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Abstract

Persistent programming languages offer an attrac-
tive alternative to the increasing number of applica-
tions whose needs cannot be satisfied with traditional
database support. The requirement of these so called
non-traditional applications have prompted the devel-
opment of numerous transaction models whose seman-
tics vary from the traditional transaction model as
well as from each other. In order to minimize the
mvestment to realize new transaction models, applica-
tion builders must be offered a simple framework they
can use to quickly define the transaction behavior they
want and incorporate it into the persistent program-
ming system.

This paper reports on our effort to augment PJava,
an alternatwe platform for the Java language, with
such extensible transaction management features. The
atm s to allow on demand integration of user-defined
transaction model to PJava while maintaining trans-
action independence. This means that the body of
transactions of an arbitrary transaction model can be
programmed using any available Java classes without
any alteration to the original source and compiled form
of these classes.

1 Introduction

Persistent programming languages offer an attrac-
tive alternative to the increasing number of applica-
tions whose needs cannot be satisfied with traditional
database support. The requirement of these so called
non-traditional applications have prompted the devel-
opment of numerous transaction models whose seman-
tics vary from the traditional transaction model as well
as from each other [11, 5]. The ever growing prolifer-
ation of transaction models, all unable to satisfy all
needs; has definitively buried the hope of finding an
universal model in the short term, if at all. In the
absence of a proper transaction model, most persis-

tent application builders end up investing a significant
amount of time developing in-house transaction mod-
els and find ways to get around the proposed trans-
action support in order to better accommodate the
needs of their application.

In order to minimize the investment to realize new
transaction models, application builders must be of-
fered a simple framework they can use to quickly de-
fine the transaction behavior they want and incorpo-
rate it into the persistent programming system. Ide-
ally, these extensions should not require their pro-
grammers to have a strong knowledge of the sys-
tem’s implementation of transaction processing abil-
ities. Furthermore, each addition of a new transac-
tion model should not make it necessary to rebuild
the system. Instead, the system should be able to ad-
Just 1tself at runtime to take these extensions into ac-
count. Lastly, the user’s extensions should be tightly
integrated with the system in order to minimize the
impact on the system’s global performance.

This paper reports on our effort to augment PJava,
an alternative platform for the Java language [3],
with such extensible transaction management fea-
tures. The main goal of the PJava project is to lever-
age Java to support faster development and better
maintenance of persistent and transactional applica-
tions via provision of orthogonal properties. Providing
properties such as persistence and transaction seman-
tics orthogonally has two benefits:

1. Application programming is not polluted with
considerations unrelated to the application logic
itself, such as persistence or enforcement of some
transactional properties. In particular, program-
mers do not have to discriminate the data that
may become persistent or may be used in a trans-
actional way, or the code that may be used to ma-
nipulate persistent data or within transactions.
The addition of the desired property (e.g, per-
sistence, persistence -+ transaction), which de-
pends on the operational context, is done by sim-
ple composition of the application code with some



context-aware code that encapsulates the partic-
ularities of the operational context (e.g., manage-
ment of roots of persistence, monitoring of trans-
action execution).

2. Any Java classes can be used for building ap-
plications in a specific operational context (non-
persistent Java, persistent Java, persistent and
transactional Java) without any change to either
the sources or the compiled form of these classes;
no extra rewriting/pre-processing or code gen-
eration steps are necessary to execute standard
Java classes in PJava and obtain persistence or
transaction semantics. Conversely, the source and
compiled form of any classes programmed with
PJava can be re-used for any standard Java devel-
opment environment and executed by any stan-
dard virtual machine, except for a minority of
classes that encapsulate the use of built-in classes
specific to PJava (the “context-aware” classes).

Hence, programming in PJava is not different from
programming in Java while adding value such as per-
sistence and transactions.

The current PJava prototype realizes orthogonal
persistence: it adds persistence to the Java language
with no perturbation to its initial semantics and defini-
tion, and enables the re-use of any normal Java classes
for building persistent applications without any alter-
ation to either the source or the compiled form of these
classes. The reader is referred to [4] for an extensive
definition of orthogonal persistence and to [1] for its
application to the language Java. From the program-
mer’s point of view, persistence is simply obtained
by composing normal Java classes with a few other
persistence-aware classes (in most cases one) that in-
teract with the class PJavaStore to identify the root
of persistence objects, bind these root objects to the
relevant application’s variables, and trigger the sta-
bilization of updates' onto the persistent store when
required by the application.

Our design to add extensible transaction manage-
ment in Java follows a similar philosophy. Transac-
tions are introduced in Java without changing the
language definition and such that programmers don’t
have to discriminate the data manipulated within
transactions or the codes used in transactions, irre-
spective of the transaction model used. The aim is to
allow the usage of any available Java classes to pro-
gram the body of transactions of an arbitrary trans-
action model without any alteration to the original

I Atomic propagation of updates onto the persistent stable
store in PJava’s parlance.

source and compiled form of these classes.

In order to achieve extensibility, we augment the
PJava virtual machine with a Customizable Trans-
action Processing Engine (or CTPE) whose behavior
may be altered at runtime. The intention is to give
knowledgeable Java programmers the ability to define
new transaction models by programming customiza-
tion of the CTPE in Java using predefined building
blocks. Building blocks are objects that abstract the
key mechanisms of individual CTPE’s components
such as the lock or the recovery manager. They give
expert programmers access to the low level mecha-
nisms of the CTPE components without requiring any
knowledge of the implementation of these components.
Building blocks allow the programming of new trans-
action behaviors in a manner we believe is simple and
safe. Ordinary Java programmers can then use the
available transaction models conveniently in their ap-
plications.

The rest of this paper is organized as follows. Sec-
tion 2 gives an overview of our design. Section 3 de-
tails the programming model offered to ordinary pro-
grammers. Section 4 describes the framework offered
to define new transaction models and how arbitrary
Java code may be composed freely with transactions
of any model. The building blocks are discussed in
section 5. We conclude with a summary of the status
of our design and implementation plans.

