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and Michael Löhr helped to re-implement the SEPIA hypermedia system on top of the object-
oriented database management system VODAK. My students Tina Gran and Bj¨orn Harrer con-
tributed to the implementation of the Java API to VODAK. Daniel Tietze implemented the
first version of the Java graphical user interface for SEPIA. Timo Salzrieder graduated about
the design and implementation of the initial version of the cooperative transaction manager.
My colleague Thomas Tesch implemented most of the final cooperative transaction manager
module. Mohsen Sarabadani did his diploma thesis about the design and implementation of
the graphical user interface to the TRANSCOOP demonstrator. The TRANSCOOP cooperation
manager was implemented by Olli Pihlajamaa from VTT. Furthermore, Stephan Karrer de-
signed and implemented a cooperative calendar manager based on the COACT model within
his diploma thesis.

Dr. Karl Aberer deserves special thanks for proofreading the first complete draft of my
dissertation and providing valuable input how to improve the thesis. I am very grateful to
my advisor Professor Erich J. Neuhold for carefully reviewing the subsequent versions of my
thesis. I also wish to thank Susanne Boll, Dr. Peter Fankhauser, Silvia Hollfelder, and Thomas
Tesch for providing constructive criticism on several versions of this dissertation. Thanks goes
also to Ute Sotnik for proofreading the final version.

I warmly thank my colleagues in the Open Adaptive Information Systems division at our
institute and all the other people who worked together with me in several research and industrial
projects. They contributed to make my time at GMD-IPSI very interesting.

Some friends made my years in Darmstadt very special and amazing. In particular, I would
like to thank Susanne, Achim, Alex, Bertin, Christina, Frank, Georg, Guido, Holli, Ingo, Lars,
Oliver, Peter, Peter, Steffi, Tobias, Thomas, but also all the others not mentioned here, for their
friendship and for all of the good times with lots of fun.

Finally, I wish to express special gratitude to my parents, Elsbeth and Wilhelm. They
instilled into me the desire to learn and the drive to pursue this work. Without their support and
patience I never could have come this far.

Jürgen Ẅasch
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Abstract

Keywords: Cooperative Transaction Model, Computer Supported Cooperative Work, Data
Consistency, Database Management Systems, Operations Semantics, Commutativity Relations,
History Merging, Data Management and Cooperation in Mobile Computing

The rapid growth of the global information infrastructure opens new opportunities to perform
joint work in areas such as cooperative authoring, distributed software development, and busi-
ness workflows. Cooperative work on shared data requires computer support to coordinate the
work of multiple users and to ensure the consistency of data processed within a cooperative
application.

Maintaining data consistency in multi-user systems is the classical problem of transac-
tion management. The traditional transaction model addresses environments in which a large
number of relatively short-lived transactions access a shared database. It is based on the funda-
mental properties of atomicity, consistency, isolation, and durability of transactions. However,
this transaction model does not meet the requirements of cooperative applications. Isolation of
transactions, as guaranteed by the ACID properties, contradicts the need to cooperate. Atom-
icity of transactions is too strict for interactive environments, where activities are of long dura-
tion.

A cooperative transaction model needs to support the interactive execution of long-running
activities in which competition for resources, on which the locking protocols are based, is
replaced by the need to cooperate. The emphasis, therefore, is not on preventing access to
resources, but rather on the semantically correct exchange of information among concurrent
activities of cooperating users.

In this dissertation, we present a semantics-based cooperative transaction model, called CO-
ACT, that addresses the key features of cooperative applications, i.e., interactive user control,
long-duration activities, and multi-user cooperation on shared persistent data. The concepts
presented in this thesis are preceded by a thorough analysis of requirements derived from a
broad spectrum of cooperative applications, ranging from cooperative hypermedia authoring to
workflow applications.

The COACT cooperative transaction model builds on the observation that cooperative work
is characterized by alternating periods of individual and joint work. Therefore, COACT com-
bines a workspace concept with a new synchronization mechanism, called history merging. To
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allow for individual work, we assign a private workspace to every user participating in a coop-
erative activity. Additionally, there is a common workspace accessible by all participants. To
enable joint work, COACT provides a set of information exchange primitives that are all based
on history merging. These primitives allow group members to exchange information among
workspaces in order to combine their work into a coherent whole.

To that end, we take an operation-oriented view in COACT. State transitions on workspaces
are modeled as operations and are recorded in workspace histories. Information exchange
among workspaces is realized by the exchange of operations among workspaces, instead of
data objects. The consistency of common work results is determined on the basis of the seman-
tics of operations performed in the workspaces. COACT utilizes both backward and forward
commutativity relations for this. The flexibility of our approach is mainly achieved by its con-
sideration of operations semantics for dynamically determining consistent units of work, for
detecting and resolving conflicts during a merge, and for selective compensation of operations
in workspaces.

Merging histories with pre-specified commutativity relations provides transactional guaran-
tees to a cooperative activity. In particular, we guarantee in COACT that all workspace histories
remain legal. Using legality as correctness criterion, history merging relaxes the isolation and
atomicity properties of the traditional transaction model, while ensuring consistency of the
workspaces.

History merging also provides a basis for management of consistency between disconnected
or mobile users who operate independently and, yet, must occasionally reconcile their work
with each other or with the stationary system. We show in this thesis how to adapt the COACT

cooperative transaction model to the special characteristics of mobile environments in order to
support disconnected operation mode.

Besides the conceptual development of a formal transaction model, a proof-of-concept
demonstrator has been implemented. We describe in this dissertation how the COACT cooper-
ative transaction model has been implemented using an object-oriented database management
system and how the new cooperation facilities can be integrated into a hypermedia authoring
system.

We believe that the integration of a cooperative transaction model like COACT with ad-
vanced database technology can ease the development and deployment of cooperative applica-
tions. Furthermore, history merging provides directions for solving open research problems,
like semi-automatic merging of versions and re-integration support in mobile environments and
asynchronous replication.



Zusammenfassung

Schlüsselworte: Kooperatives Transaktionsmodell, Computerunterst¨utzte Gruppenarbeit,
Datenkonsistenz, Datenbankverwaltungssysteme, Semantik von Operationen, Kommutativi-
tätsrelationen, History Merging, Datenverwaltung und Kooperation in mobilen Umgebungen

Eine Vielzahl von Tätigkeiten, die in heutigen Unternehmen anfallen, werden nicht mehr von
Einzelpersonen bearbeitet, sondern gemeinsam in der Gruppe gel¨ost. Beispiele sind das ge-
meinsame Erstellen von Dokumenten, Designprozesse, Softwareentwicklung und unterneh-
mensweite Gesch¨aftsprozesse. Allerdings werden kooperative Abl¨aufe von heutigen Anwen-
dungsprogrammen nicht bzw. nur unzureichend unterst¨utzt, so daß die Anwender selbst f¨ur
einen korrekten Arbeitsablauf und die Konsistenz gemeinsam benutzter Dokument- und Infor-
mationsbest¨ande verantwortlich sind.

Die Erhaltung der Konsistenz von Daten bei gleichzeitigem Zugriff mehrerer Benutzer ist
die klassische Aufgabe des Transaktionsmanagements in Datenbankverwaltungssystemen. Das
traditionelle Transaktionsmodell basiert dabei auf der Annahme einer hohen Zahl relativ kurzer
Transaktionen, die atomar und isoliert voneinander ablaufen.

Kooperative Anwendungen haben allerdings stark abweichende Anforderungen an Trans-
aktionsunterst¨utzung. Ein kooperatives Transaktionsmodell muß strukturierte Arbeitsprozesse
von langer Dauer unterst¨utzen und dabei eine flexible, interaktive und konsistenzerhaltende
Kooperation der Gruppenmitglieder auf gemeinsam genutzten Datenbest¨anden erm¨oglichen.

In dieser Dissertation beschreiben wir ein neuartiges Transaktionsmodell (COACT), das
Kooperation zwischen mehreren Benutzern erm¨oglicht, gleichzeitig aber transaktionsartige
Ausführungsgarantien sowohl f¨ur die Arbeit der Gruppe als auch f¨ur die Arbeit des einzel-
nen Benutzers gibt. Ausgangspunkt der Dissertation ist eine umfassende Anforderungsanaly-
se verschiedener kooperativer Anwendungen. Das Spektrum reicht dabei von routinem¨aßiger
Vorgangsbearbeitung bis zu unstrukturierten, kreativen Aufgaben, die stark interaktiv und ko-
operativ durchgef¨uhrt werden.

Alle untersuchten Anwendungen sind durch abwechselnde Phasen individueller und ge-
meinsamer Arbeit gekennzeichnet. Um unabh¨angige Arbeit zu erm¨oglichen, wird im COACT

Modell jedem Benutzer ein privater Arbeitsbereich zugeordnet. Zus¨atzlich existiert ein gemein-
samer Arbeitsbereich f¨ur die gesamte kooperative Aktivit¨at, der allen Kooperationsteilnehmern
zugänglich ist. Die Kooperation der Benutzer untereinander, d.h. der kontrollierte Austausch

vii



viii

von Informationen zwischen den verschiedenen Arbeitsbereichen, wird durch spezielle Aus-
tauschprimitive erm¨oglicht. Zentraler Aspekt dabei ist die nahtlose Integration der Arbeits-
ergebnisse einzelner Benutzer in einem Arbeitsbereich. Dazu wird ein neuer leistungsf¨ahiger
Integrationsmechanismus entwickelt, das sogenannte History Merging Verfahren. Dieses ist in
der Lage scheinbar bestehende Integrationskonflikte auf einer semantisch h¨oheren Ebene auf-
zulösen.

Hierbei verfolgt COACT einen operationsbasierten Ansatz. Alle in einem Arbeitsbereich
ausgeführten Operationen werden in einer Historie des Arbeitsbereichs protokolliert. Der Aus-
tausch von Informationen zwischen Arbeitsbereichen erfolgt nicht durch den Austausch von
Datenobjekten, sondern durch die erneute Ausf¨uhrung ausgew¨ahlter Operationen im Zielar-
beitsbereich. Die Datenkonsistenz wird dabei durch das History Merging Verfahren unter Aus-
nutzung der Semantik von Operationen sichergestellt. Dazu verwenden wir sowohl Vorw¨arts-
als auch R¨uckwärtskommutativitiät von Operationen in den Historien. Die Flexibilit¨at unseres
Ansatzes ergibt sich dabei aus der Ber¨ucksichtigung von Kommutativit¨atsrelationen zur dyna-
mischen Bestimmung konsistenter Arbeitseinheiten, zur Erkennung und Aufl¨osung von rele-
vanten Konflikten bei der Integration von Arbeitsergebnissen und zur selektiven Kompensation
von Operationen in Arbeitsbereichen.

Formal betrachtet garantiert das History Merging Verfahren die Legalit¨at von Operationen
in den Historien der einzelnen Arbeitsbereiche. Eine Operation ist legal, falls ihr beobachtba-
res Verhalten ihrer funktionalen Spezifikation gen¨ugt. Das Korrektheitskriterium der Legalit¨at
garantiert die Konsistenz der Daten in den einzelnen Arbeitsbereichen, w¨ahrend die Isolations-
und Atomaritätseigenschaft des traditionellen Transaktionsmodells gezielt abgeschw¨acht wer-
den. Somit wird Kooperation zwischen parallel arbeitenden Kooperationspartnern erm¨oglicht.

Neben der Unterst¨utzung kooperativer Anwendungen ist das COACT Modell auch zur Da-
tenverwaltung und Kooperationsunterst¨utzung in mobilen Umgebungen geeignet. Die privaten
Arbeitsbereiche erm¨oglichen es mobilen Benutzern, trotz Verbindungsunterbrechung zum sta-
tionären System weiterzuarbeiten. Zur korrekten Integration der w¨ahrend dieser Zeit erstellten
Arbeitsergebnisse k¨onnen wiederum auf dem History Merging Verfahren basierende Synchro-
nisationsprimitive verwendet werden.

Um die Anwendbarkeit der entwickelten Konzepte zu demonstrieren wurde das COACT

Modell als Erweiterung des objektorientierten Datenbanksystems VODAK implementiert. Das
auf VODAK aufbauenende Hypermedia-Autorensystem SEPIA wurde um die von COACT

angebotenen Kooperationsmechanismen erweitert und mit zus¨atzlichen Koordinationsmecha-
nismen integriert.

Wir glauben, daß die Integration des kooperativen Transaktionsmodells COACT mit mo-
derner Datenbanktechnologie die Konzeption und Realisierung kooperativer Anwendungen
erheblich vereinfacht. Dabei reicht das Anwendungsgebiet der in dieser Arbeit entwickelten
Konzepteüber die untersuchten kooperativen Anwendungen hinaus. M¨ogliche Einsatzbereiche
sind etwa die teilautomatisierte Kombination von Versionen in Repositorysystemen und die se-
mantische Re-integration von Replikaten in mobilen und asynchron replizierten Umgebungen.
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“The transaction concept has emerged as the key structuring technique for dis-
tributed data and distributed computations. Originally developed and applied to
database applications, the transaction model is now being used in new applica-
tion areas ranging from process control to cooperative work. Not surprisingly,
these more sophisticated applications require a refined and generalized transaction
model.”

– Jim Gray, 1992 (taken from the foreword to [Elm92]) –





Chapter 1

Introduction

The global information infrastructure—open networks, intranets, as well as mobile networks—
opens a growing number of opportunities to perform joint work in locally distributed environ-
ments and within virtual organizations. This increasingly requires to support human interac-
tion in cooperative work environments at a computing system level, in addition to conventional
means, like phone or electronic mail. Examples of suchcooperative applicationsare design
applications like cooperative document authoring, CAD, CASE, or Design for Manufacturing,
groupware systems like corporate calendar managers or meeting schedulers, business workflow
management, and mobile information systems.

Most of these cooperative applications are based on shared databases, maintaining docu-
ments, design data, or business data. Usually, database management systems (DBMS) are em-
ployed to model and to store this information persistently. Thus, a DBMS should support the
interactions of users cooperating with each other. This requires support for information shar-
ing, for long duration activities, and for interactive user control. At the same time, a DBMS
has to enforce data consistency and application-specific correctness criteria.

