"ZNPÙf`fÔ]cIGIZH"U)NjþGÞH"j1NOj]Z2Gd^_ÖÝH_NPU+LVcIZZL"`×)Û>ÓO\fZ0eOÔ×GdZÔÙf`fÔXH[GdH_ZN¶j1âNOêhHVÛOÔ1ZyÛPÛPLMLVJ_N<Z:`fÔ]cdHCZU¶Ó-ÙOZ$UXHfLV×0cIÚZjXLMj¶lfGÞjj+cI×H[U]×ZLVLKc´ÔXþOZGd`çÔcI×H[LV×NLVcIcdiRl_ØHKÚJ"Z:ÛOZÔXNH
Ó<Z0eOZ×0ÔÔ]ZZÙfURÔ]GIÛPH"NßLVNPGI`OjçcdZj]Gd^_Ô]NPÛOLVZcIZZ0`eOâ×ZU ÙfÔXZ/GdH_Ó-N¶Znâ cIGIZyJ"\OZÔ/Ô]GdÛ<Ô/LKGÞÔçj/GÔ>GdiRÚÙ-H"H"\OU]cÞÔX`(L"N_Ó-ÔZ/Ô]ÚH UXLVH"cINPÚ^pLMlfÔ]HjiC×0UXLVZk_LKÔXZZ9LVGdN[Ô/lÚZ0ÛPefZGÞjwNäÔXGdNPL"N^
ÙOZ0eOU]Hf×0Z×ÙfZjXÔ]j>GIH"Ô]N HßÚÓ<GZÔXÛOLH"\OÛ<Ô>LV`ONPZ`fcÞcILMZl[UjÓ<þ ZGÔ$×L"×\PLVjNßZ9i/Ô]ÛOHKZJ_U]Z$ZÔXGIH(jLVNONOHßH"^"Ô]ÛO\PZL"U:UXL"cIN_HfÔX×ZLVZCÔ]GIH"ÔXÛPN LKÓ<Ô/ZGÖÝÔRH"UXÚZRGIcdL"cNàÛPLVZefN<×`fZcdÙfZÔXÔ]GdH_ÛPN Z
GINPj>LKÔXj]\OGd^_U]NPZçLVH"cIZÖ`à×H"H"iRU:i$GÔ$\O×NPLVGINß×LKÓ<Ô]GIZRH"NÓO\PiCj]làLMlp`f`fH_ZGdNP×^GI`OZçH"Ô]Ô]ÛOHCZHU ÛPL"wH_NPÓ `fcIL"Z:NPGdÔ1`ÚÓ-ÛOZ×ZLVN\PGdj]Ô1ZRGÞjHVÖÔ]H[ÔXHCÛOZCcILVL"Ô]j]Z_l[â NP×)ÛOUXH"NOH_\Pj
Ô]GIH"NPýSj y\OÖÝUU]H_j]×)i ÛPZÔ]iRÛPZZCjLVGI^"cIcdNPHKÚ1LVÔ]jç\OUX`fZ:AZ PHVNOÖlGIâNOØO^H"LUØfÙOZU]J_HfZ×N¶ZØ[jXjçÖÝUXH"ÛPi LVNPÔX`OÛOcdGIZNO^(j]Gd^_jNPZJ"LKZÔXUX\OL"U]cZj H"HVUÖ2Ø`fZGJ_ZZN¶UXZØ¶N{L"ÔhcdcÔ]Z\PeOÙO×0cdZZjÙOâ á
iÔ]/ÛOHKZ:J_ýS×0ZH"jSNON<Z1Ô]jH(ÙO\OUXiRL"H"NOZÓOHV`/cIÔXZÔ]ÛOi \OZÙOUçÚcIäZcIZH[â×LVLKUXGIÔXZ1NCGdH_ÙOÔ]NßcÞÛPLVGINPLVjyN<NOcdHfGd`ßNP×^>j]LKGdÔ]^_Ô]GIH/NPH"N+LVL"cÞ!â `Oj:U `fZ0UXeOZSZ×0jXj]ZjÛOÙfGÞH"Ô]j\OGIþ_H"cÞÚ`CN ÛPÓ- LVZSÔyÚL"ÛPÛOÓOL"GIcdÙOcIZ1ZRÙ-Ô]Z×HNPH"×N{jÌU]Ô]GZGIÖ N[LKÔX\OZGINO!ÛP^LVNPÙPÝ`OU]!HfcdZ×0HU Z¤>j]à!j]Þ¥~GINO^¦
Ô]GdN\OÙOÔ]cIÛOZZ>j]NPÙPZL"ÚÜ×Z"cIâ Hf×LVÔ]GIH"N9Ó-Z×LV\Pj]Z:Ô]ÛOGÞjGÞjhÚÛOZUXZSÔ]ÛOZ>Zef×ZÙfÔXGdH_NpÔX\OÙOcIZ>GIjhÙO\OÔ1GdNÔ]ÛOZ>cIHf×L"c
!Ý!¤>!Þ
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ÙOÓ<U]ZH_`fÙPê+l[LVH/NP^{iCL"LKiRÔXLVZk"GI`(×Z:LVÔXH"cIHcd\Pl9jUhZL_jXJ"j]×)j]ZÛOHfUXZL"×0i/GÞc2LKÛPZ:ÔXZLVZ` NPJ_`OZ cdZ"NZâ U>^Pi/âOÙOH_ÚU]U]HfÛPqZ ×GdcPcIZZçjXZje[GdZNPGIj>ÓOj]ZcILVZSU]NPÔ]ÚGI`ßNOZç^åÔ]ÙOÛPcÞZCLVâpNpÛPGIN{LVÔXNPÔ]HCHp`OLVcdL/ZcIcdU$HKcdHfÚ>LV×NPþ[LV`ßLVc NÔ]ÔX\PÛOZ0ÙOZCeOcd×0ZZ0ZeOj]ÙfÙP×0Ô]ZGIL_H"Ùf×0N9Ô]ZGI0H"Ô]â HRN Ó-ÔXHZ
Z0GÔefGIÔXjH"b1Ô]^"GINONOZH"Ô]^/ÛOÔ]ÙOÛOZUUXZH[UÚ×ÖÝZGZÔXjXLVÛ(jÔ]Ø_\OjwÚÔ)UXLVZpÛONPGÞÚ×)`OÛ9L"ÛOUXGÞGÞ×)`9jyÛåcIÛPHfÚLV×N<L"H"cP`f\OcdÔXcÞZ`éH UL"ÙO`PUX!H[Î` ×cPZjXÝZ0jef!ZGIjÓOâ¤Gd!cIã GdNÞÔwlàÙP ÔXL"HàULVÔXNPGIH"×`C\P\OUÔ]cIH/L"jXU×)Z0Ø[ÛOeOGdZÔ×0iRZjÙfZZpÔ]ZGIiCGÞH"j>N jÔXHàÔ]HCØ_LVÔ]Ó-cIH/cdZ>HKÛPÚ \PL"j]NPZ0L"`fÖÝN{\OcIl Z c
Ô]HpLVcIcIHKÚ 6ß! Ô]DH wH_GdNGINÔXÛOZçÛPLVN<`fcdGINO^<â
J¶Kí J
- 
ù 'ª-ñ{ó «>û ùOð"ñßîï¶ù 2éòrû #ñ Ù9ñ 0¶1ô ,ôÝóñ{ú
UßZÌ`OZiRH"NPjÔ]U)LKÔXZH"\PU+LVÙOÙPU]H{L"×)Û:\PjGINO^hÔXÛOZÌiCLVUXk"ZÔ¶ÙOcÞL"×0Z2ZeOLViRÙOcIZGdN{ÔXU]Hf`f\P×Z`:ZL"U]cIGIZUâ
Shared Tuple Space
Buyer Agent