2 Approach

Our design choices for augmenting PJava with ex-
tensible transaction management capabilities are led
by three strong requirements:

e Safety. User-defined transaction models should
not compromise the safety of the Java language.

e No change to the language definition.

e Transaction independence. Data and code used
within a transaction must not differ from data
and code used in a non-transactional context.

The following sections outline the three main prin-
ciples of our design.

2.1 Transactions as Java objects
A transaction defines a unit of work for which some

properties must be enforced. The basic interface com-
mon to all transaction models is made of functions for



demarcating the boundaries of transactions, such as
the classic begin/end/abort bracketing.

Advanced transaction models extend this common
interface with new operations (e.g., operations for re-
structuring the scope of transactions such as split
and join [16], or for declaring a transaction as a mem-
ber of a cooperative group [12]). Furthermore, the
semantics of the same operation may vary from one
transaction model to another. For instance, the op-
eration end that indicates the successful termination
of a transaction has different semantics whether it ap-
plies to a flat transaction, a sub-transaction in a nested
transaction model, or a member transaction in a group
transaction model [12]. In the classic flat transaction
model, a successful termination requires the updates
made by the transaction to be atomically and durably
propagated on the persistent data, and made publicly
visible; in a nested transaction model, the successful
termination of a sub-transaction requires the updates
to be atomically delegated to its parent transaction,
and to be made visible to the descendant of its par-
ent transaction only; in a group transaction model, the
updates may be required to be atomically and durably
propagated to the store and made visible to the trans-
actions which are members of the same group only.
This shows the need for a transaction management
interface that is both extensible (introduction of new
operations) and polymorphic (overriding of operation
sermantics).

Defining transactions as first-class objects allows
the introduction of the transaction concept in Java
without changing the specification of the Java lan-
guage and provides a convenient framework for defin-
ing an extensible and polymorphic interface to trans-
action management. Transaction models are imple-
mented as classes and their instances execute transac-
tions according to the semantics their class defines.

Having transaction models implemented as Java
classes also allows extension of the persistent system
with new transaction models without requiring a re-
build of the system. Furthermore, transaction man-
agement inherits the dynamic and incremental prop-
erties of Java: new transaction classes can be incre-
mentally introduced and used by existing applications
without requiring these applications to be recompiled,
as long as the functional interface of the new trans-
action model supports the operation required by the
applications.

2.2 Two level interface

Our design provides Java programmers with two
APIs corresponding to two levels of understanding

of transaction management. It presumes two cate-
gories of programmers: expert Java programmers with
skills in transaction model specification who i1mple-
ment new transaction classes, and ordinary Java pro-
grammers who program transactional applications us-
ing the available transaction classes.

The intention is to lay out transactional applica-
tions in four distinct layers of increasing re-usability
and independence with respect to transaction man-
agement issues. Figure 1 summarizes this layered ap-
proach (the size of each layer is not representative in
terms of volume of classes).

The external API provides to ordinary application
programmers a functional view of transaction man-
agement. It is intended for Java programmers who
understand how to use the functional interface of the
transaction model(s) best suited for their applications.
They are responsible for the implementation of the
transaction-aware portion of the application, which
should account for a small portion of the application
code. Transaction-aware classes typically encapsulate
the creation of transaction objects, the definition of
the boundaries of transactions, and the invocations of
the methods specific to the transaction objects used
(e.g., split/join for open-ended transaction models).

The transaction-aware classes isolate the rest of the
application code from classes that depend on classes
specific to the external API. Hence, above the logi-
cal software layer made of transaction-aware classes,
there is no discernible difference from ordinary Java
programming, except that methods execute transac-
tionally when invoked from within a transaction. The
classes implemented on top of the transaction-aware
layer can be exported “as is” for execution on virtual
machines supporting standard Java classes. An exam-
ple of application programming using this layering is
given in the appendix at the end of this document.

The programming model offered by the external
API requires each transaction body to be organized
into one or several Runnable objects, i.e., objects that
implement the Runnable interface?. Runnable ob-
Jjects are the basis for composing arbitrary Java code
with arbitrary transaction objects. Composition via
Runnable objects is similar to the approach taken for
thread in Java and is a substitute to the absence of
support for methods as first-class objects. The Core
Reflection API promised with JDK 1.1 [15] will help

2 An interface in Java specifies a collection of methods with-
out implementing their bodies. When a class implements an
interface, it must implement the bodies of all the methods de-
scribed in that interface. Interfaces provide encapsulation of
method protocols without restricting the implementation to one
inheritance tree.
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Figure 1: Extensible transaction management in PJava.

to limit the proliferation of Runnable classes. Figure 7
in the appendix shows how a single class can wrap ar-
bitrary method invocation in a Runnable object. This
is beneficial for both multi-threaded and transactional
applications.

The external API itself consists of a hierarchy of
transaction classes, each class implementing a given
transaction model. The root of the hierarchy is the
abstract class TransactionShell. It provides two
sets of methods that correspond to the two levels of
understanding of transaction management mentioned
above. A first set of public concrete methods pro-
vides with an external interface for defining the bound-
ary of a transaction irrespective of the model that
transaction implements (see section 3). The meth-
ods of this interface are final and therefore cannot
be overloaded. The methods of the second set are all
abstract and protected. They define the reaction
of the transaction model with respect to transaction
management events that may occur during the execu-
tion of transactions (see section 4). These methods
are part of the mandatory methods that a transaction
model implementer must define for safety and com-
pleteness reasons. Ordinary application programmers
are not exposed to these methods.

The class TransactionShell does not implement
any transaction model; only its specializations do.

Specializations of the class TransactionShell may
also augment the basic functional interface of trans-
actions with new transaction management primitives
specific to the model they implement.