Ensuring consistency of shared and persistent data in multi-user environments is the classi-
cal task of transaction management in database research. The concept of transactions has been
investigated from the early 1970s [Bjo73, Dav73]. The traditional transaction model is based
on the assumption that a large number of relatively short-lived transactions access a shared
database (online transaction processing). This has led to the emergence of the so-called ACID
transaction model [Gra81, HR83, BHG87] that is based on the fundamental principles of atom-
icity, consistency, isolation, and durability of transactions. This traditional transaction model
uses read/write serializability as a natural correctness criterion for the concurrent execution of
transactions [Pap86, BHG87].

With the emergence of new classes of applications, the basic concept of transaction needs to
be re-examined, since these applications impose quite different requirements on a transaction
model. The main characteristic of design applications isuser interaction. In online transaction
processing, programmers prepare transactions and users submit them for execution, whereas
in design applications users provide input while the transaction is running and interactively

1
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control the transaction execution. This leads to transactions that are oflong-durationfrom
a computer system's perspective, and often in human terms as well [Kor95]. Atomicity of
transactions is no longer feasible, due to the economic cost of lost work in case of transaction
rollback [Kai95].

The shift from batch-oriented to highly interactive transaction processing has become even
more important with the emergence and growing acceptance of workflow, groupware, and mo-
bile computing. Transactions in such environments have to support the interactive processing of
long-running activities, where the traditional paradigm ofcompetitionfor resources (on which
the lock-based concurrency control protocols are based) is replaced by the need tocooperate.
The emphasis, therefore, is not on preventing access to resources, but rather on the interop-
eration, i.e., thesemantically correct sharing and exchange of information, among concurrent
activities of cooperating users [RKT+95a, WK96].

The traditional transaction model is not appropriate for cooperative applications, for several
reasons. Failure atomicity is too strict for interactive environments with long-duration activi-
ties. Isolation of transactions contradicts the need for multi-user cooperation on shared data.
Serializability is often incompatible with consistency, when concerted effort is necessary to
take the shared data from one semantically consistent state to another [Kai95]. On the other
hand, for most cooperative applications, DBMS support is still needed, e.g., to provide con-
trolled access to data shared among cooperating users, and to ensure durability of the data. A
cooperative transaction model has to allow multiple users to work cooperatively on the data,
but still has to provide transactional execution guarantees for the work of single users as well
as for the overall cooperative activity.

The main contribution of this dissertation is the development of a semantics-based co-
operative transaction model calledCooperative Activity Model[RKT+95a, WK96, Wäs96,
KTW96b, WAN98, KTWK98, KTW97b, KTW97a] which was developed in the context of
the TRANSCOOP project. The Cooperative Activity model (COACT, for short) addresses the
key features of cooperative applications, i.e., interactive user control, long duration activities,
and multi-user cooperation on persistent data. COACT enables cooperation among geographi-
cally distributed or even mobile users, and can serve as an application-independent nucleus to
build DBMS-based cooperative application on top of it. COACT relaxes the isolation and atom-
icity property of transactions in a controlled way and substitutes them by new criteria, more
suitable for cooperative activities. At the same time, COACT preserves traditional transactional
properties like consistency and durability of work performed within cooperative applications.

1.1 Transactions in Database Management Systems

In the following, we present a brief description of standard models for transaction management
in traditional DBMSs. Additional information about this topic can be found in several books
on database systems and transaction management, including [Gra78, Pap86, BHG87, Mul89,
ÖV91, GR93, RC97].
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A databaseis a collection of persistent data objects. Adatabase management systemco-
ordinates all accesses to the database, i.e., a database can only be manipulated by means of
its DBMS [VWP+98]. Users interact with the DBMS through special application programs.
These transaction programs contain (complex) database operations, together with transactional
commands, i.e.,begin, commit , andabort , marking transaction boundaries. Atransaction
is an execution of a program segment beginning with abegin command and ending with a
commit command (orabort). A transaction (execution) is usually modeled as a sequence of
elementary database operations, like read and write accesses to database pages on stable storage
[BHG87, VWP+98].

A primary goal of traditional DBMSs is to allow several users to concurrently access the
underlying shared database. Additionally, a DBMS has to protect its users from hardware and
software failures. Therefore, transactions are expected to satisfy the following four conditions,
known as the ACID properties [Gra81, HR83].

� Atomicityrefers to the fact that either all of the database operations of a transaction must
be executed, or none of them. Thus, a transaction is treated as an indivisible unit of work.

� Consistencyrequires a single transaction to be correct, i.e., if executed alone, the trans-
action transfers the database from one consistent state to another consistent state.

� Isolationrequires each transaction to observe a consistent database state, i.e., a transac-
tion executes without any interference from other concurrent transactions.

� Durability requires the results of a committed transaction to be made permanent in the
database, surviving any subsequent DBMS failures.

Isolation has also be denoted asexecution atomicity, and atomicity and durability have
been referred to asfailure atomicity[Mos85, Mos87]. Commonly, consistency is attributed to
transaction programs, i.e., it is required that transactions areprogrammedin a way that each
preserves the consistency of the database at its boundaries. Hence, the goal of a transaction
management mechanism is to guarantee atomicity, isolation, and durability for the interleaved
execution of transactions [VWP+98]. This is done by combining two different sets of proto-
cols. The first set, known asconcurrency control protocols, deals with concurrency anomalies
[BHG87, GR93] and ensures the isolation property of transactions. The second one, referred to
asrecovery protocols, addresses failure anomalies [BHG87, GR93] and ensures atomicity and
durability properties. Note that usually recovery and concurrency control protocols depend on
each other.

In traditional transaction models, the isolation property is tackled by the formal notion of
serializabilityof transaction executions, i.e.,histories. The key idea behind serializability is
as follows. Assuming that individual transactions are consistent, a serial execution of a set of
transactions, i.e., one transaction after the other, must be correct. Since such serial histories
are assumed to be correct, any interleaved transaction execution, whose behavior or effect are
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the same as some serial history, must also be correct. Such histories are calledserializable.
Usually, serializability is defined by means of conflicting read and write operations to database
pages. In general, two database operationsconflict (do not commute) when their effect is
order-dependent. For example, in the read/write model, two write operations conflict, as well
as a read and a write.Conflict serializabilityrequires that each pair of conflicting operations
of different transactions appears in the same order as in a serial history [GLPT75, EGLT76,
Gra78, BSW79, Pap79]. Whether an execution is conflict-serializable can be easily determined
by testing if the corresponding serialization graph is acyclic [GLPT75, Pap86, BHG87] (cf.
Section 3.3.1.2). For a detailed treatment of serializability theory, we refer to [BHG87, Pap86].

Concurrency control protocols can be classified aspessimisticor optimistic. The principle
underlying pessimistic protocols is that before attempting to perform a database operation, a
transaction has to ask for permission to do so. In case oflocking-based protocols, locks are used
to represent permissions to perform a database operation. If the transaction manager detects
a conflict by examining a conflict table for (elementary) database operations, a lock request is
denied. The requesting transaction is blocked until the release of the conflicting lock. Oth-
erwise, the lock is granted, which usually follows thetwo-phase locking protocol[EGLT76].
Since transactions can have cyclic “wait-for-lock” dependencies, lock-based protocols suffer
from deadlocks[Obe82, Elm86]. Deadlocks have to be resolved by aborting one of the trans-
actions involved, resulting in loss of work [FKS81]. Another drawback are long-duration waits
for locks, e.g., in case of long-running transactions. Two non-locking pessimistic protocols
that avoid deadlocks aretimestamp ordering[BG81, Ree83] andserialization graph testing
[Bad79, Cas81].

In optimistic concurrency control protocols [KR81, H¨ar84], transactions are allowed to per-
form conflicting database operations without being blocked—but when they attempt to com-
mit, transactions are validated in order to ensure serializability. Dependent on the validation
mechanism, optimistic protocols can be categorized asforward validationor backward val-
idation [Här84]. Forward validation ensures that a committing transaction cannot invalidate
any active transactions. If there exist conflicts, either the transaction that is about to commit is
aborted [HCL90] or all conflicting active transactions are aborted [MN82]. Backward valida-
tion ensures that the committing transaction has not been invalidated by database operations of
recently committed transactions. If there exists a conflict, the transaction cannot commit and is
aborted.

Recovery protocols enforce the atomicity and durability properties of transactions [BHG87,
GR93]. Recovery protocols need to address the usage of volatile database buffers and the dif-
ferent strategies in propagating updates to the permanent database. To reduce their complexity,
it is often required that histories have properties additional to serializability, such as recover-
ability, avoidance of cascading aborts, strictness [Had83, Had88], and rigorousness [BGRS91].

Recovery protocols use two basic actions on the permanent database. Theundo actionis
required for atomicity and undoes updates on the database done by an aborted transaction. The
redo actionis needed for durability and redoes updates on the permanent database done by a
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committed transaction. The information necessary for undo and redo actions is usually kept
in thedatabase logon stable storage. This log keeps track of all operations that modify data
objects in the database. In case of a physical log, for each database operation updating a data
object, the log records the old value of the object (before-image) and the new value of the object
(after-image) [Ver78, HR83]. The before-image is needed by the undo action whereas the after-
image is used by the redo action. A logical log contains only the description of the executed
high-level database operations and their parameters. This information is used tore-executethe
database operations and tocompensate, i.e., undoing, the database operation.

In general, update propagation strategies that allow a transaction to update the permanent
database before reaching its commit (steal policy) require undo actions. Protocols that do
not update the stable database before transaction commits (no-steal policy) require no undo
actions (cf. Section 3.3). If database pages are not necessarily propagated to stable storage
during commit processing (no-force policy), redo actions are required to ensure durability of
transactions. For a systematic classification of recovery protocols, including checkpointing, we
refer to [HR83]. One well-known family of recovery protocols is ARIES [MHL+92, RM89,
ML92, Moh96]. In a nutshell, ARIES recovers a DBMS after a failure by maintainingwrite-
aheadlogs [Gra78, MHL+92]. Upon a failure, it applies redo log information, i.e., repeats
history, of all (committed or uncommitted) transactions since the last checkpoint. Afterwards,
it applies the undo log to compensate for the effects of transactions that definitely did not
commit prior to the failure.

1.2 Transactions in Cooperative Applications

We argued that requirements originating from cooperative applications are not met by tradi-
tional DBMS technology. In particular, the isolation property of traditional transactions contra-
dicts the need to share partial results of transactions while they are still in progress. Atomicity
is undesirable, since it may lead to long-duration waits of transactions and results in the roll-
back of the complete transaction, e.g., if a failure occurs or transaction validation fails. On the
other hand, the need for DBMS technology is obvious, as sharing and exchanging persistent
data is the characteristic feature of cooperative applications (cf. Chapter 2).

As a consequence, special solutions have been developed which try to compensate the lack
of cooperation support by DBMSs (like in SEPIA [SHH+92, SH93, HW92] or the PoliWork
system [TV99, TBR98]). Components on top of a DBMS are used which allow the descrip-
tion of a cooperative activity, try to coordinate tasks performed in a cooperative activity, and
map them to the basic mechanisms of ACID transactions provided by the DBMS. Experience
with such solutions shows that the overall architecture becomes very complicated. The interac-
tion with the DBMS becomes much more complex at the application level [STTB99, TBR98],
since the application programmers are explicitely concerned with enforcing data consistency,
controlling visibility of data modifications done by cooperating users, and ensuring recover-
ability of cooperative activities.
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From a general perspective of technological progress, the incarnation of such solutions that
are always dedicated to a single application is a step backwards, as abstract schemes for differ-
ent kinds of cooperation are missing. When new applications have to be developed, new sys-
tems capturing the cooperative aspects of the applications have to be developed, too [KdBV98].

Therefore, it has been tried to extend the traditional notion of transaction offered by DBMSs
in order to fulfill the requirements of cooperative applications. Early work in advancing the
traditional transaction model kept (generalized) ACID principles, but added nesting of trans-
actions [Mos82, HR87a, Mos87, BBG89] to provide for fine-grained recovery and intra-trans-
action parallelism. Other approaches exploited commutativity properties of database operations
[Kor83, Wei88a, Her90, BR92] to enhance concurrency.

Later work in the area ofadvanced transaction modelsaddressed especially long-duration
activities in design environments, as well as the relaxation of the isolation property to enable
cooperation among concurrently running transactions. The gross of work trying to overcome
the limitations of the traditional transaction model added semantics to the model and, using
this added semantics, was able to avoid some of the drawbacks of the ACID principle [Kor95].
The proposed advanced transaction models differ with regard to the degree they fulfill the
requirements for a cooperative transaction model (cf. Section 2.2). Moreover, some of the
models lack a formal notion of consistency in case isolation or atomicity properties are relaxed.

In the TRANSCOOP project, our aim was to satisfy the requirements on transactional sup-
port for cooperative applications by introducing a set of complementary mechanism, which can
be used by an application designer to build cooperative applications, and—at the same time—
enforce formal consistency criteria. In the next section, we describe the approach followed in
TRANSCOOP and give an overview of the COACT cooperative transaction model described in
this thesis.

1.3 COACT and the TRANSCOOP Project

The overall goal of the TRANSCOOPproject1 [TC94, AEF+97, dBKV98] was to develop trans-
action management concepts and mechanisms that are applicable to a broad spectrum of coop-
eration, ranging from ad-hoc cooperation schemes to well-structured cooperation schemes like
workflows. In particular, the objectives of TRANSCOOP were as follows [TC94, KdBV98]:

� to develop a specification language which allows to describe cooperative activities, and
which can be supported by a cooperative transaction management mechanism,

1The ESPRIT-III project TRANSCOOP (Transaction Management Support for Cooperative Applications) was
partially funded by the European Commission under the Long Term Research Grant No. ESPRIT LTR P8012. The
partners in TRANSCOOP were GMD's Institute for Integrated Publication and Information Systems (Germany),
the University of Twente (The Netherlands), and VTT Information Technology (Finland). The project started in
April 1994 and was finished in June 1997 with a final Workshop on Extending Data Management for Cooperative
Work, held in Darmstadt, Germany [AEF+97].
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� to implement a toolset on the basis of the specification language in order to allow for
simulation and correctness proofs of cooperation schemes,

� to develop a formal cooperative transaction model that was flexible enough to meet the
requirements of a broad spectrum of cooperative applications,

� to implement this cooperative transaction model and to integrate it into an existing pro-
totype of an object-oriented DBMS, and

� to implement a demonstrator system to prove the applicability of the TRANSCOOP ap-
proach for a selected application scenario.