Buyer E-Purse Agent

StartPayment

Seller Agent

InsufficientMoneyException

Handler1

exception

Asks Money to the Bank

DepositMoney
StartPayment
Seller E-Purse Agent

MoneyTransfer
PaymentReceived
ContractConcluded

¸ _>²_}qhºyqX|"z}~vztwqçfV{°)°)qX~v~·Þ{PºÌq)°)0|MqXuv
Ô] ÛOZ ZßL"ã NPNRi/`fH_Ô]cIZÛONOUGÞZjÌlÕyÙ<ÔXLVL"ÛPU]NPLKÔ]`ÕGÞÔS×0\O×ÙOLVcÞUXLVNHKUÌJ[Ó-jXGI`f×0ZZZNPcdjRHfLV×Ô]UXLVÛPGIHçcIZ cdlÔ]ÛO×0ZwáèUXGÌZLK\O\OÔXUXZl_j]`ZZUÚb1b1ÛO^_^"ZZZN(N{N{ÔÔyNOÚZL"×j]GdZÔ]kfjXÛ j2j]L"GLåÔ)U]j lCNPÔXL"áèHpi/GÌ`fZà\OZU)L"HVjc¶ZÖÚb1GdÔXGd^_jÔ]ZÛ(ÙON{Z0U]ÔeOHMÔXef×HZløÙfU]ZÔXLVcdGd^_ZH_ZL"NPN{j]jZÔ â
ZêhZ NOÛOLVH_N<Zé\O`f^"cdÛ/Z\OU l_iR_ZØfH"U ÚNOZÛOlá·GÞÙO×)GdÛ\ON/U)×jÔXLKZ/ÛOÔ)Z1b1×)ÛOZ0^"á·ZZÙOjhN{\OÔXÔSU)ÛOj]U)Z>ZÌLVGÞÖÝZ0jH_eOZU×jZU]ÙfLVZLVNßÔXGdcIH_GdZ0WN¶eOGdNPâ ×0^ZZ ÙfÔXL"Ô]ÛONPGIZH"`fNßÙPcIZLM`fU l[>\OiRZL"Z×Ô]N{×HpÔZâVjXÔXjÛOêhZZÛOjZ1Ö¤Ô]L"ÛOj]×lfZ>Ô:jwÓ<ÔXÔ]ZÛ<LVi NOLKÔ:k Ô]ØOÔ]ÛOÛOGIZNZNRU]H"Z×U)U]`fGIZj:ZLKUhNOÔXZÔXH"`H Ô
Ô]Ô]U)ÛOLVZNPN jÖÝÔ]ZÛOUhZpiRiRH"H_NONOZlRZlÖÝU]H_H_N i Ô]Ô]ÛOÛPZpZ:ZÓ<á´ÙPLV\ONOUXk9j]Z"L_Ø?××LVH"NP\O` N{ÔÌjÔXÔXLVH/U]ÔXÔ]j>ÛOZçL"^_Z0L"á·ÙOGdNß\OU)Ô]j]ÛOZ Z9 ÙPjZLMDZ l[i/rGIZ^"N{\OÔUXDZ ÙOU]5Hf×â Zã `fÔ1\O`fUXZZ"Ù<â¶H{êhjGdÛPÔXZj
i/êhÛOH_ZhNOZYflçZcIÔXcdUXZL"UrNPZjá´ÖÝÙPZ\OU?UXÖÝj]U]ZyH_iL"^"ZÔXÛON_ZÔ?Ô]yÛO\PZl"NZGIUrNfZ0ÖÝH_á·ÙOU]iC\OU)j?j]ZÔ]ÛOÔ]ZHSY[Ô]ÛPZcdZhcIZY[U2ZLVcdcI^_ZZUN{ZÔ+á´ÙOÔXÛP\PLKUXj]ÔZÌÔXHfÛO×Zy×Ù<\OLMU)l{j+iRNOHKZÚåN_Ô×ÛPH"L_UXj?U]ZÓ-×ZÔXZcdl_N â
U]ÚZL_LVjcIGdWj\PZ`××0ØZLVj]NPj`çÖÝ\OÔXc´ÛOâ ZY[ZcIcdZUrL"^"ZN_ÔPPNPLVcIcIl:GINfÖÝH_U]iCj+Ô]ÛOZWy\Pl"ZUrLV^_ZN{Ô¶Ô]Û<LKÔrÔ]ÛOZÌÔ]U)LVNPjXL"×0Ô]GIH"N
`Ô]fÛOGÔXZGdU]H_?Z9NPGI^"LVL"\Pc-U]U]ZCiRZ NPH"¯ H(NOj]ZÙOÛOl/U]HKGIÖÝÚ1J[U]H_GdjcIi ZLC^_ZÔX`fÛOj G -ZZ:â ÓPZ U]LVZLVNON{NPkÔS`O×cdZL_Ô]ÛOUjZ_CZ:â ÓPGIZNfLVÖÝLVNPH"N<kpUX`fiCL"cdZjç×U ×Ô]H"ÛP\O`OEZ N{H{ÔÌZjGÞ\Ojyl"NONOZH"HVU$ÔÔb1jj\P\^_×Z°C×0N{Z×Ô>ZGd`ZÔ]N{ÛPGIÔ]U]NcIH_l\OUXZ0ÖÝ^"\PÔXÛéU]U]GINOZL(GÞJ[j]UXGIÛONOZZ^p^_`\OØ[L"cIH_L"`fUUá
±d²\³´Næ´ *º
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Shared Tuple Space
Buyer Agent

Buyer E-Purse Agent
StartPayment

Handler1

InsufficientMoneyException

exception

Unsuccessfull Money Recovery

NotEnoughMoney

Handler2
PaymentFailedException
Contract Cancellation

ContractCancelled
Seller Agent
Start New Selling Request

¸ _>²{}qhºÌq)|Vz}~vztwqçë[z}}q/ºÌq)°)0|Mq]uv
ZNOJ"HVZÔ2N{LVÔçÓOL"cIZÓ<ÔXH_HS\fÔS×H"ÔXÙ-ÛOZyZRÚGdN<GdÔ]jÛ$\°pÔ]ÛO×GÞGdjZN_jGdÔ>Ô]\PiRLVÔ]H"GINPH"ZN¶l(ØMLVÙON<UX`Zj]U)ZLVN{GÞÔçjZGdj+NßLVÔ]N$ÛOZ0Z/eOZ0×0á·ZÙOÙf\OÔ]U)GIH"j]Z"N¶âØKêh×LVÛO\OZ^_Û_yÔr\PÓ[l"l ZU>Z bLVNP^"`OZN{cdZÔçU ?OGIj Ø
ÙO×0H"U]HKN{J[ÔXUXGÞ`fL_×ZÔ`ßØ"GÓ[Ôl(ÔXÛOÔ]ÛPZN9Z9GdY[NfZÖÝcIH_cdZU]iCUb1jÔX^_ÛOZZ:N{ÔYfâ ZZ cIcdZLVUÌNPb1`Ocd^_ZZU N{?9ÔGIØ"jÔ]ÛPGdNéLVÔy×)ÛPj\PL"ÓPU]^_jZZÿ{H"\OÖZN{×Ô]L"cINPlR×0jwZÔ)cdcILVGIU]NOÔX^jLçÔ]ÛONOZCZÚÕH_Nfjá´Z^_cdH"cIGdGINPNO^^
U]`fZGÔXÿ_Gd\PH_ZNPjLVÔc âPY[bSZj1cIcIZLVUyNbL"^"cÔXZZN_UXÔ2NPÔXLKÛPÔXGdLKJ_ÔZ"ÚØfÚGdcIc<Zj×0ÔXH"L"\PUÔ2cI`ÔXÛOLVZScÞj]jXH/LVZiRN[Z1J{GÞj]jXZLVcIcd^"GIZ:NO^ÔXÛPUXLKZÔÿ{\OZ ZLVjwÔNPØV`OcIcdZZLMU J[?/GdNP×0^çUXZÔ]LVÛOÔ]ZSZjH"LVUXGdN^_GdL"NP`fL"á c

ÙPY[ZLVcIU]cdÔ]êhZGÞU/×0ÛO\OGIbjcÞLV^"j]UXZGIcIi/N_lCÔÙP\PcdÖÝjZ>U]ZZÖÝZZp\Oefc´ÔXL"ØOH iRÚ×ÙOÛOH"cdZZ>N{NÔ]L"GIÔXcdN[ÛOcI\OHKZ>Ú1ZpH"jGdUXÔX\PGdj/^_jhGdÚyN<Ô]LVHCH_c¶U]`fk Y[U)ZLMcIZ_ÚcIZâ ^<U1j]âdZb1ØrJ_ÓO^_Z\OZU)N{LVl[Ô1cGINO×0NO^ßH_ZNPZLß×0`OcIjj\PZj]ÔXU]GdHCGIH_ZNPi/jjHKHVþ J_Ö1Z"GdâÔ]ZiCQj 0âêhÛPGIjGIj
» Gdì
NOÛPN HVLVÔXN<9?G `f-LVcdNP×ZLKL:U>ÔXÔXGdLVH_ÛO^"NPZZj?N{GdN{ÛPÔXÔXjçLMZJ"×U)ZL"L"Nà×Ó-ÔXZGdÛPZNPL"N$^çNPUXL"`fZ^"cI×Z/ZZN_GIÙPJ"Ô)U]jZH_`¶ÛPÓOØLMcdÓOZJ"\fiCZÔÔXj GIHN$ LVH"H"cI\O\PÚUUrLMj]lfL"H"ÙOjrcIÙO\fÚUXÔXL"H_GdH_GL"ÔNß×)\PÛ:LVN_ÔXcIÔXcIÛOHKGdcOZÚ1lÔ]jÛO`fZ1\PHSZj:NONPÔXHV`RHÔLVÓOÓ-NP\OZ`/×GIcIL"\O`ß\PN{j]U]ÔXZZGdcPLVÔ]cIL"ÛPcdcdl Z c
i» RL"jwÔ)j]LVH"l[U]UXNPÔpZ×)HKÛOHVJ"UXÔXZH"ÛOUNOZØ[UpH_H_\P\OÚjyU1H"j]LVUXlfk.ÙOjwÙPÔXÚZU]iCH{GdÔ]L"jÛP×)BH"ÛY \fLVÔ9cIcdÚhHKÚ1LVGdjÔ]GIL"NO^"^ ZN{ÖÝÔ)H"jUÔ]LVHRcIc1ÖÝUXNOZH"ZcIÔ]l9G <iR×LVHKÔ]J_GIH"ZSNPÔXjRHCáHVÔXGÖÛOZLVU1NÕcIHfZ×eOLV×0Ô]ZGIÙOH"NPÔ]GIjH"NøL"NPGI` j
cdGdjHfNéGI^"×9+N<LVL"LVcIcdNPcIlZLSY`äL"GdcdNøc{ÛPÔXL"ÛONPZ(`fcIH"GdNOUXGd^:^_GdGÞN<jrLVLScÙPcIL"H[U×ÔrLVcIHVGÖOÔwlåÔXÛOÔ]Z1ÛOY[ZU]ZZcIcdZL"UcdØÚhÔXÛOLMlfZWjRGI\Ojpl_LZUÛPLVL"NPNP``fÔ]cIÛOZUCZ ÔXHåá¾G`f\PZUXL"j]c1ZÌÚb1Gd^_Ô]ZÛÕN{ÔXGdÔj
»
ÓOH"\O\fUÔ$`OGIN Zj]H"Gd^_\ON UGÞLVjÙOÙO×cdUXZH_LVL_NO×)ZÛàUÛPLVL"NPNP` `fÚcIGdNPZR^(j]ZGIj>Ù<LVGIiRU)LKÙOÔ]Z/cIZiRÔXÛOZZCN{Ô]NOZH"` UXiCGdNéLVcj]Z×ÙPH[L"`OUXZRLVÔ]ÖÝU]ZRH_ÛPi L"NPÔ]`fÛPcIZpZULVÓOLVNO^_H_ZN{U]iCÔXj:L"á c
H"\PNOj]ZZ_ân`fyG -ZZ×U]L"Z\PN_jÔZÛPHVLVÖN<`fÔXÛOcdZGIUjØ2ÙOH"UXHf\P×0U/ZjXL"j]ÙOZÙOjUXÖÝH_H_L"Uy×)`fÛéG -ZGÞjU]i/ZN{H_ÔÌU]ZícdHf×cPLKZ0Ô]efGIGIH"ÓON<cIZ"j2â]ÚUßÛOGÞZ(×)ÛR×LVÔ]ÛON¶äZ Ø?ÖÝyH"\PU/l"Z0ZeOUyLVb1iR^"ÙOZcIN{Z"Ô Ø
J[GIj]GÔ)jØPÚÛOGdcIZçGdFN 9?LVNPL/ÛPL"NP`fcIGdNO^RGÞjÛPL"UX`fÚGIUXZ`pGIN{Ô]HRÔXÛO4Z \Ol"ZUhb^"ZN_Ôâ
GdNO^UÕH_\OGUÔXÛLVUXÙOZÙPj]U]Ù<H{ZL"××)ÔrÛÔ]HçÚ`fGdÔ]ZÛ L"cdÔ]GINOÛP^SZpÚ×0H"GÔXN<Û/×0Z`fÙOGÞjÔçÔ]UXH"GdÖyÓO\OÔXÛOÔ]ZZp`/×0LVH_ÙPN{ÙOÔ]Z0cdGÞe[×Ô LVÔ] GIj]H"ZNZ/ZÔXU]ÛOUXZpH"U)Qj¶ÚGÞjX×0Z\PÚjXjGdcIGIc[H"Ó<NéZhY[Z0Ze[×ÔXÔ]ZGINPH"N`[á
±d²\³´Nê´ º