The internal API provides an implementation view
of transaction management. This API concerns the
expert programmer who wishes to augment the set of
available transaction models in order to satisfy new
needs. The internal API consists of building blocks
which may be used to implement a specialization of a
TransactionShell. Building blocks are Java classes
and interfaces that expose the visible functions of in-
dividual components of a Customizable Transaction
Processing Engine or CTPE. All the classes that com-
pose the internal API are final for safety. The CTPE
currently exposes an interface to only two components:
the lock and the recovery manager.

2.3 Automated enforcement of transac-
tion semantics

None of the APIs proposed to the programmers
contains functions related to the enforcement of trans-
action behavior. Examples of such functions include
the acquisition of locks, the tracking of data depen-
dencies between transactions, and the generation of
recovery information.



Our design advocates the automation of these func-
tions for the following reasons:

e it relieves programmers of onerous and error
prone tasks such as setting locks and noting up-
dates manually, which improves both safety and
development-time.

e it promotes transaction independence by mak-
ing both the sources and the compiled form of
the code that implement the logic of applications
free of any operations specific to the enforcement
of transaction semantics. This limits the set of
transaction-aware classes to the classes that di-
rectly use the methods of transaction classes.

Pre-processing techniques are inadequate for au-
tomating the enforcement of transaction semantics for
two reasons: they may save the programmer from
writing the code required for enforcing transaction se-
mantics but does not fully provide with transaction in-
dependence since the pre-processor injects extra Java
code that is ultimately part of the compiled code of
the methods. Hence, though the programmer’s work
is simplified and transaction semantics are safely en-
forced, the code generated still depends on the op-
erational context and cannot be re-used in a differ-
ent context. The second reason for not choosing pre-
processing technique is performance. Enforcement of
transaction semantics, may be required at virtually ev-
ery access to an object (especially in Java which does
not enforce strict encapsulation). Planting one or sev-
eral Java method calls in the user code, for acquiring
locks or noting some updates, may be very inefficient.

Runtime compilation (or post-processing) tech-
niques may solve the problem since both the sources
and the generated codes remain in their original form
and may be re-used in any context. They requires the
augmentation of the instruction set of the virtual ma-
chine if code interpretation is used. Alternatively, if
Just-in-time technology is available, the runtime com-
piler may be modified for planting additional instruc-
tions for each interaction with the CTPE.

Another solution, which we have adopted in the
short term, is to let the virtual machine identify
at runtime when transaction semantics need to be
enforced, and to interact directly with the relevant
CTPE’s component. The virtual machine keeps track
of the transactional context assigned to each Java
thread by the TransactionShell they are running for
and uses it for interacting with the CTPE. This trans-
actional context specifies to the CTPE the (possibly
customized) semantics that must be enforced.

Because of safety, everything must run within the
scope of a transaction in PJava. Furthermore, all data
manipulations from within a transaction are subject
to that transaction’s behavior. Lastly, the enforce-
ment of the transaction behavior is done automatically
(as just explained). Hence, all data types are treated
equally with respect to transaction management. This
eliminates the need for introducing a discrimination
between the objects that enforce transaction’s proper-
ties from those that don’t, and limits the pollution of
application code with transaction management opera-
tions. If mechanisms have to be provided for enabling
the escape of some objects from the control imposed
by transactions, they should be provided in a way that
is both orthogonal to the data type description and in-
dependent of the way the application code is written.
We plan to incorporate such mechanisms in our design
in the future.

In summary, our approach makes the program-
ming of transactional applications independent of
transaction management except for a marginal num-
ber of transaction-aware classes. Furthermore, the
work of the application programmers in charge of the
transaction-aware portion of the application just con-
sists of choosing the right transaction model for their
application, writing the code delimiting the bound-
aries of the application’s transactions, and dealing
with the transaction management issues specific to the
transaction model chosen using the method of the cor-
responding transaction class.

3 Programming model

The choice of an interface for defining the bound-
aries of transactions raises two issues. First, the inter-
face must be flexible enough to encompass the largest
range of programming styles. As an example, consider
a simple GUT application with a single frame and sev-
eral buttons to control the execution of a transaction
(e.g., start a new transaction, end it, kill it or execute
the operations selected via the buttons on its behalf).
The simple bracketing of an arbitrary block of code
with markers such as “begin” and “end” is not suffi-
cient to describe the boundary of the transaction in
that case, since the body of the transaction may be
composed of several action spread in the various event
handling methods of the GUI application. Similarly,
consider a back-end server that dispatches incoming
requests to threads available in a pool. A given trans-
action may send more than one request, each being
potentially dispatched to a different thread of the pool



each time. Here again, the requirement of the applica-
tion cannot be satisfied with a simple “begin” / “end”
bracketing.

The second issue is related to the confinement of
errors within the boundaries of the transaction that
made them. More specifically, any exceptions left un-
caught in the body of a transaction must remain con-
fined within that transaction and must be propagated
to the failure handling mechanism defined for that
transaction. Since the body of a transaction 1s made of
arbitrary Java methods, a transaction body can spawn
an arbitrary number of threads. This makes the de-
tection and confinement of failure even more complex.

The class TransactionShell offers an uniform
framework for defining the body of a transaction. This
framework enables both procedural and event-driven
programming styles and deals with arbitrary multi-
threaded transactions. The example in Figure 2 illus-
trates these two styles®.

In both cases, transactions are defined by creat-
ing an instance of a transaction class. An instance
of a transaction class is really just a shell in which
to execute a transaction according to the model de-
fined by that transaction’s class. A transaction is ef-
fectively created when the shell is invoked using its
start method. If there is no ongoing invocation, a
transaction object is nothing but a empty shell. When
the invocation completes, the transaction object can
be invoked again, starting another transaction.