The research activities in TRANSCOOP started with an analysis of different classes of co-
operative applications and case studies (cf. Chapter 2) [TVF+95, VTF+95, dBKV98]. In
particular, we investigated cooperative hypermedia document authoring [TW95c], Design for
Manufacturing [VFSE95], and workflow applications [JLP+95]. Additionally, we studied ex-
isting approaches [KPTV95] and commercial products to support cooperative work [VPL95].

One important result of this requirements analysis was the distinction of two different as-
pects within cooperative applications [AKT+96, VdBA98, WAN98]:

� Organizational aspectsare mainly concerned with thecoordinationof users involved
within a joint effort. Application-dependent constraints are needed to ensureconsistency
of the work process, i.e., the structure and control flow within cooperative activities.

� Transactional aspectsare mainly concerned with the correctness of sharing and ex-
change of persistent data among users within a joint effort. Transactional guarantees,
i.e., transaction-like properties, are needed to ensureconsistency of the data objectsthat
are processed within cooperative activities.

This observation is supported by research in the field of CSCW (Computer Supported Co-
operative Work) [EGR91, Ell91] that identified a dichotomy between two related concepts:
coordinationandcooperation2 [EW94b, GAP98]. Coordination is understood as a process by
which the individual tasks of the members of a group become better organized by an external
entity, in such a way that this work organization leads to a common goal. Cooperation empha-
sizes the capability of self-organization of those group members, who progress to the final goal
through mutual adjustments using data sharing and exchange facilities [GAP98].

As a consequence, we developed two complementary mechanisms in TRANSCOOP. The
coordination modelCOCOA addresses mainly organizational aspects, whereas thecooperative
transaction modelCOACT deals with transactional aspects of cooperative applications. This
thesis is concerenced only with the cooperative transaction model.

2Researchers in the CSCW area often use the term “collaboration” instead of “cooperation”. They use “coop-
eration” as a more general term that comprises coordination, collaboration, and communication [EGR91, Ell91].
Since in the field of database and transaction management the term “cooperation” is commonly used instead of
“collaboration”, we use the former term in the remainder of this thesis.
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1.3.1 The COCOA Coordination Model

COCOA [FEdB96, FEdB98, FEdBA97] (cf. Section 3.6.1) offers a rich set of primitives to
describe the organizational structure of the work process. Aprocedure definitionspecifies
which operations areenabledat each stage of the cooperative activity by means ofsteps. The
set of operations that are controlled by the step mechanism includes database operations, data
exchange meta-operations (see below), as well ascommunications. The latter are used to initi-
ate step transitions, to terminate steps, and to dynamically instantiate parameterized sub-steps.
The step concept and the enabling mechanism of COCOA are complemented by the possibil-
ity of specifyinguser roles. COCOA is designed on top of the formal specification language
LOTOS/TM [EFdB96, EF94, dBEV95], which in turn is based on the ISO standard LOTOS
[BB89] and the TM database specification language and design tools, developed at the Univer-
sity of Twente [BBdB+96, vKSA+95, FvKS94, BdBZ93].

1.3.2 The COACT Cooperative Transaction Model

COACT is based on the idea of exchanging partial results between users involved in acooper-
ative activity. In addition to a shared database (common workspace), each user has aprivate
workspacein which copies of (some of) the data objects reside. A user modifies his private
workspace by invokingdata operations. All data operations are recorded in theworkspace
history, using write-ahead logging. Users can exchange partial results directly with each other
or via the common workspace, by means of COACT's exchange meta-operations. After the
completion of the cooperative activity, which can be viewed as a long-lived transaction, the
result of the cooperative activity is found in the common workspace.

COACT introduces thehistory mergingparadigm to allow users in a cooperative activ-
ity to work in parallel and to exchange results, while always maintaining consistency of the
workspaces. Note that in COACT data operations (rather than the data objects themselves)
are exchanged among workspaces, resulting in the conceptual “sharing” of operations among
workspaces after the merge. The incorporation of partial results into a workspace is realized by
re-executingoperations from a source workspace in the target workspace. In this way the effects
of operations exchanged are reflected in the state of the data objects in the target workspace.

History merging exploits the semantics of database operations by means ofcommutativity
relations to enforce the correctness of the merge process. Commutativity is used (1) to iden-
tify consistent units of work(spaces)that can be exchanged and (2) to detectconflictsamong
operations executed in different workspaces. Conflicts that might occur during parallel work
are semi-automatically resolved by the COACT cooperative transaction model: the merge al-
gorithm offers different sets of operations for the merge; one of these operation sets can then
be selected. Depending on the selection, conflict resolution may requireundoingcertain opera-
tions in the target workspace. This is automatically done by means ofcompensation operations.
COACT's compensation strategy minimizes loss of work during conflict resolution and allows
for user-initiated selective undo in private workspaces.
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To ease the merge process for the user, the task of selecting an operation set for the merge
can be supported by an additional software component without requiring user interaction. In
this way, certain merge policies can be specified providing different conflict resolution strate-
gies.

Within the TRANSCOOP project, we have integrated the COACT model into the COCOA
specification language. Facilities to define the input for COACT, i.e.,cooperative activity types
consisting of invocable data operations, commutativity relations, and compensation operations,
are available in COCOA. Moreover, the invocation of data operations and exchange meta-
operations can be constrained using COCOA's enabling mechanism and user roles. COCOA
also allows to specify dynamic consistency constraints on workspace histories by means of
execution order rules(cf. Section 3.6.1).

1.4 Contributions of the Dissertation

This dissertation contributes in various aspects to the state of the art in the area of transactional
support for cooperation applications.

We present a thorough analysis of requirements presented by diverse classes of cooperative
applications, ranging from cooperative hypermedia authoring, through Design for Manufactur-
ing and multi-user software development, to workflow applications. From this analysis, we
derive requirements for our cooperative transaction model. To the best of our knowledge, no
requirements analysis done so far comprises such a large spectrum of applications.

Based on the results of our requirements analysis, we developed the COACT cooperative
transaction model. The unique feature of COACT is its combination of private workspaces, that
allow individual participants to work independently, with a new synchronization mechanism,
i.e., history merging, which enable group members to combine their work in order to form a
coherent whole. The challenge thereby is to flexibly merge the results of co-workers in such
a way that the amount of work that needs to be undone in order to ensure consistency of the
workspaces is minimized.

The following example of a group calendar application [Kar98] illustrates this problem.
Suppose, a manager maintains a list of open issues in his private workspace. Staff members
create meeting entries in their private calendars, which the manager imports into his workspace.
The manager then assigns open issues to meetings. These are automatically marked as as-
signed. If the location of a meeting is changed later on by a staff member, this should be
reflected in the manager's workspace when they synchronize their workspaces, but should not
result in a conflict, although both users modified the same calendar entry. When the meeting
is cancelled, this should result in a conflict with the assignment of open issues. If the manager
accepts the cancellation, only that portion of the manager's work that leads to inconsisten-
cies should be discarded. In particular, only the assignment of issues to the cancelled meeting
should be undone, but not the open issues themselves.

To provide this flexibility, we take an operation-oriented view in COACT. The sharing of
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partial results among workspaces (without final commits) is accomplished by means of sharing
and exchanging operations among workspaces. The consistency of shared results is determined
based on the semantics of the operations performed on data objects.

To that end, the thesis contains a formal model of computation and a comprehensive discus-
sion of different kinds of commutativity relations, together with important properties of these
relations. This includes the novel concepts of “operation views” and an asymmetric variant of
forward commutativity.

We introduce a new and original notion of correctness of concurrent executions, based on
controlled exchange of operations among workspaces, using the history merging paradigm.
Merging histories with pre-specified commutativity rules provides transactional guarantees to
a cooperative activity. In particular, we guarantee in COACT that all workspace histories re-
main legal, although information is exchanged. Legality is a novel formal concept beyond
conflict serializability and ensures that all data operations in the system behave as expected.
This approach relaxes the isolation property of traditional transactions and enables cooperation
among users—while always ensuring consistency of their workspaces.

The thesis presents merge algorithms for implementing the information exchange meta-
operations of COACT. We utilize backward commutativity [Wei88a, LMWF94] to dynami-
cally identify consistent units of work(spaces) that can be subject to an information exchange.
This approach is well-suited for interactively executed “transactions” and relaxes the atomicity
property of transactions in a controlled way.

To determine conflicts among operations concurrently executed in different workspaces, we
use forward commutativity [Wei88a, LMWF94]. Our concept of identical operations shared
among different workspaces allows us to ignore several conflicts during the merge process and,
hence, to establish close cooperation.

If the merge cannot be performed without violating the consistency of the target workspa-
ces, the compensation of some operations may be required. We show how backward commuta-
tivity together with compensation operations can be used to minimize the loss of work during
conflict resolution. Only the portion of the work that leads to inconsistencies needs to be dis-
carded. Additionally, our compensation approach allows users to selectively undo operations
in their private workspaces, which is important for the interactive processing of activities.

The design of the COACT model was influenced—to some extent—by other advanced
transaction models, in particular, semantics-based concurrency control [Kor83, SS84, Wei88a],
open-nested transactions [WS92, MRKN92, MRW+93], split/join transactions [PKH88,
KP92], and check-out/check-in [Kat90, Kai95]. Like semantics-based concurrency control and
open-nested transactions, we use commutativity relations to describe the semantics of opera-
tions. Compensation is employed, in a restrictive form, in the open-nested transaction model,
too. Split/join transactions support the explicit exchange of operations among ongoing transac-
tions, but is restricted to serializable histories. With respect to the workspace concept, COACT

shares some ideas with check-in/check-out models. Rather than exclusively reserving checked-
out objects, COACT allows parallel development and flexible integration of work results.
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COACT's design is well-suited to support cooperation among geographically distributed
users, since it does not rely on central components. CoAct's conceptual model, together with
history merging, can also provide the basis for the management of consistency between discon-
nected and mobile users who work independently and, yet, must occasionally reconcile their
work with each other or the stationary system. For this, we introduce an extended system archi-
tecture that makes the COACT model also attractive for supporting cooperative work in mobile
environments.

Besides the conceptual development of a formal transaction model, the transaction man-
agement mechanism has been implemented to practically prove and demonstrate the concepts
of COACT. The thesis describes the implementation of the COACT cooperative transaction
manager and its integration into the object-oriented DBMS VODAK and the TRANSCOOP

demonstrator system. Upon this platform, we have re-implemented the SEPIA hypermedia
authoring system as a concept demonstrator—extending it with the new cooperation facilities
provided by COACT.

We believe that the integration of a cooperative transaction model like COACT with ad-
vanced database technology can ease the development and deployment of cooperative applica-
tions. Moreover, history merging is a general synchronization mechanism that can be utilized
in various application domains. For instance, history merging provides directions for solving
open research problems in related fields like semi-automatic merging in versioning systems,
synchronization in realtime groupware systems, transaction support in mobile environments,
and asynchronous database replication.

1.5 Outline of the Dissertation

The remainder of this thesis is structured as follows. In Chapter 2, we describe the main
features of the investigated cooperative applications. Based on their common characteristics,
we present consolidated requirements for a cooperative transaction model. Afterwards, we
discuss the state of the art in the area of system support for cooperative applications.

In Chapter 3, we describe the COACT model and its underlying paradigm of cooperation.
We present a formal model of computation and introduce the central concept of legality of
histories. Based on this, we define various kinds of commutativity relations. Afterwards, we
introduce COACT's notion of cooperative activity types and cooperative activities.

The core of the cooperation facilities in COACT is the history merging approach, which
is formally defined in Section 3.5. We describe our concept of consistent units of work and
the correct merging of histories that permits the semantically correct exchange of informa-
tion among workspaces. To resolve merge conflicts, we introduce a formal model of selective
compensations. In Section 3.5.4, we present merge algorithms that can be used to implement
COACT's exchange information exchange facilities, including several refinements and opti-
mizations. Afterwards, we generalize history merging to asymmetric commutativity relations
and briefly discuss the applicability of other semantic relations.
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We conclude Chapter 3 by describing the COCOA coordination model, assessing the devel-
oped concepts with respect to the identified requirements for a cooperative transaction model,
and comparing our approach with the advanced transaction models discussed in Section 2.3.

In Chapter 4, we extend COACT's system architecture to adapt it to the special charac-
teristics of mobile environments. We discuss new information exchange options and specific
problems induced by the possibility of disconnection. We outline how these problems are
solved in a mobile COACT system, thus, enabling “disconnected cooperation” among mobile
co-workers.

In Chapter 5, we describe the implementation of the COACT model within the context
of the TRANSCOOP system. In particular, we present the architecture of the TRANSCOOP

system, the VODAK object-oriented DBMS and its modeling language, and the VODAK-based
implementation of the SEPIA hypermedia authoring system used for demonstration purposes.
Afterwards, we describe the implementation of the COACT transaction manager in more detail.
We report on the experience we made during the system design and describe how the new
functionality is presented to the users of SEPIA.

The conclusions, including a discussion of potential application areas of history merging
and open research issues, are given in Chapter 6.



Chapter 2

Requirements Analysis and
Related Work

Ellis et al. [EGR91] denote with the termcooperative applicationany computer system that
is used for interactions among users and for sharing and exchanging information among the
users. The objective of cooperative applications, also called groupware or CSCW applications,
is to support the work of a group of people engaged in acommon task or goaland to provide
an interface toshared resources[EGR91, Ell91].

The notion of a common task is crucial to this definition, since it excludes multi-user sys-
tems, such as time-sharing or database management systems, whose users do not share a com-
mon task. The notion of shared resources is essential, too, since cooperation demands that
people working towards a common goal are able to share and exchange artefacts, i.e., docu-
ments, forms, software code, product data, etc. [EGR91, Ell91].