"
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ÓOÙO\fU]H_Ô^"GIU)NÒLViR9+L"iRNPZL/U)jÌZJ_ÚZGdUXÔ]l_ÛÔXÛONOGIHCNO^pL_`OLV`f^{GdLVÔ]GIGIH"NNPj]L"ÛOc¶H_j\O\OcIÙP`Ù<Ó-H_ZUÔ`fÖÝZUXJ"H"Zi cdH_Ù<ÔXÛOZZ`j]Zl[efjÙOÔ]cdZGÞi×0GdÔ]â cIlÓ{l9Ô]ÛOZ/LVÙOÙPcdGÞ×LVÔ]GIH"N
GdZ0iRefÙ<ÙOãZcIÔ$ZNPiRj]GIjGdZJ_N{Z:×0ÔXcIZL"ZL"NP`CU>`pGIíNÔ]ZÛPU]9+LVUXL"ÔH"NPU]LVá´LçÙPN[U]H"lßH_UNOÙPLVZhLVN[U]Ô]l$Ô]ÛOGÞH"×0Z\OÔ]jÛOZ>cÞLVZj]UUyH"cI×ÖÝ\fZH{LKÔ]H_GIÔXUXH"\O`ON<UXGdjyZpNPL"LVÚÔ]U]ZZçÛO`GÞLV×)NPiRÛé`9HfH"`fÚ\OZU$ÛPcIjLKL"â{ÔÙOêhÙOj]H"ÛPUXU]H_Z1ÔL_U]×)H"ZÛßÖ?LVcPjÙO\Pÿ{UXÙO\OHKÙ<ZJ[jwH_GIÔX`OUGdÔZH_jNCÔ]ÛP×GIZ:LVjyNéÙPÛOU]HKÓ-H"Ú Z á
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Abstract. We believe the fundamental problem with distributed exception handling is invoking the semantically correct exception handlers in all the distributed processes that are required to participate in the recovery. Existing distributed exception handling techniques emphasize raising the same exception in all
the required processes with a transaction-like program structure. As useful as
that is, there are many applications that do fit easily into that paradigm. A single
raised exception must be able to represent adequately all concurrently signaled
exceptions, and a transaction-like structure may be too rigid for an application.
We present the primitives and mechanisms for an abstraction called guardian
for exception handling in distributed systems that can overcome those limitations. Using an example, we show how the guardian can be used to augment
and enhance an existing distributed exception model.

1 Introduction
This paper discusses the primitives and mechanisms of the guardian exception handling model for distributed systems. The conceptual foundations of the guardian
model were presented in [6], and in [7] the initial set of guardian primitives was introduced. In this paper, the full set of guardian primitives and mechanisms are described,
and an example using the guardian that shows how it can augment or enhance an existing distributed exception handling model is shown.
Exception handling in distributed systems differs significantly from sequential exception handling. In [9] two reasons are given: distributed systems need exception
handler communication and coordination, and multiple exceptions may be concurrently signaled. Concurrent exception models have the capability of handling concurrently signaled exceptions, and are based on exception resolution and a program
structure based on transaction-like semantics [1]. Exception resolution translates or
maps concurrent exceptions into one exception (a resolved or concerted exception).
An exception that is to be signaled to the processes (the participants) of a distributed
application is called an external exception. An exception that is handled locally in the
process is an internal exception. Examples of concurrent exception models are CA
actions [9], Arche [3], OMTT [4], and conversations [1].
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Concurrent exception models assume that a semantically correct handler is invoked
in each participant. To allow this, the exception is raised in all participants, including
the signaling participant. Since a distributed system is asynchronous, it is possible for
one participant to have a different exception handler enabled than another participant.
Relying on handler communication to ensure the correct handlers are invoked may be
a highly complex task. To simplify this, concurrent exception models assume a program is structured in such a way as to ensure that the correct handlers are invoked so
handler communication is not required. Typically, the structure is transaction-like that
has synchronized entry and exit points. Any external exceptions raised in a participant
are within that boundary. Because all participants are executing within the same
boundaries, it can be assured that the correct handler is invoked in all participants.
The next section describes the limitations of the existing concurrent exception handling models. Section 3 describes the programming primitives and mechanisms for the
guardian model. Section 4 presents an example using this model, and finally Section 5
concludes this paper.

2 The Problem
Concurrent exception models have a defined behavior for concurrently signaled exceptions, and exception handlers coordinate not by direct communication, but by
having handlers for the same exception invoked in all the participants. However, there
are still three limitations with these models.
First, concurrently signaled exceptions are assumed to be related in some way so
that a meaningful resolved exception may be obtained. This is not always easy to do
[8]. Secondly, external exceptions are signaled explicitly from a participant, so exception conditions outside the participants may not be detected. Finally, there is the restriction of a transaction-like program structure. Transaction-like structure is useful in
many applications, but there are also other applications that have an asynchronous
aspect to them, such as management or monitoring applications, where such a structure may be difficult to apply.
We believe the problem with distributed exception handling is invoking the semantically correct handler in each participant. Determining the correct handler is the
main issue, and not the raising of exceptions. In the guardian model, determination of
the correct handler is by using the guardian to direct each process to a correct exception handler by raising in each process a possibly different exception and specifying
the context in which it should be handled by the process. This is different from the
approach of concurrent exception models, in which the same exception is raised in all
processes that need to participate in the recovery.
The purpose of allowing different exceptions to be raised in each participant is to
allow the guardian to orchestrate the recovery action. A raised exception implies a
specific recovery action a participant is to do. For example, say there is a pipeline of
three processes A, B, and C. Should B fail, the guardian would signal to A an exception that its downstream neighbor has failed, and to C an exception that its upstream
neighbor has failed. With a guardian, participants are freed from the burden of main-

58

ECOOP'2003 - EHOOS workshop

taining any configuration information and relating it to a process failure to determine
the semantically correct recovery action. No transaction-like structure is needed for
the correct exception handlers to be invoked (though that structure may be useful for
other reasons).

3 The Guardian Model
The guardian exception handling model [6] [7] is based on the timed asynchronous
computation model [2], global exception handlers, separation of global exception
handling from the exception handling local to a process, and an extended fault model.
The guardian is a distributed global entity that orchestrates the exception handling
action by directing each involved process. The directing is by raising in a process an
appropriate exception, which may differ from the exception raised in another process.
Application defined recovery rules determine the exception the guardian raises in each
participant, which in turn causes the correct exception handler to be invoked. The
guardian model has three elements: the concept of an exception context, a global entity called a guardian, and a set of guardian primitives that the participants use.
3.1 Exception Context
An exception context is an execution phase or region of a program. Contexts may be
nested by a process entering a new context reflecting the static structure of the program (as nested blocks), or the dynamic function call sequence. Contexts are application specified as a symbolic name, and so they may have different meanings based on
the application. A context may be used to represent a number of different abstractions
such as an invocation stack frame, checkpoint, recovery block, transaction or conversation context, a barrier synchronization point, or an assert point.
The raising context is the context a process is in when an exception is raised in it.
A target context is the context that an exception is to be handled in. There is a reserved context called Init, which is used as top-level context. Its purpose is to allow a
process to have a context before it defines one, and to have a target context to prevent
a process from handling an exception, such as a terminate exception.
The purpose of contexts is to provide a mechanism to invoke correct exception
handlers. This is done in two ways. First, when an exception is raised in a process, a
target context is specified in the exception object, since the raising context and the
target context may not be the same. Second, contexts provide a means to give a dynamic meaning to an exception based on the current program flow, similar to a dynamic call chain.
3.2 The Global Exception Handling Model
The basic elements of the guardian model are shown in Figure 1. Each process, such
as Pi., in the application is a participant. The guardian is logically replicated at all
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participant environments Ei with a guardian member GMi as a co-process. The
guardian members form a process group implementing the global abstraction for its
guardian.
The members in this group communicate with each other using reliable group
communication primitives. Group messages are delivered and processed within time
bounds; if the bound is not met then the message is considered lost [2]. Groups allow
for reliable and totally ordered message delivery within the bounds and support virtual
synchrony (i.e., membership change messages are ordered with all other messages).
The guardian defines membership exceptions, which indicate a change in the membership of the guardian group. The guardian raises an exception when a participant joins
or leaves the activity.
The guardian supports global exception handling in the following manner:
1. Using the guardian method enableContext, a participant defines a context and the
exceptions that the context can handle. The guardian member for the participant
maintains a stack of these contexts and the related set of exceptions. When a
context is returned from, the participant invokes removeContext which pops the
last context from the stack. A program typically has a small number of contexts,
where each context represents a recoverable block, such as a try-catch. Each participant may have a different context stack.
2. When a participant signals a global exception, it invokes a guardian method
called gthrow. The participant blocks in gthrow until an exception is raised. The
associated guardian member sends a message that represents the exception to the
other guardian members through the guardian group. If exceptions are signaled
simultaneously by multiple participants, then group communication orders the respective messages for all guardian members
3. When a guardian member receives the exception message from its group, it
checks if its associated participant is suspended. If the participant is not, then the
guardian member suspends the participant. This ensures that all concurrently signaled exceptions are known to the guardian.
4. To suspend a participant that supports interrupts, the guardian member interrupts
the participant, and the interrupt handler invokes a guardian method called
checkExceptionStatus. The method checks if there are any exceptions that have to
be delivered to the participant. If not, the method returns, otherwise the method
blocks until an exception is raised from it. No group communication is used for
the check. To suspend a participant that does not support interrupts, the participant periodically invokes checkExceptionStatus.
5. As each participant is suspended, the guardian assembles all the participant context lists together. Once all participants are suspended, the guardian invokes application-defined recovery rules, for example exception handling patterns [5].
6. The guardian provides to the recovery rules the exceptions signaled, and all context lists. A matching rule defines, for each participant, the target context and exception to raise in that participant. The guardian members collectively raise in
their respective participants the exceptions defined by the rules.
7. After the exception is raised in a participant, exception handlers are searched in
the participant. Each handler is expected to invoke the guardian method propagate, which returns to the handler whether it should handle the exception or
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if signaled exception is E then {
for each specified identifier expression Pe do {
let PL be the list of participants satisfying Pe;
for each specified selection predicate S do {
let Ps be the subset of PL satisfying S;
for each participant p in Ps do {
someComputation();
//insert exception object in Output Exception List
OEL.insert(p, Ep(Cp));
}
}
}
}
Fig. 1. Single exception rule structure