In the procedural programming style, a transaction
instance 1s directly associated with an object that sat-
isfies the Runnable interface. The body of the trans-
action consists of the run method of the associated
Runnable object. The start method of the transac-
tion object triggers the execution of the transaction.
The transaction terminates when the execution of its
Runnable object ends (either normally or because of a
failure). The result of the transaction may be obtained
using the claim method of the transaction object. The
start method is provided with both synchronous and
asynchronous variant, and the claim method is pro-
vided with both blocking and non-blocking variants
(see [2] for details).

In the event-based programming style, the transac-
tion object is not directly associated with a Runnable
object. Instead, the body of the transaction is made
of all the Runnable objects that enter in the transac-
tion between the boundaries explicitly defined by the
programmer. When a thread calls the enter method

3The present example does not illustrate well the isolation of
transaction-aware classes for the sake of conciseness. A better
example is given in the appendix.

of a transaction object ¢t with a Runnable object o, it
executes o on behalf of ¢. When the enter method
returns, the thread is said to leave the transaction,
i.e., 1t enters back in the transaction it was before. No
limitation is imposed on the number of threads that
may enter the transaction concurrently.

Also, a thread implicitly enters in a transaction
when 1t calls synchronously the method start of that
transaction with a non-null Runnable object. Threads
launched from within the body of a transaction (i.e.,
any of the Runnable object running on behalf of the
transaction) are called inner threads.

A multi-threaded transaction terminates when the
end method of its shell is invoked and all its inner
threads as well as all the threads that entered the
transaction prior to the call to end are completed.
Entering a transaction in a terminal state kills that
transaction and raises an exception to the thread that
attempted to enter the transaction.

With the model just described, programmers are
forced to specify the body of their transactions, or
part of them, as Runnable objects, and cannot just
bracket an arbitrary block of Java code with “begin”
and “end” transaction marks. The rationale for this
approach is to confine exceptions that are uncaught
by transaction bodies to the limit of the transac-
tion. By forcing the encapsulation of every piece of
code that participates in the body of a transaction,
a TransactionShell can catch all exceptions left un-
caught by these transaction bodies simply by invoking
the Runnable object within a try / catch Java block,
and route the transaction execution to the code that
deals with failures.

Achieving the same confinement of exceptions with
an approach based on block delimitation make it nec-
essary either to force the programmer to explicitly
catch exceptions and trigger manually the appropri-
ate action (e.g., abort the faulting transaction), or to
change the language definition to incorporate transac-
tion bracketing as suggested in [13]. Both options are
incompatible with our requirements.

4 Transaction Shell

New transaction models are introduced by defin-
ing specializations of the abstract class Transaction-
Shell. The TransactionShell is intended to make
the definition of transaction classes simple and safe by:

e enforcing programmed transaction classes to con-
form to the uniform programming model defined



public class GUIApp extends Frame {
TransactionShell ts;
// Procedural style
public boolean Debit(BankAccount ba, int debit){
// Define a flat transaction running a debit operation
Runnable body = new DebitOp(ba,debit);
ts = new FlatTransaction(body);
ts.start(); // Start the transaction
// return the transaction’s status
return (ts.claim() ==
TransactionShell. COMMITTED);

}

// Event-based style
public boolean handleEvent(Event evt) {
if ( evt.id == Event. ACTION_EVENT &&
evt.target instanceof Button) {
String label = (String) evt.arg;
if (label.equals(buttonBegin))
ts.start(); // Initiate a new transaction in ts
else if (label.equals(buttonEnd))
ts.end(); // Complete ts’s ongoing transaction
else if (label.equals(buttonAbort))
ts.kill(); // Abort ts’s ongoing transaction
else if (label.equals(buttonDeposit)) {
Runnable job = new Job();
// perform a job on behalf of
ts.enter(job); // ts’s ongoing transaction
} else
return super.handleEvent(evt);
return true;
}
return super.handleEvent(evt);
}
}

Figure 2: Programming style examples.

by the public interface of the class Transaction—
Shell. Any transaction, irrespectively of the
model 1t implements, can then be composed with
arbitrary Runnable objects.

e automating all the monitoring of transaction ex-
ecutions. The class TransactionShell relieves
programmers from implementing the monitoring
of all events that may occur during the execution
of a transaction and impact its behavior.

e enforcing the definition of complete transaction
behavior by requiring the programmer to (1) fill
in mandatory methods that will react to trans-
action execution events that may happen during
the execution of a transaction.

e using default system defined concurrency or re-
covery behaviors if not specified,

e using a default system defined recovery procedure
if the user-defined one failed (i.e., is either incom-
plete or erroneous).

The class TransactionShell provides two sets of
methods that correspond to the two levels of inter-
face mentioned in section 1. The external interface is
made of concrete public methods that implement the
programming model described in the previous section.
The internal interface is made of abstract protected
methods. Each method corresponds to a reaction to
a transaction execution related event. Declaring these
methods as abstract forces the programmer to spec-
ify a reaction to these events and thus guarantees
the completeness of the transaction class implementa-
tion. The class TransactionShell transparently de-
tects the occurrence of these events and triggers the
execution of the methods that implement the corre-
sponding reaction.

Hence, the task of a transaction class programmer
Jjust consists of defining a concrete implementation for
each of the TransactionShell’s abstract methods,
and implementing the transaction management func-
tions specific to the corresponding transaction model.

Table 1 lists the principal events sent to transaction
objects®. There are two categories of events sent to
transaction objects: per transaction events and per
participating thread events.

Per transaction events concern the whole trans-
action. Such events include transaction initiation,
normal termination, termination due to failure (e.g.,

4Events related to building blocks, such as conflict notifica-
tion events, are sent to the building blocks rather than to the
transaction objects they are assigned to.



deadlock failure, user initiated failure, etc...) and ex-
ecution of inner transactions. Upon transaction ini-
tiation, the transaction class must react by assigning
default building blocks for concurrency control and re-
covery management to the notified transaction object.
If a default block is missing after transaction initia-
tion, the notified transaction object is automatically
provided with building blocks set to a default behavior
(e.g., strict isolation for concurrency control).