Note, it is not required for cooperative applications that the group members be active simul-
taneously. Cooperative applications that aim at supporting simultaneous activities are called
synchronous—otherwise, they are calledasynchronous. Synchronous cooperative applications
are highly interactive, real-time applications in which a group of possibly geographically dis-
tributed users interacts at thesametime. Asynchronous cooperative applications donot require
that all co-workers are present at the same time [Edw97, EMP+97, EGR91]. They support an
incremental style of working, where each co-worker can work atarbitrary times (and arbitrary
places) on (parts of) the common task.

This characterization of cooperative applications is quite general. Therefore, the term
cooperative application comprises such different kinds of computer systems like email sys-
tems, bulletin boards, integrated software development environments, CAD/CAM environ-
ments, workflow applications, group decision support systems, Internet telephony, multi-user
text editors, desktop video-conferencing, electronic meeting rooms, and many more [EGR91,
Rod91, EW94a, BS95, KB95, Bur97]. Since this large spectrum of applications might im-
pose a lot of different and possibly contradicting requirements to underlying computer system
support, we start with an analysis of selected classes of cooperative applications. The goal is

13
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to derive requirements for a cooperative transaction model applicable to a broad spectrum of
cooperative applications.

The remainder of this section is structured as follows. In Section 2.1, we describe the main
characteristics of the application scenarios we have investigated. We classify them with re-
spect to their process structure and summarize their common characteristics. Since the topic of
this thesis is to develop a cooperative transaction model, we focus on aspects of data manage-
ment for cooperative applications in our requirements analysis, rather than on coordination and
communication aspects.

In Section 2.2, we present the consolidated requirements for a cooperative transaction
model that result from the application analysis. We introduce a simple example from the soft-
ware development domain to illustrate the requirements we have identified.

In Section 2.3, we discuss related work in the area of transaction support for cooperative
applications. In particular, we review some of the most prominent advanced transaction models
that address important aspects of data management for cooperative applications. We describe
to which degree these models fulfill the requirements developed in Section 2.2. We conclude
the chapter by discussing groupware approaches and workflow management systems.

2.1 Analysis of Selected Classes of Cooperative Applications

In the following, we discuss the main characteristics of four typical classes of cooperative
applications with respect to requirements for a cooperative transaction model, namely,

� Cooperative hypermedia document authoring,

� Design for Manufacturing,

� Workflow applications, and

� Multi-user software development.

Parts of the analysis of the first three scenarios are taken from the TRANSCOOP project.
We, at GMD-IPSI, particularly focused on cooperative hypermedia document authoring. The
detailed results of the requirements analysis can be found in [TVF+95, VTF+95, TVL+98],
including extensive case studies of real-world cooperative applications.

2.1.1 Cooperative Hypermedia Document Authoring

Hypermedia documents(for short hyperdocuments) form a new class of documents based on
the concept ofhypertext[Nel81, Con87]. A hypertext is a collection of information entities
(nodes) containing cross-references (links), which—with the aid of an interactive browser—
allow the reader to navigate within and between the hyperdocuments. If the nodes also con-
tain multimedia information, such as complex pictures and continuous media (e.g., audio and
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video), we usually speak ofhypermediadocuments [Con87, MPS91]. The main difference to
traditional documents is that hyperdocuments are non-linear. Hyperlinks give authors the abil-
ity to connect the information entities in an almost arbitrary way, i.e., a hyperdocument has an
associative network-like structure. An important implication of this is theinteractive usageof
hyperdocuments by their readersand the authors.

In the following, we describe the cooperative hyperdocument authoring process. Our
analysis is based on previous work performed at GMD-IPSI [SHT89, THS90, THH91,
HT93, Haa95]. In particular, we have investigated the hypermedia authoring system SEPIA
[SHT89, HW92, SHH+92] and its underlying cognitive model of cooperative authoring pro-
cesses [TW95a, TW95c, TW95b, TVL+98]. A comprehensive overview of other hypermedia
authoring systems can be found in [Haa95].

The Authoring Process in General. Hyperdocument authoring can be seen as aweakly
structured design problem solving process, mainly characterized by the decomposition of the
design problem into smaller subproblems and their solution by interacting activities [HF80,
HF86, THS90, HT93, THH95]. An important characteristics of these processes is that the doc-
uments to be produced can be described only vaguely in advance. This implies that a particular
authoring process usually cannot be specified beforehand.

Despite these observations, it has been tried to identify a generic structure of authoring
processes. Hannemann et al. [SHT89, THS90, HT93] decompose the overall design problem
into four generic authoring activities, addressing the planning of the process itself (planning
problem), the acquisition of background material (content problem), the construction of argu-
mentation chains (argumentation problem), and the construction of a final hyperdocument for
the readers (rhetorical problem). It is important to notice that the identified subproblems are
highly interdependent.

In the SEPIA authoring system, these subproblems are mapped into differentauthoring
spaceswith dedicated functionality for their solution, but without constraining the authors in
their creativity. With every SEPIA document, a planning space, a content space, an argumen-
tation space, and a rhetorical space are associated [SHT89] (cf. Sections 3.4.2 and 5.3).

Within the different authoring activities, authorsinteractivelychoose their actions and fre-
quentlyundo/redothem as they go along, i.e., the exact sequence of actions within an activity
cannot be determined in advance like in workflow applications. Hypermedia authoring systems
have to take this opportunistic nature of the authoring process into account, i.e., they should
not restrict the authors to follow a predefined sequence of actions [TW95c].

Hypermedia authoring processes are usually oflong duration. One reason for this is their
opportunistic nature and the lack of a predefined problem solving strategy. Because for author-
ing processes no optimal solution can be found [Sim81], authors always have the impression
that the current solution could be improved. This is the reason that termination predicates for
authoring processes can hardly be formalized [TW95c].
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The Cooperative Authoring Process. A significant number of documents result from the
work of more than one author. In general,cooperative hypermedia document authoring(CDA)
can be characterized by multiple authors working interactively on a persistent repository of
shared hyperdocuments, thereby constructing new hyperdocuments or modifying existing doc-
uments in the repository. The essence of cooperation is the exchange of information between
the co-authors. CDA involves both theexplicit exchange of information among certain au-
thors and theimplicit exchange of documents through the shared repository [TW95a, TW95c,
TW95b, TVL+98]. Authors need to share and exchange partial results of their activities (e.g.,
draft documents), while they are still in progress. At the same time,consistencyof shared
documents has to be preserved.

From a theoretical viewpoint, in a cooperative authoring process there appears a new sub-
problem: the coordination problem [Haa95, Str95, NKCM94]. It refers to the coordination of
authoring activities such that the synergy effect of cooperation can take place. The coordination
of group activities strengthens the groups' efficiency by reducing communication and helps to
avoid the occurrence of conflicting and repetitive actions.

On the other hand, a lot of authors like to work independently for periods of time [EMP+97,
EM97, NKCM94]. They do not want to be disrupted by co-authors frequently. Authors want
to keep their working documentsprivate in a local workspace as long they are not in a “pub-
lishable state”. This implies that immediate propagation of document changes to the shared
repository or directly to co-workers is often not desirable. This asynchronous working style
is characterized byalternating periods of individual and joint work. This means that authors
work largely independently, “syncing up” only when necessary to integrate results, or to reaf-
firm goals or plans [NKCM90, EMP+97, EM97]. Since it is neither possible nor desirable to
fully preplan the authoring process, we have to accept that the appearance of some conflicts
cannot be foreseen and, thus, the need to communicate and resolve conflicts can arise sponta-
neously.

To sum up, a cooperative transaction model that is well-suited for cooperative hyperdoc-
ument authoring has to support long-running, interactively controlled activities, in which re-
sources can be used cooperatively. The emphasis is on the semantically correct sharing and
exchange of documents. We will see that this is of equal importance for Design for Manufactur-
ing and multi-user software development, but may be less important for workflow applications,
where usually documents are passed along a predefined path among co-workers.

2.1.2 Design for Manufacturing

Design for Manufacturing(DfM) [VFSE95, TVF+95, TVL+98] can be seen as a variant of
Concurrent Engineering. The scope of DfM is the engineering process of discrete complex
industrial artefacts, usually separated into upstream processes (product design) and down-
stream processes (production realization, including engineering, planning, and manufacturing)
[SRN93]. The essential part of DfM is the early involvement of specialists from downstream
processes in the upstream design process. By involving production engineers, production plan-
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ners, and manufacturers in the design process, this stage may take more time—but because
problems in the design are detected earlier, fewer design cycles are necessary and the total
development time is decreased.

As a result of the early involvement, some of the activities within DfM can, and usually will,
be executed concurrently. Letting people work concurrently on shared and persistent artefacts
implies that coordination and control are required. This means that frequent exchanges of
(mostly small batches of) information are necessary, but it also means that group members need
to work in a more systematic way. Thus, the strengthening of the design process byoverlapping
design phases requires extensive cooperation and coordination facilities. In comparison to
cooperative authoring, more detailed knowledge about the engineering activities in different
phases and about the sequence of processing is available. Therefore, DfM can be classified as
astructured design process.

The information systems needed within the field of DfM are still in the developing phase,
due to the complexity of the problems found in DfM [VFSE95, TVL+98]. Not only does DfM
require the manipulation of complex data structures, it also requires sophisticated mechanisms
of cooperative interactions to support the product development process. Within DfM, cooper-
ation is found at different levels. It is found at the level of project management where people
from different departments within a company have to work together, but it is also found at the
level of designers that closely work together in the detail design of a certain part of the product.

In the detailed engineering stage of the design process, there is a need for versioning of the
artefacts produced. If more than one version of an artefact is kept in the information system,
versions can be divided into current, historical, and being-updated versions (working copies).
In situations where cooperation support is needed, it is desirable that more than one working
copy exists at the same time. Especially during concept design, differentalternative solutions
are studied in parallel. These working documents have to beintegratedlater on.

As each design process is of long-duration (or evenopen-ended) and involves a large num-
ber of deliberate and unconscious decisions, it is important to record thehistoryof all decisions
and actions undertaken by the users in the DfM process. This makes it possible to keep track
of thedependenciesamong artefacts and eases therevision of design decisions.

2.1.3 Multi-User Software Development

Software development processes can be characterized as follows [WAN98, Kai95, CMG96,
SCG96, WK96, BLW96, Lip92, BK91, Kai90]. First, they are interactive. A large part of
their control is under the responsibility of human actors. Their execution is not predefined, but
evolves incrementally as long as developers take decisions. This makes software development
processes unpredictable, in the sense that their duration and effects are in many cases difficult
to anticipate. Their duration can vary from a few days to months or even years. Also the
individual actions executed by users, like editing sources, compilation, debugging, execution
of test suites, etc., are usually of long duration.

Second, software development processes are usually iterative. They consist of repeated
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activities like editing, compilation, testing, and debugging. This incremental approach to the
production of complex systems allows to progressively converge to a product that holds the
desired qualities. Naturally, decisions taken in this iterative processing need to be reversible to
allow for the exploration of the design space of the software product.

Third, software development processes are jointly carried out by several users, since large
systems typically require the concerted effort of many people to reach a semantically consistent
state defined by, e.g., a successful build or regression test. For this, the software engineers need
to exchange information during their work in a controlled way: they take profit of and influence
the activities of other users working in parallel on the same (re)sources.

Usually, in multi-user software development environments (SDE) the exchange and sharing
of information is realized using a persistent repository [Kai95, Kai93, KPS89, Hon88, KP87].
This repository stores all kinds of objects created during the software development project,
such as source code, binaries, design documents, documentations, and test cases. Addition-
ally, each user has his ownprivate workspace, in which he can modify objects. For this, the
objects first have to be read from the repository (check-out). Afterwards, the modified objects
have to be written back to the shared repository (check-in) (cf. Section 2.3.4). Thus, coopera-
tion is defined by the ability of users to access and produce intermediate “versions” of shared
objects during their work. Of course, some form of synchronization is needed to coordinate
access to the shared objects and to maintain consistency of the shared repository and the private
workspaces. If co-workers are allowed to work simultaneously on the same objects in their pri-
vate workspaces, additional mechanisms are needed formergingparallelly developed versions
into a commonly accepted one [Hon88, Lip92, SK93, Kai95].

A subclass of SDE, called process-centered software development environments, [Kai93]
provides additional coordination mechanisms through which a software development process
may be partially specified—basically a partial order among software engineering tasks, con-
straints and obligations of those tasks, and the objects and tools used in these tasks. These
systems also provide history management facilities to track the progress of the project. For an
overview of software development environments, we refer to [Lip92, Kai95].

With respect to the spectrum of cooperative applications investigated, multi-user software
development can be classified as asemi-structured design process, with a more or less prede-
fined structure at the top-level and some known consistency constraints and termination criteria
(like Design for Manufacturing). Possible activities are specification, implementation, and de-
bugging which may beoverlapping and iterative. At the lower abstraction levels the software
development process is rather unstructured and cannot be specified in advance (like cooperative
hypermedia document authoring).

2.1.4 Workflow Applications

Workflow applications[JLP+95, VPL95, TVF+95, TVL+98] are used to automate compli-
cated business processes, e.g., to accomplish the production of goods or services. Abusiness
processis a set of one or more interconnected activities which collectively realize a business
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objective or policy goal, normally within an organizational structure defining functional roles
and relationships [WfM96a, WfM98]. A workflow application (for short workflow) is the au-
tomation of a business process, in whole or part, during which documents, information, or
activities arepassed from one participant to another, according to a set ofpredefined rules
[WfM96a, WfM98]. Usually, workflow management systems (WfMS) [WfM96b, GHS95,
AAAM97, CHRW98, Moh98] are used to define, create, and manage the execution of work-
flows.

Generally, a workflow consists of a collection of activities (also called tasks or steps) that
are partially ordered bycontrol flow dependencies. Additionally, there existdata flow depen-
denciesthat describe the flow of information among the different activities. Activities are the
basic units of work and are usually processed by exactly one responsible actor, usually a hu-
man being. A workflow may also involve automated activities where an application program is
used, but in most cases human beings are required to intervene and influence the flow of control
and, hence, the flow of data or documents between the activities.