propagate it. The method simply compares the exception target context with the
handler’s context.
The recovery rules may map a single signaled exception into a different exception
or target context on each participant. Typical exception resolution is possible by transforming all the concurrently signaled exceptions into the same exception and target
context in all participants.
The guardian also supports the notion of an interrupt with the methods enableInterrupts and disableInterrupts. It is assumed a guardian member may interrupt its
associated participant, and the participant invokes an interrupt handler that can query
the guardian to determine if the interrupt is from the guardian. If the interrupt is due to
the guardian, then the interrupt handler can signal an exception to the participant program. This is similar to the Java model of interrupt using the interrupt method.
If a participant has interrupts enabled, then checkExceptionStatus does not block.
When a participant receives an interrupt, the interrupt handler invokes checkExceptionStatus. If the interrupt is due to the guardian, then an exception message has already been sent, and checkExceptionStatus will throw the exception received. Should
a participant execute gthrow with interrupts enabled, then gthrow returns after sending
its exception message to the guardian. When an interrupt from the guardian occurs in
the participant, checkExceptionStatus is invoked as explained above that signals the
received exception.
3.3 Recovery Rules
A program extends the guardian with application-specific rules. The rules are logically
replicated with each guardian member. The rules mechanism has as its input all concurrently signaled exception objects, and the context stack for each participant. The
rules mechanism outputs a list of exception objects: one object to be raised in each
participant that matches the rule. Each exception object contains the target context in
which the participant should handle the exception.
Participants are identified using their contexts rather than fixed symbolic names. A
participant identifier is a context list expressed as slash-separated context names. An
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if (E is a subset of the signaled exceptions)
OSL.insert(exceptionResolution(E));
Fig. 2. Concurrent exception rule structure

identifier represents a subset of participants whose current context matches the specified identifier.
A fully qualified identifier includes the entire context as the identifier, while a partially qualified identifier is expressed as a regular expression of context names. For
example, a context stack C1→C2→C3 has a fully qualified identifier as C1/C2/C3.
Using a partially qualified identifier allows greater flexibility in identifying a subset of
participants, e.g., */C2 matches all participants whose current context is C2.
There are two kinds of rules, one for single exceptions, and the other for multiple
concurrent exceptions. Rules are searched in lexical order, with concurrent exception
rules first. A rule for a single exception constructs a list of exceptions, one exception
object that the guardian will raise for each member of a set of participants.
The general structure of a single exception rule is in Figure 1. For a given signaled
exception, one or more identifier expressions Pe are evaluated serially. The list PL of
participants is constructed for each Pe by matching the context lists of the current set
of participants with Pe. For each selection predicate S, a subset PS of PL is computed
using S. Furthermore, for each participant in PS, the guardian may perform some application-specific computation to determine the exception to be raised in that participant. The guardian then adds that exception to the Output Exception List (OEL). In
Figure 1, for participant p an exception object of type Ep with target context CP is
added to the list.
After the guardian has completed building the OEL by executing all applicable
rules, it raises each of the exception objects in this list in the correspondingly specified
participant. Each exception object specifies the target context in which the participant
should handle the exception.
For concurrent exceptions, the guardian provides flexible exception resolution that
can be used with existing exception resolution methods or new ones, such as the highest priority exception or to serially apply the concurrent exceptions to the sequential
rules. The application defines N levels of priority, with level 0 the highest priority.
Each exception that may be signaled is assigned a priority, with a default priority
being the lowest level (N-1). The conversation and Arche models would use only one
level.
When exceptions are signaled concurrently, the exceptions are first sorted by priority level. After the sort there is a vector of priority levels, with each level having a
set of signaled exceptions for that level. Each level, in priority order with level 0 first,
has the concurrent rules applied to the signaled exceptions at that level. Figure 2
shows the general concurrent exception rule structure. Note that E in Figure 2 is a set
of one or more exceptions, and all exceptions specified by E must be in the currently
signaled set of exceptions. A concurrent rule for resolved or concerted exceptions uses
a value of E or null, since null is a member of all signaled exceptions sets.
The concurrent rule uses an application-defined resolution function that outputs
zero or more exception objects that are put on the Output Sequential List (OSL). As
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each priority level has the concurrent rules applied to it, the sequential exception objects from that level are appended to the OSL. When all levels have been processed,
there is one OSL that has all the exception objects in priority order that the sequential
rules are applied to serially. To the sequential rules, each exception object on the OSL
appears as though an exception had been signaled by a participant.
The guardian defines a default rule of exception resolution by finding the root of
the smallest sub-tree that contains all the concurrently signaled exceptions. This is the
same rule as conversations and CA actions use.
3.4 Guardian Model Comparison
As has been discussed above, the two main differences between the guardian model
and other models is that the guardian may raise different exceptions in each participant
and a context is used to determine at what execution point a program is at. This has
several implications.
First, the guardian model is not meant to replace a program’s structure. The
guardian model can be used to implement an exception model in a rules-based way.
For example, a context is not meant to replace a conversation, but rather can be used
to implement a conversation. Second, there is no known exception model that is suitable for all known exceptional conditions. A guardian allows the exception model to
be changed during a program to better match the program’s exception handling to the
current execution phase of the program. Third, a model implemented using the guardian may be enhanced, such as with increased error detection capability (e.g., participant death or other system-types of exceptions). Fourth, a guardian is rule-based,
meaning the exception handling intelligence could be partially removed from a program and placed in a system repository, particularly for conditions that require sophisticated actions. Programs that were not designed to have coordinated recovery
could through if the programs are using the same guardian. If some contexts and recovery actions can be standardized or predefined, then a program gets these behaviors
through the system, and so different systems can tailor the behavior. Fifth, exceptions
could be used to indicate non-error situations, such as warnings of abnormal behavior
that is not an error (such as an input being at a limit of the input’s range).
The guardian also has disadvantages. For contexts to be meaningful, a program
structure is needed that a context can be associated with. In order for different programs to use the same guardian concurrently or for system-defined guardian rules that
can augment a program’s rules, the context names need to be well-defined so that the
guardian rules do not become confused.

4 An Example of Guardian Programming
The guardian model is not meant to replace existing exception handling models, but
rather to enhance them. An example of this is with the conversation model. The normal conversation model can only detect failures that are explicitly signaled by a participant. For example, unexpected participant termination is not detected. Using the
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Guardian myG;
GuardianBarrier b;
Context c1 = new Context("Conv", GlobalException);
myG.enableContext(c1);
try {
myG.enableInterrupts();
b.barrier(myG);
myG.disableInterrupts();
doWork();
if (error)
myG.gthrow(new GlobalException(‘Error’);
myG.enableInterrupts();
b.barrier(myG);
return;
} catch(GlobalException ge) {
if (myG.propagate()) throw;
doCleanup();
}
Fig. 3. Conversation using a guardian

guardian to implement conversations, failures detected by the guardian fault model
(such as unexpected participant termination) are signaled as global exceptions automatically. The guardian model can also sustain K of N failures at a synchronized entry
or exit point, while the conversation model can not. Lastly, implementing a related
model, such as CA actions or OMTT, is mostly accomplished by changing the guardian rules.
Figure 3 shows how a guardian can implement a conversation. The conversation
entry and exit points are implemented using a barrier that has been guardian-enabled.
The enableInterrupts method allows the barrier to be interrupted with a global exception. The barrier is modified to check for a global exception if it is interrupted. After
the barrier, disableInterrupts is invoked to preserve the conversation semantics of
raising an external exception at exit points.
Each conversation is represented by an exception context. In Figure 3, the conversation has the context Conv. If a nested conversation is used, then the nested context
simply has a different name, such as Conv2. The full context name is Conv/Conv2.
To see how contexts are used, say there are three processes P1, P2, and P3. All
three processes are in the outer conversation Conv, and P1 and P2 are in a nested
conversation Conv2. Should P1 signal a global exception, it should only be raised in
P1 and P2. When P1 signals the exception, it has a target context of Conv/Conv2.
Only P1 and P2 are in that context (P1 is in Conv), so the exception is raised only in
P1 and P2. The target context could also be specified as */Conv2 to indicate all processes that are in the conversation Conv2.
If the exception is unhandled in Conv2, then the guardian re-raises the exception
with target context Conv (the next enclosing context). It can be seen that now all three
processes will have the exception raised in them.
The guardian recovery rules for conversations use the default rules. Multiple concurrently signaled exceptions are resolved into one resolved exception, and each participant has the same exception raised in it as all other participants.