Events related to the execution of inner transac-
tions include invocation, successful termination or fail-
ure of inner transactions. Upon reception of a inner
transaction event, a transaction object may react by
inhibiting the transaction semantics of the inner trans-
action prior to executing its body. In this case, the in-
ner transaction just executes as a normal method call.
This may be useful for preventing the composition of
transactions of different classes (namely if the interac-
tion between the transaction model of the invoker and
those of the invokee is unknown) or for enforcing the
“flatness” of a transaction. Inhibition of inner invoca-
tions is controlled via a protected method of the class
TransactionShell.

Per participating thread events concern individual
thread that executes on behalf of a transaction. A
thread participates in a transaction either because it
has explicitly entered the scope of that transaction
(via either the enter or start method of the public
interface of a TransactionShell objects), or because
it has been created within a transaction (see section 3).
Events notifying the participation of threads and the
successful or abnormal end of their participation are
generated for each kind of thread.

Before a thread participates to a transaction, it
must be assigned some transactional attributes. Up-
dates book-keeper and locking capability (see sec-
tion b) are examples of such transactional attributes.
These attributes are building block objects that de-
fine how the thread enforces the concurrency control
and recovery behavior of the transaction they partic-
ipate in. Assignment of transactional attributes must
be done when the transaction object is notified of the
participation of a thread. If no attributes are speci-
fied, the TransactionShell of the notified transaction
object assigns default attributes to the thread. These
default attributes are defined at transaction initiation
time.

When a thread leaves the scope of a transaction, the
class TransactionShell arranges for the automatic
reinstallation of its previous transactional attributes.

Events related notifyBegin

to transition notifyEnd

of a transaction’s state | notifyAbort

Events related notifyInvokee

to inner invocations notifyEndInvokee

of transactions notifyFailedInvokee
Events related notifyThreadEnter

to participant notifyThreadlLeave
threads notifyFailedEnteredThread
Event related notifyStartThread

to inner notifyEndThread

threads notifyFailedInnerThread

Table 1: List of the principal events notified to a
TransactionShell.

5 Building blocks

Building blocks are Java objects that provide in-
terfaces to individual components of the CTPE; they
are intended to ease the implementation of transac-
tion classes. They give programmers access to the
low level mechanisms of the CTPE components with-
out requiring any knowledge of the implementation of
these components. The aim is to give a great deal of
flexibility for defining the behavior of a given trans-
action model while retaining safety and simplicity of
usage.

Currently, building blocks are defined for two com-
ponents only: the lock manager and the recovery man-
ager. This section briefly reviews the building blocks
currently defined for these two components.

5.1 The Recovery Manager’s building
blocks

The Java interface to the recovery
manager components is composed of the two classes
UpdateBookKeeper and Snapshot. These classes al-
low programmers to cleanly and safely implement the
recovery semantics of a transaction model.

A UpdateBookKeeper is an object that supports the
control of the updates performed by a set of threads.
All threads are required to be bound to exactly one
UpdateBookKeeper at any time. Several threads can
be bound to the same UpdateBookKeeper providing
they run on behalf of the same TransactionShell.
Each UpdateBookKeeper transparently maintains a
history of all the updates performed by the threads
they are bound to.

UpdateBookKeepers offer methods to make persis-
tent or durable the updates they are responsible for,



transfer the responsibility of these, or a subset of these,
updates (i.e., delegate updates) to other UpdateBook-
Keepers, and rollback updates using Snapshot ob-
jects.

5.1.1 Stabilization and Snapshots

A Snapshot is an object that defines a location in
the history of updates maintained by an UpdateBook-
Keeper. A Snapshot may be used to rollback the up-
dates recorded by a UpdateBookKeeper to the point
where the Snapshot was created in the history. The
effect of this rollback is to restore objects to the state
they were in at the time of the Snapshot’s creation.
Hence, from the point of view of a UpdateBookKeeper
a Snapshot logically captures the state of all objects
at the time of its creation.

A Snapshot provides two methods: one for restor-
ing the state captured by the Snapshot, and one
for disabling permanently the restoration of the
Snapshot. An attempt to restore a disabled Snapshot
raises a DisabledSnapshotException. UpdateBook-
Keepers may also be queried about all their available
Snapshots, as well as their order in the history they
maintain.

The restoration of a Snapshot consists of rolling
back the undo log of the UpdateBookKeeper that gen-
erated this Snapshot to the record that stands for the
Snapshot in the log.

By capturing several successive states of one
UpdateBookKeeper using Snapshots, programmers
can implement undo facilities. UpdateBookKeepers
and Snapshots can be used to implement the recovery
semantics of a transaction model, but can also serve
more general purposes, such as undo mechanisms for
editor-based applications, debuggers, versioning tools,
etc.

UpdateBookKeepers provide a stabilize method
which, when invoked, ensures that the updates they
are responsible for are made persistent. They may
not be durable though since the stabilized Update-
BookKeeper may still have some Snapshots available
for rollback. The stabilize method may also take as
a parameter a set of Snapshots to disable. Stabiliz-
ing the updates tracked by a UpdateBookKeeper while
disabling all the Snapshots of that UpdateBookKeeper
provides durability in the ACID sense.

5.1.2 Delegation of updates

The history of updates maintained by an Update-
BookKeeper may be re-structured using delegation of

updates. Delegation of updates allows one Update-
BookKeeper to atomically transfer the responsibil-
ity for an object’s updates to another UpdateBook-
Keeper. Transferring the responsibility for some up-
dates means transferring the ability to control the fate
of these updates, i.e., whether they will be propa-
gated onto the store or rolled back, etc. This effec-
tively transforms the history recorded by the delegat-
ing UpdateBookKeeper, and allows updates to escape
the control of an UpdateBookKeeper in order to fall
under the control of another UpdateBookKeeper.