Compared to CDA, SDE, and DfM, workflow applications are characterized by well-
defined business rules (inferred from organizational constraints), well-defined termination cri-
teria, and less interactive processing. Workflow application focus mainly on thecoordination
of activities and less on the cooperative sharing of data or documents. Like CDA, SDE, and
DfM, workflow applications are long-running processes where, dependent on the type of the
workflow application, a workflow instance might last from several minutes up to months or
even years. Therefore, it is essential to keep track of the progress of the workflow. This is
especially important for auditing purposes, exception handling, and compensation of (parts of)
a workflow.

2.1.5 Common Characteristics and Differences

In this section, we summarize the common characteristics of the application scenarios we de-
scribed. In general, we can identify a spectrum, ranging from cooperative hyperdocument
authoring to workflow applications, where the process becomes more fixed and prescribed,
allowing a more deterministic description of the problem-solving process and termination con-
ditions. Figure 2.1 illustrates this spectrum and characterizes the application scenarios we
investigated.

All of the investigated scenarios can be classified asasynchronouscooperative applications,
emphasizing different aspects of communication, cooperation on shared data, and coordination
[TVL +98, EGR91]. Asynchronous cooperative work does not require that all co-workers are
present at the same time. Co-workers work independently for periods of time, and there is little
need for immediate propagation of results and fine-grained coordination. In all cases, some
kind of a persistent repository is involved to enable the sharing and exchange of data among
the users. In all of the scenarios, we can identify a strong need forconsistency—both for shared
data and for private data.

In particular, one can identify the following common characteristics of the investigated
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Figure 2.1: Spectrum of Investigated Classes of Cooperative Applications.

classes of cooperative applications (for more details, we refer to [TVL+98, WAN98, TVF+95]:

1. Activities are processed interactively by human beings.

2. Activities are usually of long and uncertain duration.

3. Not all co-workers may be simultaneously present in the cooperative process.

4. Cooperation is characterized by alternating periods of individual and joint work.

5. Cooperation is based on the exchange and sharing of information among co-workers.

6. Data and documents processed in the cooperative process are persistent.

7. Shared and private workspaces co-exist.

8. Decisions and actions taken by the co-workers are recorded.

9. It is likely that decisions and actions made during the cooperative effort are revised.

10. There may exist application-specific correctness criteria, both for the work of a single
user and for the overall cooperative effort.

11. Between activities there may exist control flow dependencies that are derived from the
application domain.

12. It is likely that co-workers are geographically distributed and only partially connected,
due to the increasing mobility of co-workers.
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Of course, the relevance of these characteristics varies for the different application domains.
For example, in workflow scenarios, control flow dependencies are of higher importance than
in the cooperative authoring domain (cf. Figure 2.1).

2.2 Requirements for a Cooperative Transaction Model

In the following, we present the requirements for a cooperative transaction model suitable for
a broad range of cooperative applications. Since the primary goal of a cooperative transaction
model is to synchronize access to persistent data shared among multiple users, we concentrate
in the following on data management aspects, rather than on the organizational aspects found
in cooperative work.

2.2.1 Illustrating Example

We introduce a simple example from the software development domain to illustrate our re-
quirements for a cooperative transaction model. We have chosen this example because most
of the readers are familiar with software development and because similar examples are often
used to illustrate advanced transaction models, e.g., in [BK91, Kai95, RC97].

Suppose, a group of programmers is cooperatively working on the development of a Java
application program, using a DBMS-based software development environment (SDE). The
SDE encapsulates Java application programs, Java packages (which are similar to class li-
braries), and Java classes as database objects. By providing a well-defined interface to these
objects, the SDE abstracts from the internal details of the structure and storage of objects.
Within the SDE, a Java program consists of several class objects and packages. A package
object consists of several class objects, sub-packages, and programmer's annotations to the
package. Finally, class objects consist of the class' source code, the class' bytecode, and again
textual annotations. Examples of SDE operations are browsing/modifying the source code of
a class, reading/adding/removing annotations of a class, and compiling the class. To give pro-
grammers convenient access to the objects managed by the SDE, the objects can be stored
internally as inter-related objects and visualized by a hypermedia desktop, like in [BLW96].

Example 1 (Software development example)During the development of an application pro-
gram some bugs occur. Alice and Bob are assigned the task to fix the bugs. Alice should fix a
bug suspected in classX while Bob's task is to fix the bugs in classY. Both classes use methods
of packageZ.

Alice starts a new debug session and begins to edit classX while Bob starts a “transaction”
to fix the bugs inY. During debugging Bob detects that some bugs in classY are possibly
caused by bugs in packageZ. Therefore, he starts to work onZ. Although Bob's modifications
to Y do not affect classX it may be the case that the modification and re-compilation ofZ may
introduce inconsistencies with classX. 2
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As discussed in [BK91, Kai95] the usage of concurrency control policies that apply serializ-
ability as their correctness criteria prohibits Alice and Bob to cooperatively work on packageZ.
Even concurrently adding and reading annotations to class objects is not possible. The reason
is that serializability does not allow users' transactions to influence each other in a controlled
way.

2.2.2 Consolidated Requirements

Based on our running example, we now present the consolidated requirements for a cooperative
transaction model [TVL+98, WAN98, AKT+96]. The full, detailed discussion of the require-
ments for the cooperative transaction model and an overall coordination model (including its
specification language) can be found in [TVF+95, VTF+95].

2.2.2.1 Relaxed Atomicity [ Requirement (A) ]

Since cooperative processes are long-lived and interactive, the rollback of the whole cooper-
ative work process in the case of a failure is generally not acceptable. It is required that a
cooperative process should be able to proceed and eventually succeed even if parts of it fail. A
failure within one user's activity should not imply the rollback of another user's work in their
joint effort. Moreover, the loss of work should be minimized if a failure occurs.

The specific atomicity constraints appear to be application-dependent, i.e., they have to take
into account the specific semantics and the structure of the cooperative work process. System-
initiated transaction aborts should be dealt with at a lower level. Traditional short atomic trans-
actions can form the basis for this and provide the basis for persistency and durability of data
processed.

Example 2 (Relaxed Atomicity) If a failure occurs within Bob's debug transaction,not the
whole cooperative debugging session, i.e., Alice'sand Bob's transaction, should be rolled
back—even if Alice has been able to observe Bob's modifications to packageZ.

Furthermore, if the failure occurs while Bob re-compiles packageZ, only the bytecode ofZ
should be restored to the state before the compilation. Bob's modifications to the source code
of Z need not to be undone since they are not affected by the failure. 2

2.2.2.2 Support for Retraction of Decisions [ Requirement (B) ]

To support interactive control of activities, a cooperative transaction model has to provide ser-
vices that allow to retract decisions taken by the cooperating actors. Hence, the model has to
capture the relevant dependencies between users' actions by exploiting their semantics. Ad-
ditionally, the transaction model has to provide means to specify how certain activities and
decisions can be compensated for.

This allows a user to explore several alternatives to a problem and to revise erroneous
actions. It is important to keep track of the progress of a cooperative effort, i.e., all relevant
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actions and decisions taken by the co-workers should be logged in a history together with their
dependency structure. This history can also be used to coordinate the work of multiple users
and to enforce the correct control flow in the cooperative effort.

Example 3 (Retraction of Decisions)For instance, if Bob modifies some classes in package
Z and then recompilesZ without success, he might detect that his modifications introduced new
errors. In this case, he might want to revert some of his actions that changed the source code of
Z.

Or, suppose that after Bob commits his debug transaction, Alice browses the history of
Bob's changes and detects that Bob has changed a constructor method in packageZ that is
often used in classX. If she wants to undo Bob's changes, the transaction model should be
able to rollback to a consistent system state, i.e., if Bob's modifications to the source ofZ are
undone the bytecode ofZ also has to be automatically restored to the old state. 2

2.2.2.3 Support for Consistent Exchange of Work [ Requirement (C) ]

The sharing and exchange of final and of intermediate results among co-workers is a prerequi-
site for cooperation. A cooperative transaction model should provide mechanisms to facilitate
the exchange of tentative or partial results among co-workers, while at the same time guar-
anteeing that no anomalies are introduced by the exchanges. Hence, it must be possible to
detect when two actions of different users are in conflict and to semi-automatically resolve
such conflicts.

The transaction model should offer well-defined primitives for the semantically correct
exchange of information between co-workers. The exchange facilities should be adjustable in
order to support information exchange on behalf of human beings and also on behalf of the
cooperative application. This implies that the exchange primitives can be directly used by co-
workers within the cooperative process, but there should also be means to couple them with
additional coordination facilities realized on top of the transaction model.

Example 4 (Consistent Exchange of Work)Suppose, Alice wants to browse the source code
of packageZ while Bob's debug transaction is still ongoing (to check if Bob's modifications
affect her work). For this, she needs a mechanism for controlled access to packageZ that is
currently under modification by Bob. Similarly, Alice might wish to annotate classX and make
her annotationvisibleto Bob while her transaction is still running.

Or, assume Alice is allowed to test and debug classX using the new bytecode of packageZ

generated by Bob. To guarantee that no anomalies are introduced, the transaction model should
give Alice access either toboth the source and the bytecode oronly to the new source code of
Z—but not to only the new bytecode, because the new bytecode is dependent on the modified
source code and no longer compatible with the old source ofZ that Alice has seen. 2
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2.2.2.4 Support for Private and Shared Data [ Requirement (D) ]

To explore different solutions of the same problem, different co-workers should be able to
work at thesametime on thesamedata. To avoid interference from co-workers and to allow
for asynchronous work, the cooperative transaction model should be able to manage private
copies of data objects in separate workspaces. Upon a user's request, it should be possible
to exchange “working versions” and to combine them into a commonly accepted one, shared
among some or all users.

To reduce the number of conflicts during re-integration, the transaction model should be
able to exploit the semantics of the operations executed on different private “versions” of the
objects. Additionally, appropriate conflict resolution mechanisms have to be provided by the
transaction model.

Another reason for the separation of shared and private data is the possible geographic
distribution of co-workers and the needed mobility support. The transaction model should be
able to deal with multiple copies of data objects to provide better response time and to enable
work of users, while they are disconnected from the network. Of course, conflicts have to
be detected automatically during reconciliation of work at re-connect. The necessary conflict
resolutions should be guided by the cooperative transaction model.

Example 5 (Private and Shared Data)For instance, Alice should be able to use the old ver-
sion of packageZ for her tests while Bob is modifying and recompilingZ, if they decide to
temporarilyallow inconsistencies which will be resolved at a later point in time. Even if Alice
wants to modify packageZ, this should be allowed at the price ofsomemodifications to be
undone later to produce a consistent version set ofX, Y, andZ.

In case Alice wants to debug classX while she is on a business trip, she has to reserve and
copy the whole packageZ onto her laptop in order to be able to test and debugX. This should
not preclude Bob from working on his stationary copy ofZ. 2

2.2.2.5 Coordination of Individual and Joint Work [ Requirement (E) ]

In cooperative applications different users work together to achieve a common goal. Coordi-
nation facilities are useful to guide each user's work towards this goal. To describe the pre-
planned parts of cooperative processes, the decomposition of the overall work, and the control
flow dependencies, a cooperative transaction model should allow the definition ofexecution
constraintsby additional coordination facilities.

Execution constraints should be able to describe the possible structure of both a single user's
activity and the overall cooperative work process. This includes constraints on the occurrence
of particular subactivities or user actions and on their execution order within the overall coop-
erative process.

Example 6 (Coordination of Individual and Joint Work) An example for an execution con-
straint for a cooperative software development process is to prohibit the modification of the
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design document while the development process is solely in the testing phase. This does not
preclude that the design phase is activated again (if allowed by the execution constraints). An
example for an execution constraint at the level of a single user's activity is that Bob can only
“commit” his debug transaction if he has successfully recompiled all modified classes.2

It appears that the kind of execution constraints needed is heavily dependent on the partic-
ular cooperative application. Moreover, execution constraints are usually imposed by organi-
zational aspects of the work process rather than by correctness concerns for data sharing and
exchange. For these reasons, we decided that the coordination facilities need not be part of the
transaction model itself. Instead, the transaction model should offer appropriate interfaces that
can be used by an extra coordination model built upon the transaction model.

2.2.2.6 Requirements Outside the Scope of Cooperative Transaction Models

Further requirements are imposed on computer system support for cooperative applications.
For example, to support mutual awareness of co-workers, some kind of session control and
notification mechanisms are needed. Additional communication facilities, like e-mail or au-
dio/video conferencing channels, may be required for direct negotiation aming co-workers.

Such services are not covered by a cooperative transaction model, since it aims at synchro-
nizing the cooperative usage of persistent, shared data. Nevertheless, a cooperative transaction
model satisfying the requirements discussed above can provide an application-independent nu-
cleus to build a wide spectrum of cooperative applications on top of it.

2.3 Transaction Support for Cooperative Applications:
An Overview

The issue of synchronizing work of multiple cooperating actors on shared data is treated in
several fields of computer science, including advanced transaction models, groupware, and
workflow managements systems.

To support specific aspects of cooperative applications, several advanced transaction models
have been proposed in recent years. In the following, we give a detailed overview of those that
were particularly relevant for developing the COACT cooperative transaction model described
in this thesis. We review how these models fulfill the requirements presented in the previous
section. More related work will be discussed in following chapters of this dissertation where
appropriate. For additional information and for a discussion of other advanced transaction
models we refer the reader to [VWP+98, ELMB92, Elm92, Hsu93, BK91, Kai95, RC97]. We
conclude this chapter by an overview of groupware systems and workflow management systems
and discuss their main ideas and limitations with respect to the applications described in Section
2.1.
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2.3.1 Semantics-Based Concurrency Control for Abstract Data Types

Usually, the semantics of shared data and operations in cooperative applications is much more
complex than the read/write semantics used by the traditional transaction model. As a result
traditional concurrency control here is more restrictive than necessary, as it does not take into
account the semantics of the data objects accessed [RC97, VWP+98]. Semantics-based con-
currency controlwas first proposed in the context of abstract data types [Kor83, SS84, Wei88a,
GM83] and later adopted for object-oriented DBMSs [RGN90, AAS93, MRW+93]. Its main
goal is to achieve a higher degree of concurrency than in the traditional read/write model. Ad-
ditionally, the semantics of data objects can be used to to increase the availability of data and
provide more flexible recovery. For an extensive discussion of semantics-based concurrency
control see [RC97].