5 Summary and Conclusions
The conceptual foundations of the guardian model were presented in [6], and in this
paper we have presented the details of its programming primitives and its runtime
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execution model. To understand the limitations of the existing distributed exception
handling models, we have analyzed distributed exception handling requirements with
respect to sequential exception handling models. Three basic differences between
distributed and sequential exception handling are identified. This leads to what we
consider is the fundamental problem with distributed exception handling: each affected process must invoke the correct exception handler.
We have shown how the guardian model for distributed exception handling addresses this fundamental problem using the concept of exception contexts and a set of
programming primitives supported by a global exception handler called the guardian.
We currently have a test implementation using multiple, distributed Java virtual machines. Future work includes incorporating the guardian in a Java-based agent programming system, and formalizing the guardian model.
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Abstract. The development of modern software systems usually needs to integrate autonomous component-systems which are developed independently from
each other. Examples of such component-systems include COTS components,
legacy software systems and Web Services. For developing this new kind of
software system, we need innovative software engineering approaches that rely
on the system's software architecture to achieve the desired quality properties of
the resulting system, such as fault tolerance. In this paper, we propose an architectural approach to the dependable composition of component-systems based
on composition contracts and an exception handling scheme which considers
the concurrent execution of architectural components.

1 Introduction
Modern software systems, such as e-commerce and e-banking, usually are developed
integrating component-systems, which are autonomous systems developed, maintained and concurrently operated by independent organizations. In a rapid changing
world, these new software systems should be easily adaptable to changes in the business rules [6]. Moreover, many of these new software systems are becoming safetycritical because financial loss and even life loss can result from their failure [1].
In general, no assumptions can be made about the internal design and implementation of a component-system. For instance, when integrating a web service [2] whose
actual implementation is dynamically bound at run-time, the only information available to the system integrator is the specification of the public interface. So, there are
no guarantees about the quality attributes of the actual implementation, such as its
correctness, availability and reliability. This implies that: in order to achieve quality
properties, such as adaptability and dependability, we should focus on solutions
mainly at the software architecture.
The proposed approach employs the C2 architectural style [4], which is a component-based style directed at supporting large grain reuse and flexible component composition, emphasizing weak bindings between them. By architectural style we mean a
set of design rules that identify the kinds of components and connectors that may be
used to compose a system or subsystem, together with local or global constraints on
the way the composition is done [5].
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In this paper, we propose an architectural approach to the fault-tolerant composition of concurrent component-systems, based on composition contracts. A composition contract extends the concept of coordination contracts [6] to include an exception handling scheme based on Coordinated Atomic Action (CA Action) [3]. A
coordination contract is a connection that can be established between a group of objects through which rules and constraints are imposed on their collaboration, thus enforcing specific forms of interaction or adaptation to new requirements [6]. In essence, a coordination contract consists of a prescription of coordination effects that
will be imposed on a collection of partners when the occurrence of one of the contract
triggers is detected in the system. Coordinated Atomic Actions (CA Actions) [3] is a
mechanism for structuring fault-tolerant concurrent systems that unifies the notions of
forward and backward error recovery into its exception handling schema.
The rest of this paper is organised as follows. Section 2 gives a brief overview of
how we have adapted the CA Action concept to obtain fault tolerance in component
integration. Section 3 provides an overview of the C2 Architectural Style. Section 4
presents a software architecture that uses composition contracts with exception handling to build composite systems. Section 5 shows a case study illustrating the behavior of a fault-tolerant system. Finally, section 6 summarizes the conclusions of this
work and discusses related work.

2 Exception Handling in CA Actions
A CA Action is designed as a multi-entry unit with roles which are bound to action
participants which cooperate within the CA Action. The action starts when all roles
have been activated and finishes when all of them reach the action end. If a participant raises an exception within a CA action, appropriate recovery measures should be
invoked cooperatively, by all the participants, in order to reach some mutually consistent exception handling. A resolution scheme is used to combine multiple exceptions
into a single exception if they are raised at the same time. The participants may initially apply a forward error recovery strategy aiming to mask the exception and complete the CA Action successfully, either with a normal result or a degraded (exceptional) one. If this initial strategy fails then the CA action should trigger backward
error recovery in their participants in order to undo the undesired effects. If the CA
Action cannot complete successfully but is able to restore its initial state, then the action is aborted, otherwise it fails.
Composition contracts differ from CA Action in allowing the component-systems
to interact with external objects that are not transactional. This implies that a
composition contract will guarantee only atomicity and consistency of its services, not
embracing the full set of the ACID properties (atomicity, consistency, isolation,
durability) of a CA Action. Systems can be designed recursively using action nesting.
Fault tolerance features are always associated with such units confining all errors.
When an action is not able to mask an error an exception is propagated to the
containing action. This exception may be an abort exception, when the participants
are left in a state free of effects of the action, or a failure exception otherwise, when
the undo fails. In this last case the containing action is responsible for recovering the
system state.
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3 The C2 Architectural Style
In C2 architectural style, components of a system may be completely unaware of each
other. The components communicate only through asynchronous messages mediated
by connectors that are responsible for message routing, broadcasting and filtering.
Both components and connectors have a top interface and a bottom interface. Systems
are composed in a layered style. The top interface of a component may be connected
to the bottom interface of a single connector. The bottom interface of a component
may be connected to the top interface of another single connector. Each side of a connector may be connected to any number of components or connectors.
There are two types of messages in C2: requests and notifications. By convention,
requests flow up through the system's layers and notifications flow down. In response
to a request, a component may emit a notification back to the components below,
through its bottom interface. Upon receiving a notification, a component may react, as
if a service was requested, with the implicit invocation of one of its operations.

4 The Proposed Architecture
The proposed software architecture is organized in three layers (Figure 1). The computational layer encapsulates the service interfaces of component-systems, called participant components. Examples of participant components include COTS components,
legacy systems and Web services. The coordination layer consists of a composition
connector that mediates the interactions between computational layer and the application layer. The top interface of the composition connector, or basic service interface,
is the sum of all the participant service interfaces. The composition connector may
impose business rules to the basic service interface providing new composite services.
The bottom interface of the composition connector, or composite service interface, is
the sum of the basic service interface and the new composite services provided by the
composition connector. The composite service interface also adds fault tolerance to its
new services. The application layer contains the components that implement the application logic (client components) and that may use the composite service interface.
Computational
Layer

Participant
Component 1

Participant
Component 2

....

Coordination
Layer

Composition Connector

Application
Layer

Client
Components

Participant
Component m
participant service interfaces
basic service interface
composite service interface

Fig. 1. Software Architecture using C2 style

The composition connector is a C2 connector built from an interceptor component
and a set of composition contract components (Figure 2). A composition contract defines a set of related composite services. In this context, a composite service specifies
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an action that may be required to add new business rules upon a service. The composite service can extends a single basic service or it can compose a more sophisticated
service, which defines a coordinated action of two or more participant components.
The composition contract components can be organized in various contract layers that
are connected by specialised C2 connectors. Figure 2 shows a composition connector
with two contract layers. The composition contract components are responsible for:
(i) to provide new composite services; (ii) to impose the business rules upon basic and
composite services; and (iii) to implement fault-tolerance for basic and composite
services. This is done by means of the fault-tolerant composition of one or more basic
services. The composition contract components of a contract layer can use composite
services provided by contract components located at upper contract layers, allowing
action nesting. The interceptor component is responsible for monitoring the events
flow at the basic service interface and activating the composition contract components
when needed.
Participant Connector

Interceptor
Component
basic services interface
Interceptor Connector

Composition
Contract 2_1

Composition
Contract 2_2

Composition
Contract 2_3

Contract Connector

Composition
Contract 1_1

Composition
Contract 1_2

Composition
Contract 1_3

Client Connector

composite services interface

Fig. 2. Basic Structure of the Composition Connector

4.1 The Composition Contract Component
A composition contract component implements a composition contract as a CA Action relaxed in its transactional requirements over the participant components to guarantee the atomicity of the composite services. A composition contract is activated by
a notification of an event associated with a contract trigger. This notification is sent
by the interceptor component. The activation of a composition contract implies in the
implicit invocation of an associated composite service. The invocation of a composite
service normally results in one or more service requests accordingly with the coordination rules defined by the composition contract. The service requests can be concurrently executed. Moreover, they may activate composition contract components included in upper contract layers, creating nested CA Actions.
When a composite service completes successfully it ends either with a normal notification or, if its result is degraded, an exceptional notification. If an exception is
raised by a requested service, the composition contract component collects the responses from the services and activates an exception handler component. The excep-

69

ECOOP'2003 - EHOOS workshop

tion handler component resolves the raised exceptions and coordinates the appropriate
recovery actions that should be taken by the participant components. If the exceptional condition cannot be masked, the composition contract component reacts with:
(i) an abort notification, if the participants are recovered successfully, or (ii) a failure
notification, if one or more participants are left in an inconsistent state.
The composition contract definition is shown in Figure 3a. The attributes clause
specifies the configuration parameters an instance of a composition contract. The coordination clause specifies a list of interactions which defines how the participant components cooperate to perform a particular composite service (Figure 3b). The condition after the when clause specifies the contract trigger for this interaction. The do
clause specifies a set of actions to be concurrently executed by the participant components. The raises clause specifies the types of exceptions that may be raised during the
execution of the interaction.
contract <contract_name> {
attributes <list_of_attributes>
coordination <list_of_interactions>
end contract

(a) The contract definition

<interaction name>:
when (<condition>)
do <set_of_actions>
raises <list_of_exceptions>

(b) The interaction definition

Fig. 3. The composition contract definition

4.2 The Interceptor Component
The interceptor component acts like a proxy object intercepting the messages sent to
the participant components. It is responsible for notifying the composition contract
components that a contract trigger was enabled. Currently, we consider that only service requests enable contract triggers. These notification messages contain the service
request and the parameters of the composition contract being activated.
4.3 The Exception Handler Component
In our model, an architectural component can be a participant component, an interceptor component or a composition contract component. It is composed of two subcomponents: a NormalActivity component and an ExceptionHandler component (Figure 4).
The NormalActivity component implements the normal behaviour of an architectural
component, when no exceptions occur. The ExceptionHandler component is responsible
for: (i) handling exceptions raised by its associated NormalActivity component; and (ii)
providing handler services.
More specifically, the ExceptionHandler component of a participant component implements handler services to undo operations that affect the participant's state. The
ExceptionHandler component of the interceptor component can handle system configuration errors. The ExceptionHandler component of a composition contract component
coordinates the activation of handler services of the participant components. The ExceptionHandler component implements the exceptional contract defined for the composition contract (Figure 5). The ExceptionHandler component of a composition contract
tries to mask an exception and return the control flow to the NormalActivity component
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using a forward error recovery strategy. If this strategy fails the ExceptionHandler component starts backward error recovery executing compensation action to undo undesirable effects over the participant components, when possible
C2 Connector 3