We speak of global delegation when one Update-
BookKeeper transfers at once all the updates it is cur-
rently responsible for, and partial delegation when one
UpdateBookKeeper transfers only its updates on a se-
lected set of objects. A global delegation merges all
the delegator’s information to those of the delegatee.
Partial delegation just transfers the information cor-
responding to the objects that are delegated.

Global delegation of updates just needs the specifi-
cations of two UpdateBookKeepers: the delegator and
the delegatee. The responsibility for all the updates
of the former is given to the latter. Partial delega-
tion requires a third parameter which enumerates the
objects whose updates are delegated.

The nested transaction model [19, 14] is a well-
known example of use of global delegation: upon com-
mit, a sub-transaction does a global delegation of its
updates to its parent transaction. The split-join trans-
action model [16, 20] is a straightforward example of
use of partial delegation: a transaction selects a set
of objects and delegates its updates on these objects
to another transaction. The decision on which objects
should be delegated is driven by the concurrency con-
trol.

5.2 The Lock Manager’s building blocks

The Java interface to the lock manager components
of the CTPE currently® consists of the class Locking-
Capability and the ConflictHandler interface.

A locking capability, or capability for short, is a
book-keeper of locks with a customizable conflict de-
tection mechanism. Every thread must be bound to
a capability, and several threads can be bound to the
same capability (typically, all threads running on be-
half of the same transaction are bound to the same
capability). A thread can also change the capability
it is bound to during its execution (typically when it
enters a different transaction).

5We plan to open the management of deadlocks and provide
programmers with a DeadlockHandler interface.



When a thread runs, the capability it is bound to
automatically acquires the locks protecting the objects
the thread operates on. Locks are acquired with re-
spect to the conflict detection mechanism encoded in
the capability. Transaction model implementors cus-
tomize the conflict detection mechanism of each capa-
bility by specifying ignore-conflict relationships. Lock-
ing capabilities also provide methods to control the
ownership of locks. The locks acquired by a capability
can be either released all at once or delegated to an-
other capability. These concepts are briefly reviewed
below. A more complete discussion is given in [9].

5.2.1 Ignoring Conflicts

Transactions access and manipulate objects of the per-
sistent store by invoking operations on them. Two op-
erations are said to be compatible when they do not
conflict. Two operations conflict if their effects on
the state of an object or their return values (if any)
are not independent of their execution order. When
an invoked operation op; conflicts with an operation
op;j in progress, a dependency® is formed if op; is al-
lowed to execute. Such dependencies reveal possible
inconsistent states which may induce either an abor-
tion of the dependent transaction or a specific commit
ordering [7]. The traditional ACID transaction model
usually prevents such dependencies from happening,
while “advanced” transaction models allow these de-
pendencies to happen temporarily.

A transaction management system must keep track
of the ongoing operations and of dependencies that
have been induced by the conflict. PJava uses a cus-
tomizable lock manager for this purpose.

A lock manager detects conflict as follows. Objects
are associated with locks. To perform an operation op;
on an object O, the lock protecting O must be acquired
in a locking mode corresponding to op;. The compat-
ibility of locking modes (and thus of operations) is
defined by a two dimensional compatibility table: one
dimension corresponds to the mode of lock, the other
corresponds to the mode requested. The entry of the
compatibility table corresponding to the current state
of the lock and the mode of the lock request deter-
mines whether there is a conflict. If the request does
not conflict, the requester is added to the set of owners
of the lock.

PJava’s customizable lock manager allows a lock
request to specify, in addition to the locking mode
requested, a set of ignore-conflict relationships. An

6These dependencies are categorized as dependencies due to
behavior in [7].

ignore-conflict relationship is a way to specify that
one lock request can ignore an incompatible owner of
the lock when diagnosing a conflict with the requested
lock. For instance, a lock request issued from a trans-
action T7, specifying a ignore-relationship with 75 (we
say that 7 is non-conflicting with T») will ignore any
conflict with 75 when deciding whether the lock can
be granted.

In PJava, ignore-conflict relationships are specified
using a labeled directed graph where vertices are lock-
ing capabilities and edges are ignore-conflict relation-
ships. Edges are directed and labeled as either transi-

¢
twe or not. We note C; > C; a transitive edge directed

from C; to C; and C; ;—t C; anon transitive edge from
C; to C;. By default, edges are transitive.

This labeling of edges restricts the set of predeces-
sors a locking capability can ignore conflict with. We
call this set, Pred(C) for a capability C, the set of
effective predecessors of C'. Thus, given a graph of
locking capabilities, a locking capability ignores con-
flicts with all its effective predecessors in that graph.
For instance, given the graph of locking capabilities
illustrated on figure 3, we have:

Cp = Oy 5 Cp = Pred(Cy) = {Cy)
Cyp = Oy = Oy = Pred(Cy) = {Cy, Cy}
Hence, C can ignore conflicts with both C), and C},

while C'. can ignore conflicts only with Cj,.
More formally, the set of predecessors of a capability

(' 1s defined as:

Pred(C) = Pred-+(C)U[ U
YC€Pred; (C)

({Ci YUPred(Cy))]

where

Pred.(C)={ C:|3Ci % ¢}
Pred(C)={ C;| 3Ci » C' }

Pred-(C) (respectively, Pred;(C')) denotes the set of
immediate predecessors that forbid (allow) transitiv-
ity;

We also define Owner(l, M) as the set of lock-
ing capabilities which own lock { in mode M, and
Towner (I, M) as the set of owners of lock { in a mode
Incompatible with mode M. For instance, in the case
of read /write locking mode”, we have:

"PJava considers only read/write locking modes because
they are easy to detect transparently. However nothing pre-
cludes the use of arbitrary locking modes defined according to
some semantic criteria with the mechanism just described.