The idea behind semantics-based concurrency control is as follows. By abstracting from
the low-level details, i.e., the concrete implementation in the database, and by exploiting the
high-level semantics of data objects and operations, we can ignore certain conflicts that might
occur between decompositions of the operations into elementary read/write sequences. The
most commonly used approach to capture the semantics of data objects is to specifycommu-
tativity relationsamong operations defined on single data objects. Informally, two operations
commute, i.e., do not conflict, if their effects on the state of the object and their return values
are the same regardless of their execution order. This property ensures that it is not possible to
observe a difference between both execution orders in the system. When a transaction requests
the execution of an operation, this request can be granted if the operation commutes with all
other operations of uncommitted transactions. This policy ensures that concurrent transactions
are serializable at a semantic level and that (generalized) ACID properties of transactions are
preserved. The prerequisite is that the single operations are atomic.

Example 7 (Semantics-based concurrency control)Consider the following operations to
add and remove annotations to a class object in the example software development scenario
(cf. Example 1 on page 21). The operationannC(C:Class):AnnID is used to annotate
a classC; it returns the identifier of the newly created annotation (AnnID ). The operation
remA(C:Class,A:AnnID) is used to remove the annotation with the specified identifier
from classC.

Assume, twoannC(X) operations add different annotations to classX. Both operations
modify the class objectX in the SDE. Hence, they conflict on the level of read/write operations.
However, by considering the high-level operations semantics, both operations commute, since
the resulting set of annotations for classX is the same in both execution orders. 2

Weihl [Wei88a, Wei89a, LMWF94] distinguishes betweenbackward commutativityand
forward commutativity. The difference is the underlying execution model. The former is appli-
cable to an update-in-place execution model whereas the latter is applicable to deferred-update
models. Other (non-symmetric) semantic relations have been proposed in the literature that
relax the requirements on the state equivalence of the data objects and enable an even higher
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degree of concurrency control. In [Her86, Her90], theinvalidated-byrelationship has been
introduced for optimistic concurrency.Recoverability[BR92] allows non-commuting but re-
coverable operations to be executed concurrently.

Semantics-based concurrency control fulfills none of the requirements stated in Section
2.2 directly, but achieves a higher degree of concurrency. Thereby, it reduces the probability of
long waits or abort,s which is important when transactions are of long duration. Commutativity
relations are also a major building block of the COACT model described in Section 3.

2.3.2 Multi-Level and Open-Nested Transactions

The basic goal of multi-level transactions [Wei86, Wei88b, BSW88, Wei91, WH93, WS92,
DSW94] and its generalization to open-nested transactions [WS92, MRKN92, MRW+93,
WDSS93, MR93] is to enhance inter-transaction parallelism and to allow for a finer recov-
ery granularity. This is achieved by modeling a transaction as a tree of subtransactions, by
exploiting the semantics of database operations, and through recovery bycompensationrather
than by state-based undo.

A multi-level transactionhas an implicit internal structure where the nodes in the transac-
tion tree correspond to executions of database operations at particular levels of abstractions in a
layered DBMS. Both subtransactions and actions (at the leaves of the tree) are considered to be
atomic. All multi-level transaction trees have to have the same depth.Multi-level serializabil-
ity [Wei86, Wei91] replaces traditional read/write serializability as correctness criterion while
preserving generalized ACID properties of transactions [VWP+98]. The idea is to exploit the
semantics of database operations in level-specific conflict relations based on commutativity.
Commutativity at a specific layer refers to abstract database states and not to concrete states,
i.e., operations at a lower layer are allowed to see differences. Conflicts at a lower layer can
be ignored if two operations at a higher layer commute with respect to the abstract state. This
policy allows more concurrency than “flat” semantics-based serializability (cf. Section 2.3.1)
[VWP+98].

Foropen-nested transactions, transaction siblings in the transaction tree are allowed to have
different nesting depth, like in closed-nested transactions [Mos82, HR87b, HR87a, TW97].
As opposed to closed-nested transactions, open-nested transactions are based on the idea of
early visibility of subtransactions in multi-level transactions. The concept ofsemantic seri-
alizability [MRW+93, Rak97] generalizes multi-level serializability to arbitrary nesting levels
of transactions. Open nested transaction models are well-suited for object-oriented DBMSs
[WS92, MRW+93, MR93] and federated DBMSs [WS92, Mut94, DSW94]. The dynamic
method invocation hierarchy can be transformed to an open-nested transaction.

As a consequence of the early visibility of modifications to commuting subtransactions,
the abort of a subtransaction can no longer be implemented by restoring the database state di-
rectly to the state before the subtransaction. An already committed subtransactionS has to be
undone by itscompensating subtransactionScomp that semantically undoes the effects ofS.
Before a subtransactionS can be compensated, all other subtransactions of the same transac-
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Figure 2.2: Example of Open-Nested Transactions.

tion executed afterS have to be compensated in inverse order. This is similar to the approach
used in SAGAs [GMS87, GMGK+91, CR92]. The compensating subtransactions are fully em-
bedded in the concurrency control mechanism, i.e., they are executed as regular transactions
in this respect [Wei91, AVA+94]. To enable compensation, the semantic lock for the com-
pensating subtransactions has to be granted before the execution of a specific subtransaction
[WHBM90]. This ensures that the compensating subtransaction will be executable if needed,
and the atomicity property of transactions is thus preserved. The need to prepare for possi-
ble compensation when a subtransaction is executed limits the potential degree of concurrency
achievable [VWP+98].

Example 8 (Open-nested transactions)Figure 2.2 shows an example of open-nested trans-
actions. Alice starts transactionT1 and annotates classX while Bob starts transactionT2 and
annotates the same class simultaneously. EachannC(X) subtransaction (cf. Example 7) cre-
ates a new annotation and inserts it into the set of annotations associated with classX, i.e.,
it executesnewAnn and insert subtransactions. The leaves of the tree consist of atomic
read/write operations. In contrast to “flat” semantic concurrency control (cf. Example 7), it
is now possible to execute theannC(X) operations concurrently. Clearly, the schedule at the
leaf level is not read/write serializable butT1 andT2 are semantically serializable (and also
multi-level serializable since each branch in the transaction tree has the same depth).

If Alice aborts her transaction later on, the system has to execute the compensating opera-
tion forT11 to remove her annotation from classX, i.e.,T comp

11 : remA(X,A1) . This is possible
without affecting Bob's transaction sinceT21 andT comp

11 commute (orT11 andT21 commute).
State-based undo is not possible because Bob's annotation would have been removed from
classX, too, in this case. 2

Long running transactions are supported by multi-level and open-nested transactions be-
cause of the high degree of parallelism. In addition, these models provide a finer granularity of
recovery units (partial rollback). Nevertheless, sharing of tentative data among co-workers ex-
ecuting concurrent transactions is not possible because both multi-level and open-nested trans-
actions stick to a variant of serializability as their correctness criteria. User-initiated undo can
be implemented by exploiting the commutativity relations and the compensation mechanism
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(cf. Section 3.5.3). In [WS92] some further extensions of open-nested transactions are out-
lined to adapt them to specific application needs. In general, we can say that requirements (A)
and (B) (cf. Section 2.2) are partially supported by multi-level transactions and open-nested
transactions.

In the following, we discuss advanced transaction models especially developed for cooper-
ative environments.

2.3.3 Dynamic Restructuring of Transactions

Thesplit/join transaction model[PKH88, KP92] was developed for open-ended activities char-
acterized by uncertain duration, unpredictable developments, and interactions with other con-
current activities. The model addresses cooperation among users by supporting the dynamic
restructuring of ongoing ACID transactions. Asplit command allows to split a running trans-
action into two transactions while ajoin command allows to incorporate two transactions into
one transaction. The correctness criterion used in this model is read/write (conflict) serializ-
ability of transactions to be committed. In contrast to other models, there exists no simple
relationship between the set of transactions initiated and those that are committed. Serializabil-
ity is guaranteed by permitting only those restructuring commands that preserve a serializable
history.

A split divides a running transactionTA into two transactions,T 0
A andTB. Read and write

operations that have been executed byTA are assigned toT 0
A or TB. T 0

A andTB are then re-
sponsible for committing or aborting the assigned operations. A split is only allowed to be
executed ifT 0

A andTB are serializable. Depending on the assignment of conflicting opera-
tions, we can distinguish between aserial split, where the commit ofTB is commit-dependent
[BOH+92, CR92] onT 0

A, and anindependent split, whereTB andT 0
A can commit and abort

independently. For interactively executed transactions, the serial case is only allowed ifTA is
committed immediately after the split operation.

The join command joins a transactionTA with the target transactionTB by adding the
read and write sets ofTA to TB. Before the join becomes valid andTA disappears,TB has to
accept it. Afterwards,TB can use any resources fromTA, and all changes ofTA to the database
will become valid at commit ofTB. Uncontrolled joining of two transactions can lead to non-
serializable histories. For example, ifTA is serialized beforeTC , TC is serialized beforeTB,
andTA andTB are joined, then the resulting “merged” transactionTA[B is not serializable with
respect toTC .

Example 9 (Split/join transactions) An example of split/join transactions is shown in Figure
2.3. Alice and Bob start their own debug transactions. Bob modifies the source of classY

(denoted byX.S in Figure 2.3) and recompiles it, resulting in a change of the bytecodeX.B .
Alice does the same for classX. Assume, Bob wants to access the source of classX. This is
not possible because the source and bytecode ofX are locked by Alice (if locking is applied).
Therefore, he asks Alice to release the source ofX. Alice fulfills his request by splitting her
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Figure 2.3: Example of Splitting and Joining Transactions.

ongoing transaction (Split( fX.S g) ). This results in the creation of a new transactionT 0
Alice

(independent case). The read and write sets ofT 0
Alice consist of the source ofX while the read

set of the original transaction becomes empty and the write set becomesfX.B g (the bytecode
of X). Bob joinsT 0

Alice to his running transaction. Now, Bob is able to modify the source ofX,
but Alice is no longer able to browse or modify the source ofX becauseT 0

Alice is now under
Bob's control.

Assume, Alice annotates classX (operationso4; o5; o6 in Figure 2.3) and Bob tries to an-
notateX, too. This results in blocking Bob's transactions because operationp6 conflicts with
o6 (note that this conflict does not occur if the semantics of operations had been exploited). If
Alice splits her transaction again (Split( fX.Ann g) ) and commits the new transaction im-
mediately, Bob can continue because the lock onX.Ann is released now. Note, if Bob now
reads the set of annotations, he will discover a new annotation but he is not able to read it, since
the annotationA1 is still locked by Alice (the remaining part ofTAlice, i.e., write(A1) , is
not yet committed). 2

A concept similar to split/join, i.e.,delegation, can be found inACTA[CR90, CR91, CR92,
CR94]. ACTA is a transaction meta-model that can be used to specify the types of dependencies
between transactions and within transactions (cf. Section 2.3.6). One of ACTA's building
blocks is the delegation primitive [CR93]. Delegation in ACTA means that the responsibility
for committing or aborting actions can be delegated from one transaction to another transaction
to broaden the visibility of the delegatee and to tailor the recovery properties of a transaction
model. In this way, tentative results can be made visible to co-workers.

Splitting and joining ongoing transactions enable a cooperative behavior by delegating parts
of transactions to a co-worker. Thus, the split/join transaction model fulfills requirement (C)
quite well . Other advantages of the split/join model are adaptive recovery (requirement (A))
and increased concurrency if the splitted transaction is committed immediately, i.e., the re-
sources are released and made persistent prior to the commit of the original transaction. An
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open problem is how to ensure that two transactions resulting from a split form again a con-
sistent unit of work. The requirements (B), (D), and (E) (retraction of decisions, private work
areas, and coordination of joint work) are not addressed by the split/join transaction model.

2.3.4 Check-Out/Check-In, Versioning, and Workspaces

One of the simplest forms of synchronizing the access of a team of designers to a shared
repository is thecheck-out/check-in model[Roc75, KW84, Tic85, Kat90, KBGW91, Kai95].
This model has been implemented, for example, by widely used version control tools like
SCCS [Roc75] and RCS [Tic85]. Data objects have to be explicitly checked-out by a designer,
i.e., objects are copied from the shared database to theprivate workspace, where the data
objects can be manipulated. In the simplest case, checked-out data objects are reserved for
exclusive access, until they are later checked-in into the shared database. Check-out and check-
in operations have to be atomic. Obviously, this policy limits the availability of data objects
enormously. Thus, the basic check-out/check-in model can hinder cooperation, since each user
works separately in isolation [BK91, Kai95]. Therefore, the check-out/check-in model appears
in most cases in tandem with versions and configurations [Kat90] like in version control tools
such as RCS [Tic85].

A versionof an object is simply a “snapshot” of an object's state at a particular point in
time [Kat90, Kai95]. Versions may be mutable or immutable. If an immutable version is
checked-out, a new successor version is first derived from the original one and then copied to
the workspace. The checked-out version is reserved exclusively, but another user may derive a
new version that can be checked out. This results in branches in the version history of an object.
Of course, the parallel versions have to be merged (manually) in order to come up with a single,
commonly agreed result of the object. Only some systems (most notably, NSE [Hon88] and
Biin [SCG+89]) provide tools that aid in merging multiple parallel versions to the same data
objects [Kat90, BK91, Kai95].

Another problem is to keep track of which versions of different data objects form a con-
sistent set of versions. For example, if there exist several versions of class objectsX and
Y, it is difficult to find out which versions ofX and Y can be used to compile executable
code. Therefore, versions are grouped into consistent versions sets, calledconfigurations
[LC87, WBHN87, WBMN88, Kat90]. Dealing with configurations complicates version man-
agement and check-out/check-in. Additionally, this can decrease concurrency because entire
configurations have to be reserved always.