Normal Activity
Component
C2 Connector 2

Exception Handler
Component
C2 Connector 1

exceptional contract <contract_name> {
attributes <list_of_attributes>
coordination <list_of_handlers>
end contract

Fig. 4. Architectural Component

Fig. 5. Exception Handler Component Definition

5 Case Study
This case study illustrates the behavior of a fault-tolerant banking account system applying the software architecture described in this paper.This case study integrates two
autonomous components: the Checking Account component and the Savings Account
component, which wrap existing (off-the-shelf) components providing operations to
withdraw and to get the current balance.
The system-specific business rules are enforced through a single composition contract that is the FlexibleContract. The FlexibleContract tries to avoid overdrafts in the
CheckingAccoung using funds from an associated SavingsAccount, when needed.
Client Component

FlexibleContract

Interceptor

Checking
Account

Savings
Account

withdraw, ca, 100
withdraw, ca, 100
getBalance, ca
balance = 75

request
message

getBalance, ca
balance = 75

withdraw, ca, 75
withdraw, sa, 25

notification
message

withdraw, ca, Ok
AbortException, sa

withdraw, ca, 75
withdraw, ca, Ok
withdraw, sa, 25
AbortException, sa

resolveException

AccountOverdrawn, ca,

SaWithdrawAbort, ca, 25

SaWithdrawAbort, ca, 25

SaWithdrawAbort, sa, 25

SaWithdrawAbort, sa, 25

AccountOverdrawn, ca,

withdraw, ca, 25

AccountOverdrawn, ca,

Fig. 6. Sequence diagram for the scenario
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The sequence diagram in Figure 6 shows the processing of a request to withdraw
an amount of $100 from a checking account "ca" which is associated with a savings
account "sa" by means of a flexible contract. Initially, the FlexibleContract component
checks the balance of "ca", which in this example is only $75. So, the FlexibleContract
tries to satisfy the original request by means of two concurrent withdrawals: $75 from
"ca" and $25 from "sa". In this example the SavingsAccount component refuses this
second withdrawal and raises an AbortException. The FlexibleContract resolves the exceptions and sends a SaOverdrawAborted exception to both SavingsAccount and CheckingAccount components. The SavingsAccount ignores this exception. The CheckingAccount
handles this exception with a self-invocation of a $25 withdrawal. This recovery action leaves "ca" overdrawn. The Client component is notified of this degraded result
by means of an AccountOverdrawn exception that is propagated by the FlexibleContract
component.

6 Conclusions and Related Work
In this work, we propose an architectural solution for the development of dependable
software systems out of concurrent autonomous component-systems. This solution
favours the adaptability, extensibility and reliability attributes of the resulting system.
The concepts of coordination contracts and CA Actions were adapted to a serviceoriented approach applied to the system's software architecture.
The WSCA (Web Service Composition Action) concept also exploits the concept
of CA Actions to enable the dependable composition of Web Services [7]. The primary difference between our work and the WCSA concept is that our approach also
includes concerns about coordination contract, which improves the adaptability, and
an architectural design to be applied to a more general class of service-based systems,
not only restricted to Web Services.
Similarly to our approach, Pires [8] proposes an architectural solution for providing
reliable Web services compositions using a layered architectural style. However, this
work only provides backward error recovery, not considering concurrent exception
handling.
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Abstract. We have previously presented initial results of a case study which illustrated an
approach to engineering protective wrappers as a means of detecting errors or unwanted behaviour
in systems employing an OTS (Off-The-Shelf) item. The case study used a Simulink model of a
steam boiler system together with an OTS PID (Proportional, Integral and Derivative) controller.
The protective wrappers are developed for the model of the system in such a way that they allow
detection and tolerance of typical errors caused by unavailability of signals, violations of range
limitations, and oscillations. In this paper we extend the case study to demonstrate how forward
error recovery based on exception handling can be systematically incorporated at the level of the
protective wrappers.

1

Introduction

Although integration of Off-The-Shelf (OTS) components into systems with high dependability
requirements (including those that are safety-critical) is becoming a viable option for system
developers, care must be taken to avoid a deterioration in overall system dependability. OTS
components are often of a lower quality than bespoke components, may not have been specifically
intended for the environment in which they are to be employed, and may be poorly documented. These
factors all contribute to a higher risk of failure for complex systems employing OTS components.
It must be accepted both that OTS components will be employed in such systems, and that their use
will be a source of failure in spite of all efforts to improve the quality of OTS components and of the
system in which they are to be integrated. The solution we advocate is to employ specialised fault
tolerance techniques for integration of OTS components into complex systems.
1.1

Protective Wrappers

In previous work [1,7] we illustrated an approach to the development of protective wrappers, a bespoke
software module which intercepts all information going to and from an OTS item. This approach is
developed further in this paper using the same case study.
Fault tolerance techniques have three main phases: error detection, error diagnosis and error recovery
[5]. The first phase identifies an erroneous state; error diagnosis is then used to examine and assess the
damaged area, to enable it to be replaced by an error-free state during error recovery. We have
previously concentrated on detection and diagnosis, providing only limited recovery actions.
Component wrapping is an established technique used to intercept data and control flow between a
component and its environment [6]. A protective wrapper may detect errors or suspicious activities,
and initiate appropriate recovery when possible, and must be rigorously specified, developed and
executed as a means of protecting OTS items against faults in the Rest Of the System (ROS), and the
ROS against faults in OTS items. Sources of information for wrapper development include
specification of the OTS item behaviour, known “erroneous” behaviour of the OTS item, and
specification of the correct behaviour of the ROS with respect to the OTS item.
1.2

Case Study

The case study used in this paper concerns the development of a protective wrapper for an Off-TheShelf PID (Proportional, Integral and Derivative) controller. This case study is intended to illustrate
how the approach could be applied in practice, employing software models of the PID controller and
the steam boiler system rather than conducting a potentially risky experiment in a real-world
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environment. Use of such software models is an active area of research and development carried out by
many leading control product companies (including Honeywell [8]), and we use a third-party model of
a steam boiler in this case study. We believe that this decision adds credibility to our results. The model
simulates a real controller and steam boiler system, enabling us to investigate the effect of wrapping
with a representative model. In the course of our work we have extended the model by incorporating
protective wrappers.
1.3

Roadmap

The remainder of this paper is organised as follows. In the following section we describe the simulation
environment, the controller and the boiler models we are using, and our approach to monitoring the
model variables. Section 3 discusses the requirements for a protective wrapper to be developed and
outlines the causes of errors to be detected and tolerated at the level of the wrapper. The next three
sections discuss design and implementation of the wrapper to detect, diagnose and select an appropriate
recovery action for errors caused by unavailability of signals, violations of range limits, and signal
oscillations. Section 7 concludes the paper by discussing the generic error recovery strategy and the
possible effects of wrappers executing on the overall execution of the integrated system.
2

Simulation

2.1

Simulink

Simulink (Mathworks) [10] is one of the built-in tools in MATLAB, providing a platform for
modelling, simulating, and analysing dynamical systems. It supports linear and nonlinear systems
modelled in continuous time and sampled time, as well as a hybrid of the two. Systems can also be
multi-rate, i.e., have different parts that are sampled or updated at different rates. Simulink contains a
comprehensive block library of sinks, sources, linear and nonlinear components, and connectors to
allow modelling of very sophisticated systems. Models can also be developed through self-defined
blocks by means of the S-functions feature of Simulink or by invoking MATLAB functions. After a
model has been defined, it can be simulated and, using scopes and other display blocks, simulation
results can be displayed while the simulation is running.
Simulink provides a practical and safe platform for simulating the boiler system and its PID control
system, for detecting operational errors when boiler and control system interact, and for developing and
implementing a protective wrapper dealing with such errors.
Drum Level, Steam Flow, Steam
Pressure, Gas Concentrations and
Coal Feeder Rate

O2 set-point and bus
pressure set-point

Control System
ROS
Configuration

Coal Quality

Boiler
System

Sensors
Actuators

Inputs to OTS
Outputs from OTS

PID
controller
(OTS item)

Steam Load

Feed Water Flow, Coal Feeder
Rate and Air Flow

Fig. 1. Boiler System and Control System (including the PID Controller)

2

75

ECOOP'2003 - EHOOS workshop
2.2

The Structure of the Model

The abstract structure of the system we are modelling is shown in Fig. 1. The overall system has two
principal components: the boiler system and the control system. In turn, the control system comprises a
PID controller (the OTS item), and the ROS which is simply the remainder of the control system.
The ROS consists of :
• the boiler sensors. These are “smart” sensors which monitor variables providing input to the PID
controller: Drum Level, Steam Flow, Steam Pressure, Gas Concentrations and Coal Feeder Rate;
• actuators. These devices control a heating burner which can be ON/OFF, and adjust inlet/outlet
valves in response to outputs from the PID controller: Feed Water Flow, Coal Feeder Rate and Air
Flow;
• configuration settings. These are the “set-points” for the system: oxygen and bus pressure, which
must be set up in advance by the operators.
Smart sensors and actuators interact with the PID controller through a standard protocol. Simulink
output blocks can be introduced into the model in such a way that the variables of the MATLAB
working space can be controlled as necessary. Working with the Simulink model we were able to
perform repeatable experiments by manipulating any of the changeable variables and the connections
between system components so as to produce and analyse a range of possible errors that would be
reasonably typical for the simulated system.
2.3

The Simulink Model

The Simulink model (shown in Fig. 2) actually represents the OTS item as three separate PID
controllers that deal with the feed water flow, the coal feeder rate and the air flow. These controllers
output three eponymous variables: Feed Water Flow (F_wf), Coal Feeder Rate (C_fr) and Air Flow
(Air_f); these three variables, together with two external variables (Coal Quality and Steam Load)
constitute the parameters which determine the behaviour of the boiler system. There are also several
internal variables generated by the smart sensors; some of these, together with the configuration setpoints, provide the inputs to the PID controllers. Table 1 lists all of the variables used in the model.