Towner (I, Read) = Owner(l, Write)

Towner (I, Write) = Owner(l, Write) U Owner(l, Write)

Lastly, we define NCW(C) as the set of capabilities
which are Non-Conflicting With C'

NCW(C) ={C} U Pred(C)

With these definitions, a request for a lock ! in mode
M is granted to a locking capability C if:

Towner(l, M) C NCW(C)

As already mentioned, ignored conflicts create depen-
dencies. More specifically, a dependency is created
for each capability C; such that C; € (Lpwner (I, M) N
Pred(C)). PJava keeps track of these dependencies
and leaves to the user the interpretation and the elimi-
nation of these dependencies. Locking capabilities can
be queried about their dependencies at any time. An
exception 1s raised when one tries to release the locks
of a locking capability that depends on at least one
other capability, because it may lead to an inconsis-
tent behavior. The intention is to force programmers
to explicitly eliminate the dependencies using one of
the available means.

There are three ways to eliminate dependencies:
abort the transaction that owns the dependent capa-
bility, wait for a specific commit order before releasing
the lock, or transfer the responsibility of the locks, and
thereby, the visibility of the state of the objects these
locks protect, to one of the transactions the depen-
dency comes from. The latter is called delegation of
locks.

5.2.2 Delegation

Delegation of locks allows one locking capability to
atomically transfer the responsibility for its locks to
another capability. Transferring lock responsibility
means changing the ownership of the delegated locks,
and thus transferring the control over the visibility of
the objects the delegated locks protect. It also means
transferring the dependencies that have been created
for acquiring these locks. For instance, if a locking
capability C delegates its exclusive lock on an object
O to a capability Cy, € is no longer able to access
O after the delegation, until Cy releases O’s lock or
delegates it back to Cy. Moreover, if Cy acquired the
lock on O by ignoring a conflict with a capability Cs,
C1’s dependency on (s for O is transferred as well
such that, after delegation, C's depends on C's.

We speak of global delegation when a capability
transfers the responsibility for all its locks at once,

and partial delegation when it transfers the respon-
sibility for only a subset of its locks. The class
LockingCapability provides both forms of delega-
tion. The method for global delegation takes just one
parameter: the delegatee LockingCapability. A par-
tial delegation takes an additional parameter to enu-
merate the objects whose locks must be delegated.

Global delegation is suitable for transaction mod-
els with well-defined development, that is, where the
set of objects whose visibility will be delegated at the
end of the transaction i1s known in advance. This is
the case for the nested transaction model [19] and the
coloured action model [22]. Partial delegation is re-
quired for supporting dynamic restructuring of trans-
actions [16], a facility necessary in open-ended activity
where developments are unpredictable and the set of
objects that must be delegated is known only at the
time when the need for restructuring the transaction
occurs.

5.2.3 Notifications

A transaction model programmer can specify the send-
ing of notifications when its customized conflict detec-
tion mechanism diagnoses a conflict. Every locking ca-
pability can specify one conflict notification handler,
that will be invoked when a conflict is detected on a
lock owned by the capability. Any object that imple-
ments the ConflictHandler interface can be used as
a handler. This interface specifies a method that takes
five parameters: the capability the handler 1s bound
to, the mode in which it holds the lock, the object the
lock protects, the capability that requested a conflict-
ing lock, and the mode of the requested lock.

A ConflictHandler is typically used to mediate
with end-users as part of the conflict resolution algo-
rithm. Used together with the LockingCapability’s
methods for restructuring the visibility of transac-
tions, it allows the support of powerful multi-user col-
laborative environments.

Locking capabilities that are supplied with non-null
ConflictHandler are given a thread to handle no-
tifications. The enclosing TransactionShell of the
thread 1s the owner of the notified capability. The
thread is bound by default to the notified capability,
but it may be bound to any other capability owned by
its enclosing TransactionShell.

6 Summary

A design for adding extensible transaction manage-
ment features to PJava has been presented. It aug-
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Figure 3: Customization of the lock manager’s behavior using a graph of locking capabilities.

ments PJava with an extensible pool of transaction
models and gives expert programmers the ability to
extend this pool to accommodate the needs of new
applications. Ordinary application programmers can
then select at development time the transaction model
best suited to their needs.

The support for extensible transaction management
does not change the definition of the language Java,
and does not require any discrimination of the data
types and methods that can be used to build trans-
actions. This allows programmers to write transac-
tional persistent applications using any available Java
classes; and without changing either the source or the
compiled form of these classes.

The design presented in this paper is still a pre-
liminary step toward a more comprehensive set of
extensible transaction management features. We
are currently investigating an alternative design that
will rely more extensively on the usage of Java
interfaces for defining the behavior of transaction
classes, rather that by specialization of the abstract
class TransactionShell. We will also work on exten-
sions related to distribution and inter-operability.

The design also lacks of flexibility with respect to
granularity issues. At the moment, it is assumed that
the transaction properties are enforced at the object
granularity and for all data manipulations. However,

the granularity of objects in Java i1s too small to real-
ize transaction properties efficiently. This is especially
true for concurrency control. The problem is to find a
way to enable programmers to express larger granular-
ities without changing the language definition. That
18, the definition of object granules should remain or-
thogonal to the description of data types. Further-
more, the definition of these granularities must be log-
ical, dynamic and persistent. For instance, one may
want a list of objects to be considered as a single gran-
ule from the concurrency control point of view, no
matter how many objects belong to the list or the
number of insertions or deletions that occur on the
list. The definition of such object granules would be
useful for expressing locking granularity as well as for
defining the objects that can escape from transaction
control.

Our immediate concern is the implementation of
our design. The addition of extensible transaction
management as described in this paper requires fur-
ther modifications to the current PJava virtual ma-
chine. The coupling with the CTPE’s components re-
quires the following changes:

e The machine-dependent implementation of Java
threads must be changed to accept transac-
tional attributes (e.g., enclosing Transaction-
Shell, bound UpdateBookKeeper and Locking-



Capability) and to notify TransactionShells
of the creation and termination of threads.

e The interpreter and the native methods must be
augmented with mechanisms to trigger the auto-
matic acquisition of locks and per update book-
keeper generation of recovery information.

e The object cache as well as the garbage collected
heap need to be extended with the ability to undo
updates.