Example 10 (Check-out/check-in)An example is shown in Figure 2.4. Alice checks-out
classX, i.e., the source and the bytecode ofX and the annotations made toX. Bob checks
out classY. This leads to exclusive locks forX andY in the public database. Alice edits the
sourcecode ofX (operationso1 and o2), compiles the bytecode (o3), and annotates classX
(o4; o5; o6). Bob edits and compilesY (operationsp1, p2, andp3). He recognizes that he needs
classX to check if his modifications affect this class. Check-out ofX is not possible because it
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Figure 2.4: Example of Check-Out/Check-In.

is exclusively reserved by Alice. He can either create a new version ofX that he can check-out,
or ask Alice to check-inX. In the former case, Bob cannot see the Alice's modifications to the
sourcecode, not even the annotations Alice made toX. The parallelly developed versions ofX

have to be merged manually later on. Even if Bob has only annotated classX an automatic
merge would not be possible, because the check-out/check-in model does not take into account
the (semantics of) operations executed in the private workspaces. In the latter case, Alice is no
longer able to work onX, but Bob can observe her modifications.

Other problems will arise if Alice is allowed to check-out/check-in only the sourcecode
or the bytecode ofX. In this case, a class is no longer a (implicit) configuration. This would
enable a higher degree of cooperation but might violate consistency. For example, if Alice
checks-out the source and bytecode ofX (now separately) and later checks-in the bytecode,
Bob can observe inconsistencies (he might not be aware off) between his version of the source
and the bytecode ofX. 2

For the purpose of software development, several extensions of the check-out model have
been developed, which take advantage of the possibility of software consistency checking in
those environments [KF87, KP87, Hon88, KPS89, Kai95]. The Network Software Environ-
ment (NSE) [Hon88] supports an optimistic coordination scheme by forcing users to merge
concurrently created versions of sourcecode, also known ascopy/modify/mergecycle. Smile
[KF87] provides one shared repository for the public configuration and a private workspace
with a private configuration for each user. If a private configuration is checked-in, the system
recompiles the modified source files and tries to link them to the unmodified modules in the
shared repository. If this fails, the check-in operation is aborted. Infuse [KP87, KPS89] gener-
alizes this approach by supporting additional semi-public workspaces and by using execution-
time consistency checking. Due to the fact that such consistency checking mechanisms are not
available in other application domains, these approaches do not provide a general solution.

Obviously, check-out/check-in models fulfill requirement (D) stated in Section 2.2, i.e.,
support for private and shared data. If check-out/check-in models are combined with versioning
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mechanisms and configurations, they fulfill the requirements (A), (B), and (C) to some extent.
Versioning supports the exchange of results among co-workers, if one accepts that versions
have to be (manually) merged later and that version sets may become inconsistent. Retraction
of decision and relaxed atomicity is partially supported by versioning, too, because one can
“rollback” to immutable versions in the version history.

2.3.5 Group-Oriented Transaction Approaches

Design transactions[KLMP84] and CAD transactions[BKK85, KKB87] enhance the basic
check-out/check-in model by introducing a hierarchy of a public database, several semi-public
databases (one per design project transaction), and private databases for active designers' trans-
actions. Kim et al. [KLMP84] apply a locking protocol with extended lock modes to enable the
exchange of data objects among private databases via their associated semi-public database.
CAD transactions enable cooperation among designer's transactions through a client/subcon-
tractor model using predicate-wise serializability as correctness criteria [BKK85, KKB87].

Similarly, most other group-oriented transaction approaches describe the overall working
process as a transaction hierarchy consisting of group transactions. Individual user transac-
tions form the leaves of the transaction hierarchy. Visibility between transactions is supported
by extended locking schemes [KSUW85, FZ89, VEH89, US92] or by following predefined
access patterns that define the application-specific correctness criteria like in [NZ90, NRZ92].
TheCONCORD model[RMH+94, MHR96, RMH96, Rit97] explicitly supports different kinds
of cooperation relationships that allow to share data among (hierarchically structured) design
activities.

In the cooperative transaction hierarchyapproach [NZ90, NSZ91, NRZ92] each group
transaction defines a set of rules that specify the way the child transactions can interact and
how data objects can be shared among them. Correct histories are specified bypatternsand
conflicts[Ska89, Ska91] using finite-state automata. Conflicts are comparable to locks in the
sense that they specify when certain operations cannot be executed. Patterns specify that spe-
cific operation sequences have to occur. Cooperation is enabled by allowing non-serializable
executions of transactions that belong to the same group. The usability of this model for co-
operative applications is restricted since significant parts of the cooperative application have to
be pre-specified (by means of patterns and conflicts) in order to describe whether a particular
non-serializable execution is correct or not. Thus, support for interactive user-control of trans-
action and revisions of decision is limited. Relaxed atomicity is supported by means of pattern
dependencies [NRZ92].

Theparticipant transaction model[Kai90, BK91, Kai95] defines each transaction as a par-
ticipant in a specifieddomain. The domain represents the set of user transactions controlled by
users collaborating on a common task. Participant transactions in the same domain need not be
serializable—only transactions of different domains have to be serializable. As the participant
transaction model is based on read/write actions and no concurrency control applies to a do-
main, this can lead to inconsistencies of data accessed in a domain (e.g., updates based on data
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no longer valid) and counter-intuitive behavior of the system from the user's viewpoint. More-
over, support for relaxed atomicity, user-initiated revision of work, and for private and shared
data is limited. Coordination of joint and individual work (requirement (E)) is not addressed in
the participant transaction model.

2.3.6 Transactional Workflow Models

The area oftransactional workflowapproaches1 [SR93, RB94, RS95b, WS97, ANRS92,
SANR92, ARSS93, JNRS93] usually comprises specification languages to express various
kinds of execution constraintsfor a set of (transactional) tasks. This can be done either by
supporting a script language like in the ConTract model [WR92], by a declarative specification
of the execution structure in terms of externally visible execution states [ARSS93], or by ECA
rules like in ATM [DHL90]. In the following, we briefly describe some of the approaches in
the area of transactional workflows.

SAGAs[GMS87, GMGK+91, CR92] have been proposed to deal with long-lived activities.
Basically, a SAGA consists of a sequence of ACID transactions that are allowed to interleave
with component transactions of other SAGAs. However, the entire SAGA can be made atomic
by compensating all committed component transactions ininverse order(cf. Sections 2.3.2
and 3.5.3). SAGAs relax the isolation property of transactions and increase inter-transaction
concurrency. An extension allowing the nesting of SAGAs has been proposed in [GMGK+91,
CR92].

ConTracts[Reu89, WR90, WR92, Sch93, RS95a, SR96] share the basic idea with SAGAs,
but allow to explicitly specify control and information flow between their predefined com-
ponent transactions (steps) by means of ascript. The scripting language provides language
constructs for sequential and parallel execution, as well as for branching and looping. Similar
to the NT/PV model [KS88, KS90, KS94a], the ConTract model usesinvariants, i.e., consis-
tency constraints, defined on the database for concurrency control purposes to relax isolation.
One emphasis of the ConTract model isforward recoverability, i.e., in case of a failure the state
of the ConTract is restored and its execution may continue. This is achieved by using private
context databases where the state of an entire ConTract is checkpointed. Moreover, ConTracts
provide relaxed atomicity so that a ConTract may be interrupted and re-instantiated.

Also, Flex transactions[ELLR90, RELL90, Leu91] allow the early release of resources. A
Flex transaction consist of a set of tasks with a set of functional equivalent subtransactions for
each. A set of execution dependencies on the subtransactions, including failure dependencies,
success dependencies, or dependencies on external events can be specified. In [KPE92], par-
allel logic programming was used for specification. To relax isolation, Flex transactions use
compensation. Global atomicity is relaxed by allowing to specify acceptabletermination states
in which some subtransactions may be aborted.

1The termtransactional workflowwas introduced by Sheth and Rusinkiewicz [SR93] to clearly recognize
the relevance of transactions to workflows. It has been subsequently used by a number of researchers, e.g.,
[BDS+93, KS95b, GHS95, TV95].
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TheActivities/Transaction Model(ATM) [DHL90, DHL91, DS93] allows to integrate both
ACID transactions and so-called activities which do not need to be ACID. A long running ac-
tivity is modeled as a set of execution units that may consist of other activities or transactions
recursively. Control flow and data flow may be specified statically in ascript or dynamically
by event-condition-action rules. Recovery is supported by rule-based specification of compen-
sation transactions andcontingency transactionswhich represent alternatives.

Enforcement ofintertask dependenciesin transactional workflows is discussed in [ARSS93,
RS95b, RB94, GRL94]. Tasks are modeled by providing their (visible) states together with
significant events corresponding to the state transitions (start, commit, abort, etc.). Intertask
dependencies can be classified as enforceable, rejectable, or delayable. In [ARSS93], intertask
dependencies such as the order dependenciese1 < e2 or existence dependenciese1 ! e2

[Kle91] between significant events are formally specified using computational tree logic. The
METEORsystem [KS94b, KS95b, SKM+96b, SK98] is also based on the concept of intertask
dependencies.

TheTransaction Specification and Execution Environment(TSME) [GHKM94, GHM+93,
GH94, GHM96] is a programmable system that supports the specification of transactional
workflows and the configuration of transaction managers to enforce the desired models. It pro-
vides a specification language to express various kinds of intra-transaction and inter-transaction
dependencies and the correctness criteria that the transaction must satisfy.

ACTA[CR90, CR91, CR92, CR94] is atransaction meta-modelto specify advanced trans-
action models and to reason about (1) the effects of transactions on data objects and (2) the
interactions among transactions. ACTA has five building blocks: histories, transaction depen-
dencies, the view of a transaction, the conflict set of a transaction, and delegation (cf. Section
2.3.3). The transaction models are defined through axioms, which are invariant assertions about
the histories of a particular transaction model. Unfortunately, the axiomatic definition might
not be helpful in producing an operational transaction model and a corresponding transaction
manager.

Similar to TSME,Transaction Toolkitsenable the programmatic implementation of ad-
vanced transaction models by providing a set of transaction primitives. Using a C++ program-
ming interface,ASSET[BDG+94] allows a transaction designer to compile programs with
(advanced) transaction specification into executable code. ASSET is based on transaction prim-
itives derived from the ACTA framework. Barga et al. have designed aReflexive Transaction
Framework[BP95, BP97] to implement different advanced transaction models. Using transac-
tion adapters, i.e., add-on modules that are built on top of an existing transaction manager, they
show how to extend the underlying functionality of the transaction manager.

Other interesting transactional workflow approaches are, among others, S-transactions
[VEH92], the DOM transactions model [BOH+92], Polytransactions [SRK92], the combi-
nation of transactional workflows with semantics-based transaction management [BDS+93],
IBM's Exotica project [MAGK95, AAA+95, AAA+96], the work of Günthör [Gün93, Gün96],
the TAM transaction model [LP97, LP98], the WIDE two-level transaction model [CGS97,
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GVBA97], and the work of Veijalainen et al. [PTV96, PTV97, TV95, VEH92] aiming at work-
flow support in inter-organizational environments (partially done in the context of the TRANS-
COOPproject).

The focus of all these transactional workflow approaches is oncoordination, i.e., the co-
ordinated execution of multiple related tasks, either performed by humans or automated tasks.
The execution constraints are in most cases induced from data flow dependencies and organi-
zational constraints.

Cooperation is characterized by passing results between (transactional) tasks in a prede-
fined, programmed manner. Flexible but controlled sharing and exchange of data objects
among co-workers participating in the same task or in different tasks (at the same or differ-
ent times) is not in the focus of transactional workflow approaches. This is essential in non-
workflow scenarios like cooperative authoring, Design for Manufacturing, and software devel-
opment. Flexible revision of decisions (requirement (B)) and support for private and shared
data (requirement (D)) are not addressed. However, the requirements of relaxed atomicity (A)
and the coordination of work (E) are fulfilled quite well by transactional workflow models.

2.3.7 Comparison of Advanced Transaction Models

We conclude our discussion of advanced transaction models by comparing them with respect
to support for cooperative applications. Table 2.1 summarizes to what degree the different
categories of advanced transaction models fulfill the requirements presented in Section 2.2. A
“�” in Table 2.1 indicates that the requirement is only partially fulfilled.

2.3.8 Other Approaches to Support Cooperation

Besides advanced transaction models, groupware systems and workflow management systems
also support cooperation among multiple users. We conclude this chapter by discussing these
approaches.

2.3.8.1 Groupware Systems

Most groupware systems [EGR91, Rod91, GP97] synchronize cooperative access to shared
data in a more or lessad-hocmanner rather than using a well-defined formal notion of correct-
ness for data sharing [VWP+98, KPTV95, TVF+95]. Concurrency control inasynchronous
groupware systems is usually based on such mechanisms like explicit user-controlled locking
of objects, different lock modes, extended lock semantics, and notifications [GS87, EGR91,
WL93]. Some systems use floor passing protocols or turn-taking mechanisms [GS87] to syn-
chronize concurrent operations on shared data, thereby heavily limiting the availability of data.
Other systems do not provide any concurrency control at all and rely only on social protocols
[EGR91], providing only visual feedback to indicate which objects are “in use”.
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Table 2.1: Comparison of Advanced Transaction Models.
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Comments

Semantics-Based
Concurrency Control

� � � � �
Usage of operations semantics increases
concurrency

Multi-Level and Open-
Nested Transactions

�1 �1 � � �
Usage of level-specific operation seman-
tics; 1Partial rollbacks by compensation

Split/Join Transaction
Model, Delegation

�2 � +3 � �
2Adaptive recovery if direct commit af-
ter split;3Possible consistency problems

Check-Out/Check-In
Models, Versioning etc.

�4 �4 �5 + �
4Immutable versions;5Requires manual
merge, no formal correctness criteria

Group-Oriented
Transaction Approaches

� � � + �
Properties depend heavily on the partic-
ular model (cf. Section 2.3.5)

Transactional
Workflow Approaches

+ � � � +
Properties depend heavily on the partic-
ular model (cf. Section 2.3.6)

The most prominent cooperative hypermedia authoring systems belonging to this cate-
gory of asynchronous groupware are Notecards [Hal88, IT89], CoAuthor [JJKF89, EJ91],
KMS [AMY88, YAM89], Intermedia [YHMD88, HKR+92], EHTS [Wii91, Wii92], Hyper-
Base [WO90, Wii93], HyperForm [WL92], and CHS [SS90, SH93]. Quilt [LFK88, FKL88]
and PREP [NKCM90, NKCM92, NKCM94] are examples for asynchronous group editors that
use draft passing and annotations to enable cooperation among co-authors.