F_wf

D_l

D_l

F_wf

D_l
F_wf
S_f

Coal
Quality
Coal
Quality

S_f

S_f

P_d

P_d

C_fr
P_b

Steam
Load
Steam
Load
Air_f

O2eco

PID Controller 1 for Feed
Water Flow

P_ref
P_ref

C_fr

F_wf

P_b

C_fr

C_fr

P_d

PID Controller 2 for
Coal Feeder rpm

P_b

O2eco

COeco

COeco

Air_f
NOxeco

NOxeco

O2_ref
C_fr

O2_ref
Air_f
O2eco

Air_f

PID Controller 3
for Air Flow

C_fr

Boiler System

Fig. 2. Simulink Model of the Boiler System with PID Controllers
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2.4

Variable Monitoring

Simulink scopes and other display blocks enable us to develop modelling components that observe the
intermediate results while the simulation is running. In our experiments we can monitor and display a
total of 15 variables, comprising all of the variables listed in Table 1 (except for the two set-points),
plus three internal variables which represent two internal air flows and one internal steam flow. The
simulation time for all of our experiments is set to 12000 steps. Some monitoring results are presented
in Fig. 3. In particular, this chart demonstrates the behaviour of the three PID outputs and two external
inputs of the boiler system when at step 2000 the steam load is increased, and at step 5000 the coal
quality changes: in both these scenarios the boiler system returns to steady operation reasonably soon.
Table 1. Variables used in the model
Variable

Representation

Variable

Representation

Coal Quality

Coal quality, ton per hour

D_l

Drum level

Steam Load

Steam Load, fraction of pure
combustibles

S_f

Steam flow

F_wf

Feed water flow

P_d

Steam pressure / drum

C_fr

Coal feeder rate

P_b

Steam pressure / bus

Air_f

Air flow (controlled air)

O2eco

O2 concentration at
economizer

P_ref

Bus pressure set-point

COeco

CO concentration at
economizer

O2_ref

O2 set-point

NOxeco

NOx concentration at
economizer

coal feeder rate
steam load

90

0.65
0.64

80

0.63

coal quality

70

0.62

60
50

0.61

air flow

40

0.60

30

Coal Quality

three PID outputs and steam load

100

0.59

20

feed water flow

10
0
0

2000

4000

6000

8000

10000

0.58
0.57
12000

Simulation Steps

Fig. 3. Normal Performance of the Boiler System with PID Controllers
2.5

Properties of the Boiler System and the PID Controllers

In this section we summarise the information which we collected to guide us in developing the
protective wrappers. The basic boiler specification provides information on steam flow, bus pressure,
output temperature and coal calorific value. As the OTS item (the PID controller(s)) is treated as a
black box, any information about its properties must be deduced from the interface or from relevant
sources where available. In an ideal world the system designer would have a complete and correct
specification of the boiler system, the PID controller and the ROS. Unfortunately, we only had access
to limited information about the boiler system and the ROS (which is typical for many practical
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situations). From an investigation of the boiler model and information acquired from all available
sources, we have formulated the following description.
Information from the documentation available to us is as follows:
•
•
•
•

Output temperature
540 deg C
Coal calorific value
16-18 MJ/kg
Steam load
50-125 ton/hour
Coal quality is measured as a fraction of pure combustibles (where pure = 1; actual value about
0.55-0.7)
• Three controlled outputs (F_wf, C_fr, Air_f) are given as a percentage
Information obtained by analysing the interface and by investigating the simulated model:
• Set-point of bus pressure ranges from 0 to 20 (usual value about 9.4)
• Set-point of O2 concentration at economiser ranges from 0 to 0.1 (usual value about 0.03)
• Internal variables input to PID controllers:
• Drum level: output value between -1 and +1 (usual value close to 0)
• Steam Flow: 0 to 125
• Bus pressure: 0 to 20
• O2 concentration at economiser: 0 to 0.5
3

Requirements for a Protective Wrapper

In the previous section we presented an outline characterisation of the boiler system, as deduced from
the model and other sources. In the following sections we consider the errors which could arise from
integrating an OTS PID controller in the system, in order to derive requirements for a protective
wrapper. We make the following assumptions:
• The value of each variable can be checked instantaneously through microprocessors. In particular,
we assume that the values of input and output variables of the PID controller are available
instantaneously. This (highly) simplifying assumption enables us to illustrate the method for
protective wrapper development without regard to issues relating to response times.
• The wrapper program can be inserted into the control system, either by a partial hardware
implementation which intercepts the physical connections, or purely in software. There are, of
course, significant issues involved in deciding on the implementation of a protective wrapper, but
we do not address these in this paper.
In order to clarify the requirements for a protective wrapper, it is necessary to form a view of what the
PID controller and the ROS should, and should not, do at the interface between them. This view can be
formulated as a collection of Acceptable Behaviour Constraints (ABCs) [7] defined from the
perspective of the systems integrator. Once defined, these ABCs can be thought of as contracts [11]
which a system designer could use as the basis for defining a protective wrapper, which can then
employ conventional mechanisms for error detection, containment and recovery [2].
4

Safe Boiler Operation

Many aspects of the operation of the boiler and control system, such as the flow of gases, fuelling,
pressures and levels, could lead to a failure of some type. However, some features are much more
significant in terms of safety; in a steam boiler, the drum level is a key parameter. This parameter
represents the quantity of water in the boiler more accurately than a direct measurement of the water
level, due to changes in mass caused by differences in temperature. By monitoring and controlling the
drum level we can maximize steam quality and maintain the proper water quantity to prevent damage
to the boiler. Too low a level could expose the water tubes to heat stress and damage; too high a level
could allow water to go over the steam header, exposing the steam turbines to corrosion and damage
[12, 13]. Steam pressures on the drum and the bus are the two other key variables, since they indicate
the balance between the supply and demand for steam. The consequences of excessively high steam
pressures are obvious and explosive. Thus, any deviation from normal values of steam pressure and
drum level must be corrected immediately, whereas abnormal values of the other variables can be
tolerated for a time period (which must be defined by the system designer).
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We classify the detectable variables into two loops, the control loop and the safety loop, which operate
as follows:
•
•

an alarm from the safety loop will shut the system down;
alarms from the control loop are processed on-line and either resolved or, if this is
unsuccessful, the safety loop is triggered.

The wrapper envelopes the PID controllers as shown in Fig. 4: it monitors the values of variables
which go into and come out from the PID controllers. Three variables – the drum level and the steam
pressures on the drum and bus – are classed as belonging to the safety loop, and all other variables
(PID outputs to the boiler (via the ROS), set-points and other input variables) belong to the control
loop.

Variables from ROS
(including drum level and
steam pressure)
Set points

Wrapper

PID controller(s)

PID outputs to ROS

Fig. 4. Variable categories around the PID controller(s)
5

Error Recovery

Error recovery transforms a system state that contains errors into an error free state. The transformation
typically takes the form of either backward or forward error recovery [2]. Backward error recovery
returns the system to a previous (assumed to be correct) state; typically, the techniques used are
application-independent and often operate transparently for the application (e.g. atomic transactions
and checkpoints). Forward error recovery aims to move the system into a correct state using knowledge
about the current erroneous state; this recovery is application-specific by its nature. The most general
framework for achieving forward recovery is exception handling [3]. It is not difficult to see that
backward error recovery is not generally applicable in dealing with OTS items [4].
Protective wrappers offer a structured approach for incorporating fault tolerance measures in systems
with OTS items. In previous work [1] we demonstrated how error detection can be developed in a
wrapper by cyclically checking for each type of possible error identified during the analysis phase. We
characterise these errors into three distinguishable types: (a) signal not available, (b) signal violating
specifications, and (c) unacceptable signal oscillations. When the wrapper detects an erroneous
situation it immediately initiates recovery action by classifying the error and invoking a corresponding
exception handler. Three possible recovery actions are suggested here.
•
•

•

Handler1:
- Reset the signal to a standard normal value and send an alert to the operators.
Handler2:
- Wait ∆t, if error resolved, take no action;
- Otherwise, send an alarm to the operators and wait ∆T, if error resolved, take no action;
- Otherwise, invoke handler 3.
Handler3:
- Shutdown the system and send an alarm to the operators.

In Handler2, the delay times ∆t and ∆T would be determined by the wrapper designer after consulting
the system specification. In the Simulink model we took ∆t as 500 steps and ∆T as 1500 steps,
representing reasonable values for a genuine industrial application.
Analysis of the error types for different signals then enabled us to define a recovery strategy, which is
discussed in the following subsection, and then illustrated in Fig. 5.
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5.1

Recovery Strategy

In the case of an erroneous situation detected for a set-point value, whether it is missing, out of
specification or oscillating is of secondary interest. The wrapper is aware of the appropriate range of
set-point values, and Handler1 provides appropriate recovery by forcing the input to a suitable value,
and alerting the operators (since the mistake could be theirs, or an internal corruption).
The situation is rather different when a PID output value is detected as being erroneous, but the same
response can be made; either by adopting standard operating output values, or by storing a recent
history and using a smoothed average, the wrapper can apply Handler1 to impose a valid output signal
which should result in stable, though suboptimal, performance from the boiler system. It would be
possible to differentiate between the three error types in terms of determining the signal value to be
imposed, but we have not exploited this in our simple demonstrator.
Now consider inputs to the PID controllers which are not set-points, and are not in the safety loop.
When one of these is detected as erroneous there is little point in feeding a fixed value to the PID, since
this will not reflect the actual conditions monitored by the ROS. However, given that there is no
immediate safety concern, the optimistic strategy of “wait and see” may be successful; indeed for a
short interval it may not be appropriate even to alert the operators, since the phenomenon may be
completely transient in nature (it would, of course, still be logged for an off-line report). If the problem
persists an alarm report to the operators may enable them to cure the problem, but if not an eventual
shut-down is inevitable. So the wrapper can deploy Handler2; again, although differentiation of the
response in line with error type is possible, we have not exploited this option.
Lastly, consider the variables in the safety loop: drum level, drum and bus steam pressures. Detecting
an erroneous condition on one (or more) of these variables implies a risk to safety, and the natural
response is to shut the boiler system down, despite the economic consequences. Handler3 provides this
response, but to illustrate error category differentiation in our model we invoke Handler2 in the
particular case of an oscillating value. The justification is that although a missing signal value or an out
of specification value indicates a clear and present risk of accident, an oscillating value within
specification does not necessarily pose the same immediate threat – the oscillations may die out or an
operator response could stabilise the situation. If the oscillations persist then Handler3 will still be
brought into play. Of course, in a real boiler system this strategy would only be acceptable if justified
by a safety case.