The implementation of the CTPE’s components
themselves will rely as much as possible on existing
technologies. Implementation techniques for the lock
manager components and the related building blocks
have been discussed in [9] and will rely on previous ex-
perience in a similar context [10, 8]. The technology
for implementing the recovery manager components
will rely on recent extensions to the ARIES recovery
method to support advanced features such as delega-
tion of updates [18, 17]. Detail-led specification are
expected by the end of 1996. An initial prototype
with support for flat transactions only will be imple-
mented first based on these specifications. Support
for extensible transaction management will be added
gradually to this initial prototype during 1997.
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Appendix: An Example of application
programming with transactions

This appendix describes a small example of an ap-
plication program with transaction semantics. It illus-
trates the various concepts underlying our design for
introducing extensible transaction management into
PJava.

The example is made of several Java classes. The
classes in Figure 4 and Figure 5 are ordinary Java
classes that implement the logic of the application.

/K

* @class AutoTeller Request

* Formatted ATM request.

* Fxportable to non PJava virtual machine.

* Assume a BankAccount class that defines

* methods such as "deposit” and "withdraw”,
* which accept a single long for parameter.

*

/

public class AutoTellerRequest {
BankAccount ba;
String op;
long amount;

}

Figure 4: An ATM request.

The Figure 6 shows how the core of the application
is isolated from the PJava external API. All trans-
action operations are mediated via an interface that
encapsulates the transaction management primitives
needed by the application. It shows also how using
normal Java’s features, the application can select at
runtime the transaction model of its transactions.

The class MethodInvocation (Figure 7) shows how
one can reduce the proliferation of Runnable classes
by defining a single generic class that wraps arbi-
trary method invocation in a Runnable object. This

/K
* @class AutoTellerBackend

* A backend server for an ATM.

* Faxportable to non PJava virtual machine.

*/

public class AutoTellerBackend {
private TransactionProcessor _tp;

// Configuring the Backend server with a tp service
public AutoTellerBackend(TransactionProcessor tp) {

_tp = tp;
}

private AutoTellerRequest nextRequest(){
// whatever...

}

public void serverLoop(){
AutoTellerRequest rq;
Object [ ] rq-args = new Object[1];

while ( (request = nextRequest()) != null ) {
rq-args[0] = new Long(rq.amount);
_tp.runTransaction(new
MethodInvocation(ba,rq.op,rq-args));

}
}
}

Figure 5: An ATM backend server.

MethodInvocation class requires the reflexive func-
tionalities of JDK 1.1, described in JavaSoft’s draft of
the Core Reflection APT [15].

The compiled form of all the classes and interfaces
shown 1n this example, except for the class Generic-
TransactionProcessor which uses directly the exter-
nal API for its implementation, may be exported to
and executed “as is” by a standard Java virtual ma-
chine. In order to be able to execute the class Auto-
TellerBackend on a non PJava virtual machine, one
just needs to supply 1t with an implementation of the
TransactionProcessor interface.
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*
in

@interface TransactionProcessor
Interface of objects with the ability to
execute transaction.
Exportable to non PJava virtual machine.
This interface isolates the application code from
the transaction-aware layer.

/

terface TransactionProcessor {

boolean runTransaction(Runnable body);

void begin();

void end();

void abort();

void participate(Runnable participantBody);

Figure 6: How the core of the application is isolated
from the transaction-aware part.

¥
*

@class MethodInvocation

Exportable to non PJava virtual machine.
Stmple implementation of method invocations as
first-class objects. Basis for composing easily
arbitrary method invocations with TransactionShell
or Thread objects.
Exzample of composition:
<pre>
class A {

public ma(B b, int ){...}

}

A a = new A();

Object [ ]| invocationArgument = new Object[2];
invocationArgs[0] = new B();

invocationArgs[1] = new Integer(19);
MethodInvocation mo =

new Thread(mo).start();
new FlatTransaction().start(mo);
</pre>

@see java.lang.Class
@see java.lang.reflect. Method
@see java.lang. Runnable

¥k K K K K K KK K K K K K K K K K K KK KK K K KK ¥

*/

public class MethodInvocation implements Runnable
{

private Object _target;

private java.lang.reflect.Method _method;

private Object [ ] -args;

public MethodInvocation(String method_name,
Object target,
Object [ ] args )
throws NoSuchMethodException,
SecurityException

Class [ ] paramsType = null;
if (args '= null) {
paramsType = new Class[args.length];
for (inti = 0;i < args.length; i++)
paramsType[i] = args.getClass();
}

Class ¢ = target.getClass();

_method = c.getMethod(method_name,
paramsType);

_target = target;

_args = args;

}

public void run(){
Object result = _method.invoke(_target, _args);

}
}

Figure 7: Generic method invocation objects.

Requires the Java Core Reflection API from JDK 1.1

new MethodInvocation(a, "ma” invocationArgs)

Primitive types must be wrapped by an equivalent class
object (e.g., int must be wrapped in a java.lang.Integer).



/K

* @Class GenericTransactionProcessor

* The only class using directly the external APIL

* Cannot be exported to non PJava virtual machine
*/

import

pjava.transactions.building_blocks. TransactionShell;

class GenericTransactionProcessor implements
TransactionProcessor {
Class transactionModel;

public GenericTransactionProcessor( String model )
throws ClassNotFoundException
{

}

boolean runTransaction(Runnable body) {
TransactionShell t =
transactionModel.newInstance();
t.setBody(body);
t.start();
return ( t.claim() == TransactionShel. SUCCESS );
}
void begin() {
t.start();

transactionModel = Class.forName(model);

void end() {
t.end();

}

void abort(){
t.kill();

void participate(Runnable participantBody){
t.enter(participantBody);

}
}

Figure 8: The only transaction-aware class of the ap-
plication.