Control loop

Safety loop

PID outputs and
set points

Handler1

Inputs to PID

Handler2

Drum level and
steam pressures

Handler3

Fig. 5. Recovery action implemented by exception handlers

5.2

Exception Handling

When any of the errors above is detected an exception is raised. Error diagnosis is performed to select
the appropriate handler, depending on which variable caused the exception to be raised. The diagnosis
is straightforward for variables in the control loop: in the safety loop, we differentiate between error
categories.
Errors detected by the protective wrapper can be caused by malfunctioning of the OTS item, by faults
arising in the ROS, or by misinterpretation between the OTS item and the ROS (Fig. 1). In the PID
case study considered here, the exception handlers implemented in the protective wrapper always act at
the level of the integrated system, which constitutes the exception handling context [4]; they can send
an alert or alarm signal to the operator, replace an erroneous value with an alternative “normal” value,
await a natural rectification, or (when safety requires it)) shut the system down.
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Clear separation of the normal and abnormal system behaviour by employing exception handling in the
wrapper facilitates the integration of the OTS PID into the composite system [4].
6

Implementation of the Recovery Actions in MATLAB

This section illustrates the operation of recovery when an error occurs, with the wrapper implemented
in the MATLAB model. The example presented below applies error recovery by invoking Handler1.
The error was introduced by artificially simulating an incorrectly valued pressure set-point. At step
5000 the operator “accidentally” recalibrates the pressure set-point to be 94 instead of the normal value
of 9.4.
Fig. 6 shows the boiler system behaviour with no wrapper protection; note that the bus steam pressure
is superimposed over drum steam pressure, so only one pressure variable is actually displayed.
The first chart of Fig. 6 shows that the faulty pressure set-point results in a huge drop in the drum level
followed by a peak at too high a value before returning to a level close to normal. Similarly, the three
PID outputs shown in the second chart jump up beyond their specified levels after step 5000 but return
to normal performance by step 7000. Very much more serious is the steam pressure, which the first
chart shows rising and remaining at an excessive level.
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Fig. 7 shows the behaviour of the boiler system with wrapper protection active. The wrapper detects
the incorrect value of the set-point and invokes Handler1. Consequently the set-point is very quickly
corrected, and the impact on system behaviour and on the other variables is greatly reduced. From the
two charts in Fig. 7 we see that although there are some alterations to the variables when the error
occurs, the changes are actually quite minor, and lie within the range of the specifications for the
system.
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4000 6000 8000 10000 12000
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Fig. 6. Erroneous pressure set-point – boiler system with no wrapper. Drum level and feed water
flow are outside permitted ranges: steam pressure rises to an excessive level.
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Fig. 7. Erroneous pressure set-point – error recovery by Handler1. Variables are corrected to be
within permitted ranges
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7

Discussion and Conclusion

7.1

Generic Error Recovery Strategy

Since an OTS item that has been integrated into a system is treated as a black box, only the inputs to
and outputs from the OTS are available to be monitored for error detection. The inputs in a control
system can be partitioned into two groups, where the first group consists of configuration variables
(often under operator control as set-points), while the second group provides dynamic status
information from the system under control. A wrapper providing protection in the system can monitor
these two groups of inputs, and the outputs, and can attempt to distinguish different categories of
erroneous behaviour. As three simple base categories we proposed: missing value, out of range value,
and oscillating value.
In response to a detected error situation, over these groups of variables and categories of error, the
protective wrapper can apply an exception handling framework to attempt to recover from the error.
Simplistic generic recovery strategies that we have considered are: do nothing, alert the human
operators, change variables to normal values, and stop the system. In our boiler system example we
decided that erroneous outputs from the OTS could be over-ridden by the wrapper; in effect, the
wrapper will take over the role of the OTS in erroneous situations, but can only provide a standard set
of normative outputs. In the same way, the wrapper can over-ride configuration variable inputs to the
OTS, particularly when these are input set-points. Our Handler1 is used to over-ride erroneous values.
We need to analyse in more detail the other input variables delivered to the OTS by the ROS, since
forcing a change here could only have a very indirect influence on the variable itself, via the OTS and
its outputs back to the controlled system. One important aspect is with respect to safety and we used
this to apply a hierarchy of recovery. For variables with a direct impact on safety we “recover” by
shutting the system down (Handler3); for other variables, not in the safety loop, we first wait to see if
the error is transient, then to see if human intervention will achieve recovery, and if that too is
unsuccessful then the system must be shut down in any case (Handler2).
Wrapper design in any specific case would proceed by analysis of the state space of variables, the
errors that could be detected, the damage assessment that could be conducted, and the recovery
strategies that could be devised, bearing in mind the implications on system operations from both a
mission (economic) and a safety perspective.
7.2

Scope of the Wrapper

The essential characteristic of a protective wrapper is that all inputs to and outputs from the wrapped
component are accessible to and modifiable by the wrapper. It might be argued that no other system
variables should be accessible to the wrapper, since otherwise the intuitive image of “wrapping the
component” would be distorted. We feel this is unnecessarily restrictive. If the system designer
believes that improved performance of the wrapper can be achieved by utilising information from
elsewhere in the system this should not be prohibited by an artificial limitation. When the wrapped
component is an OTS item it may be very unlikely that the wrapper could make any effective use of
internal state information within the OTS component, but valuable insight may perhaps be gleaned
from variables in the ROS that are not visible to the component. An example of this is present in our
case study. The drum steam pressure is not actually utilised by the PID controller (although it is made
available), so it is debateable whether or not it constitutes an input. We gave the wrapper access to this
variable without hesitation, since we suspect that any practising engineer would do the same.
7.3

Complexity of the Wrapper

A wrapper inserted into a system as a protective component performs an important role in improving
the reliability of the integrated system. In discharging this role it is clearly essential that the wrapper
does not itself contribute to an increase in failing behaviour from the overall system. Ideally, the
wrapper should introduce no faulty behaviour itself, and should capture and rectify all faulty behaviour
it encounters. Perhaps the best general guidance here is that the most reliable designs will usually be
those that are simplest. The OTS PID controllers may, of necessity, involve highly complex algorithms
to achieve the optimised boiler performance that is their goal. But in designing an effective wrapper we
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are likely to find that a simple and effective recovery strategy will outperform something overly
sophisticated. First, a simple design is more likely to be implemented correctly, and second, a more
complex strategy may have unforeseen interactions with the control environment and these could
detract from effectiveness.
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Fig. 8. Comparison of effects on performance of boiler system with two kinds of wrapper designs
Fig. 8 shows a comparison of the impact on two of the variables in the safety loop for the boiler
system, with two different wrapper designs responding to the situation described in section 6 (the
pressure set-point changed from 9.4 to 94 at step 5000). One wrapper applies recovery by using
Handler1 to reset all three PID outputs to standard values, while the other wrapper only resets the feed
water flow and air flow, leaving the coal feeder rate at its computed value. We can see from Fig. 8 that
the more simplistic strategy of only changing two of the variables leads to a swifter and more stable
recovery.
This paper has summarised our recent work in the development of protective wrappers as a structured
approach to providing error detection and recovery in systems utilising OTS items. This approach
embodies error classification and corresponding recovery strategies implemented within an exception
handling framework, building on the structure and error detection issues considered in earlier papers
[1,7].
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Synchronous communications
Asynchrnous communications

Contract-based interactions
J2EE (RMI, Corba)
J2EE (JMS)

Event-based execution interactions
JavaBeans, ActiveX
none identified
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...
// A component invoking the buy method
through RMI
try {
utx.begin(); // Starts a first transaction
t1.buy(10); //request on the bean
utx.commit(); //Commits the transaction
}
catch (LimitedStockException exc) {
int n = exc.getMessage();
println("Buying only" + n + "units");
t1.buy(n);
}
...

...
// Remote Business method implementation.
public void buy(int s) {
if (stock>=s) {
newtotal = newtotal + s;
return;
}
else
throw(new LimitedStockException(stock);)
}
...
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Session
Bean

Client

Client

Middleware
m

MDB

m

m (redelivered)

RMI m()

Event
Dispatcher

JavaBean1

Event

return

exceptional
response

read

JavaBean2

Event

Exception

write

return

Shared
Object

(a) Contract−based interactions
using synchronous communications

(b) Contract−based interactions
using asynchronous communications

(c) Event−based interactions
using synchronous communications
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public void onMessage(Message message) {
// Exceptional execution
try {
// The programmer tests if the message has been redelivered
if (message.getJMSRedelivered()) {
// The programmer handles the exception without information
// about the execution context in which the exception has been signaled
System.out.println("Error while handling" + message);
return;
}
}
catch(Exception ex) { System.err.println(ex.toString());}
//Standard execution
try { ... }
catch(HandledExceptionType ex) { System.err.println(ex.toString());}
}

\]_Ba ´cbnÑe p*ÂdA®esvur:¨ju8ÂEqHuH®dzvr:{¯C{Cwdsvzv{e¿zv{+Ay5Ò 
Synchronous communications
Asynchrnous communications

Contract-based interactions
Typical EHS : satisfying
dedicated EHS : unsatisfying

Event-based execution interactions
Generic EHS: isolated components
none identified
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CS components
Quality
Contextualisation respect
Coordination support
Exceptions concertation support
Support for collective requests

ý

Exist ?
yes
yes
no
no

Needed ?
yes
yes
no
no

CA components
Exist ?
no
partial: transactions
no
partial: forwarding

Needed ?
yes
yes
yes
yes

\^]`_Ba ´cb½üBe njr:u8{]zsOzvA®dr¢u8AuH{\x

E components
Exist ?
no
no
no
partial: event dispatcher

Needed ?
no
no
no
no
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