The major drawback of these systems is that they do not offer a generic mechanism to
realize a broad range of cooperative applications. Most systems utilize ad-hoc mechanisms for
sharing data which are often very restrictive and lack a formal notion of data consistency. Some
systems offer hard-coded mechanisms for work coordination. Both recovery and retraction of
decisions are generally not supported.

Other approaches in the CSCW area, e.g., [EG89, KP90, Ell92, GM94, SKSH96, RG96,
SYZC97, SE98b] are only applicable toreal-timecooperative work. This category includes
synchronous group editors like GROVE [EG89, EGR89], ShrEdit [MO92], or DistEdit [KP90,
KP93] and shared whiteboards such as GroupSketch [GB91], TeamPaint [IKG92], and WS-
CRAWL [LHW92]. All of them are GUI-centered applications that follow the WYSIWIS
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(“what you see is what I see”) paradigm [SBF+87]. They require that all co-workers are simul-
taneously present.

Most of these real-time groupware systems are based on data replication at each site and use
multicast protocols like ISIS [BC91, BSS91] for synchronization purposes. This requires that
all sites are permanently connected via the network. In general, real-time groupware systems
do not address the issues of persistency of data and recovery to ensure fault-tolerant processing,
nor do they support mobile and disconnected co-workers or cooperative work in high-latency,
low-bandwidth networks. Since these systems are based on the WYSIWIS paradigm, they
do not distinguish between private and shared data. Support for coordination of work and
retraction of decisions is generally not available.

Most of the groupware systems mentioned in this section are research prototypes and are
highly tailored to a specific application domain, e.g., cooperative authoring. On the other hand,
in recent years some commercial groupware platforms have emerged that can be used to build
cooperative applications (also classified asmeta-groupwareby CSCW researchers [EW94a]).

Two representative examples are Lotus Domino [Lot97, Lot96] (formerly known as Lo-
tus Notes) and recent versions of Microsoft Exchange [Mic98]. These groupware platforms
provide high-level communication support, message routing, document repositories, and tools
to build special purpose applications that use the base functionality. By offering scripting
languages, form-builders, etc. they allow an application designer to create an instance of a
groupware system.

As such, workflow applications built on top of these groupware products become one of
their future usage. For example, Domino provides the basic routing functionality to permit
third-parties to build workflow-like applications with both database-based and mail-based ar-
chitectures [Moh98]. Like in workflow management systems, features that allow the flexible
sharing of documents in a cooperative fashion are missing in both groupware products, or are
not very mature in the current versions. For example, Lotus allows the replication of database
tables at record level but does not support system-supported conflict resolution mechanisms.

2.3.8.2 Workflow Management Systems

Unlike the field of groupware systems, the current state-of-the-art in workflow management
is dictated by the commercial market [AS96, SK98]. Several hundred products that claim to
provide support for building workflow applications exist in the market today [Moh98, GT98,
ED98, CHRW98, SK98, AAAM97, GHS95].

Workflow management is gaining popularity, although the current generation of workflow
management systems (WfMS) has severe limitations [GHS95, MAGK95, JLP+95, VPL95,
AAAM97, Moh98, CHRW98, ED98, KWA99a, KWA99b]. Many of these deficiencies results
from the strong process orientation of WfMS—neglecting data-centric issues, i.e., the manage-
ment of application data. Deficiencies are, for example, the lack of support for correctness and
data consistency (in the case of concurrent workflow tasks), and insufficient recovery mech-
anisms. The responsibility of data management is usually delegated by the WfMS to a com-
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mercial database management system that holds the application data that is processed within
a workflow application. Since the underlying database management system usually supports
only traditional transactions, data consistency for workflow applications is difficult to achieve.

Research in the area of transactional workflows (cf. Section 2.3.6) provides appropriate
directions to enhance WfMS in this respect and to better support relaxed atomicity [Ley95,
Ley97]. For example, IBM discussed plans to integrate compensation mechanisms into their
workflow product MQ Series Workflow [LR98], formerly know as FlowMark [LA94].

Another drawback of most commercial WfMS is that they concentrate on the coordination
of relatively static workflows and on the modeling of the organizational aspects within work-
flow applications. Current WfMS do not support cooperative sharing of documents among
workflow tasks. They do not offer adequate modeling and execution support for dynamically
determined executions of activities, as required, e.g., in cooperative document authoring, multi-
user software development, and Design for Manufacturing.

Recently, there has been an increasing interest in the research community in devel-
oping adaptive workflows and more dynamic WfMS. The majority of current work ad-
dress relevant issues at modeling and language levels [EW94b, EKR95, Her95, HHSW96,
LP97, HS98, CCPP98, LP98, Wes98, RD98], with some efforts in implementation underway
[MGB+98, RHD98, RD98, HSS96, HHJ+99]. On the other hand, these approaches address the
issue of flexible but consistent sharing and exchange of data among co-workers only marginally.

Some promising approaches towards integration of workflow coordination technologies
with cooperation technology and groupware are investigated in [AG95, GP96, She97, MCC98,
GAP98, SK98]. Directions for the support of mobile and disconnected users in workflow ap-
plications are discussed in [BMR96, AGK+96, CR98].





Chapter 3

The Cooperative Activity Model

This chapter describes the cooperative transaction model COACT and its underlying paradigm
of cooperative work. As motivated in Section 2, cooperative applications impose new require-
ments on the transaction concept. In such environments, failure atomicity is too strict, and
isolation among users contradicts the need of cooperation. A transaction model supporting co-
operation should make thesemantically correct sharing and exchange of informationamong
co-workers as natural as possible, while still preserving consistency of the data processed.

The COACT model combines the use of private workspaces, that allow individual partic-
ipants to work independently, with a synchronization mechanism calledhistory mergingthat
allows them to combine their work into a coherent whole. To this end, we take anoperation-
orientedview, rather than a state-oriented view: the consistency of common work results is de-
termined based on thesemanticsof the operations performed. COACT exploits both backward
commutativityand forward commutativity for this. The flexibility of our approach is mainly
achieved by its ability to determine consistent units of work dynamically, and its consideration
of operation semantics for detecting and resolving conflicts.

All cooperation facilities in COACT are based on the history merging paradigm. Merging
histories with pre-specified commutativity relations provides transactional guarantees to a co-
operative activity. In particular, we guarantee in COACT that all workspace histories remain
legal, although information is exchanged. Using legality as its correctness criterion, history
merging relaxes the isolation and atomicity properties of traditional transactions and enables
cooperation among users—while ensuring consistency of their workspaces.

The chapter is structured as follows. First, we give an overview on the basic ideas behind
the COACT model. In Section 3.2, we introduce a formal model of computation and the central
concepts of operations, histories, and equivalence and legality of histories. Legality and equiv-
alence of histories are used to define various kinds of commutativity relations in Section 3.3.
In Section 3.4, we introduce the notion of cooperative activity types and cooperative activities.
The nucleus of the cooperation facilities in COACT is the history merging approach, which is
presented in Section 3.5. In Section 3.6, we describe the COCOA coordination model (cf. Sec-
tion 1.3) in more detail and assess the COACT cooperative transaction model with respect to the
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requirements identified in Section 2.2. We conclude this chapter by comparing our approach
with the advanced transaction models discussed in Section 2.3.

3.1 Overview of the Cooperative Activity Model

The Cooperative Activity Model(COACT, for short) [RKT+95a, RKT+95b, WK96, Wäs96,
KTW96b, KTW96c, WAN98, KTWK98, KTW97b, KTW97a] starts from the observation that
cooperative work is characterized by alternating periods of individual and joint work (cf. Sec-
tion 2.1 and [Kai95, EMP+97, TVL+98]). During individual work periods, users explore al-
ternative problem solutions, while co-workers may work simultaneously on the same subject.
Access to and use of shared data objects should neither block other users, nor should it affect co-
workers unintendedly. During joint work, co-workers should be able to exchange information
and to share final as well as intermediate results. Co-workers should be able to form subgroups
dynamically. Joining and leaving an ongoing cooperative activity should be possible.

Therefore, we assign aprivate workspaceto every user who participates in a collaborative
effort, i.e., acooperative activity. By default, the private workspaces of the co-workers are
isolated from each other and can only be accessed and manipulated by the workspace owner.
Additionally, there exists acommon workspaceper cooperative activity.

The common workspace is isolated from the private workspaces and is not assigned to
a single actor in the cooperative activity. The common workspace contains the data objects
available when a cooperative activity isstarted, and it will contain the results of the cooperative
activity when it iscommitted. Figure 3.1 gives an illustration of these constituents of the CO-
ACT model.

To achieve isolation of workspaces, we (conceptually) copy the data objects initially con-
tained in the common workspace to all private workspaces (initial state of the cooperative
activity). These copies of the objects can then be manipulated independently in the private
workspaces. Hence, the modifications to data objects done by different co-workers do not in-
terfere. This conceptual design is well-suited to support cooperation among geographically
distributed users or mobile users that are only partially connected to the network. In such en-
vironments, it is too strict to require that all co-workers are permanently connected with each
other.

We assume in COACT an environment, where the sequence of operations executed in a
workspace is composed interactively by the user. Each user interaction with the corresponding
workspace is modeled as a single atomic operation. A user selects the next operation from
a predefined set ofoperation types(see next page) and provides the actual input parameter
values to that operation. The invocation of the predefined operation types is the only means to
retrieve and change the state of the own private workspace. The resultingoperation instances
(operations, for short) appear as atomic changes on the respective workspace that transfer a
consistent workspace state into another consistent workspace state.

For each workspace, we record all modifications in aworkspace history. A workspace
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Figure 3.1: Workspaces and Exchange Facilities in the COACT Model.

history is represented as a logical log of operations executed in a workspace. Each history
entry contains all information about the respective operation execution, including the input
and output parameter values of the operation. Using write-ahead logging of operations, the
workspaces within a cooperative activity become durable.

To model the correct interaction, i.e., cooperation of users involved in a cooperative activity,
we introduce the concept ofcooperative activity types(cf. Section 3.4.1).

� First, a cooperative activity type describes a setO of invocable operation typesthat can
be invoked by a user, i.e., generated, in his private workspace.

� Second, a cooperative activity type specifies for each operation typeot 2 O acompensa-
tion function. The compensation function is used to compute acompensation operation
thatsemantically undoesthe effects of the original operation.

� Third, a cooperative activity type specifies type-specific merging relationsM , described
by commutativity relationsamong operations. The commutativity relations guide the
process of an information exchange (history merging).

Exchange of information among workspaces is an explicit act, that is initiated by an actor
through invoking one of COACT's exchange meta-operations, namelyimport , delegate, and
save (cf. Figure 3.1). The exchange meta-operations are generically provided by the COACT

model, like starting, aborting, or committing of a cooperative activity1.
All of them are based on the history merging mechanism, which exchanges operations

among workspaces, rather than the data objects themselves. Essentially, the merging of his-
tories can be viewed as incorporating a subsequence of operations from a source workspace

1The name “meta-operations” results from the fact that exchange meta-operations operate on sequences of
operations that manipulate the data objects in the workspaces.
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history into a target workspace history. History merging ensures that the source and tar-
get workspaces always keep consistent. Conflicts that may occur during an exchange meta-
operation are resolved by undoing operations in the target workspace and/or by neglecting
some of the operations to be incorporated.

The COACT cooperative transaction model provides the following options for exchanging
information among workspaces:

1. Co-workers can directly exchange partial results between their private workspaces by
means of theimport anddelegate exchange meta-operations.

� Import is used by a co-worker to incorporate a set of operations executed in the
scope of another workspace into the own workspace. The importing user is respon-
sible for resolving conflicts that may occur during the merge. Animport has no
effect on the workspace from which the work is being imported.

� Delegate is used to pass on a set of operations to a co-worker (the delegatee), who
is then responsible for merging the operations into his private workspace. Conflicts
that may occur are resolved under the supervision of the delegatee. Thedelegate

exchange meta-operation has no effect on the workspace of the delegator.

The difference is that, in the former case, the actor who initiates the exchange meta-
operation is also responsible to control the merge with his private workspace, whereas
in the latter case, the delegator only selects the operations and the delegatee controls the
merge with his workspace.

2. Co-workers can exchange information through the common workspace by means of the
save andimport exchange meta-operations.

� A user can usesave to incorporate operations of his private workspace into the
common workspace, thus, making (parts of) his results public to all co-workers.
The user who invokes asave is responsible for the resolution of possible conflicts
in the common workspace. Only the common workspace is modified by asave—
the private workspace of the user remains unchanged.

� Other co-workers can then retrieve and incorporate these (and other) operations
from the common workspace into their private workspaces, using theimport ex-
change meta-operation described above. The resolution of possible conflicts is done
under the supervision of the importing user. The common workspace remains un-
changed.

In contrast to adelegate, the user that initiates thesave is also responsible for resolving
possible conflicts in the target workspace (in this case the common workspace).
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The history merge mechanism allows only to exchange consistent parts of workspaces. A
consistent part of a workspace is represented as aconsistent unit of work, which is a subse-
quence of the operations in a workspace history. We identify consistent units of work by exam-
ining thebackward commutativity relation[Wei88a, LMWF94] between operations contained
in a workspace history. A user selects (e.g., via a graphical user interface) the operations to be
exchanged, and COACT dynamicallycomputes the minimal consistent sequence of operations
to be exchanged.

The incorporation of these operations into another workspace is then realized by there-
execution of operationsin the respective target workspace. In this way, the effects of the oper-
ations are reflected in the state of the target workspace.

The semantic correctness of the exchange of operations is guaranteed by ensuring that
the re-execution of an operation has an equivalent “view” on the history, in both the target
workspace and the source workspace. Hence, the behavior of a re-executed operation in terms
of output parameter values is indistinguishable from its initial execution, i.e., the re-executed
operation remains legal. We use theforward commutativityrelation [Wei88a, LMWF94] to
check this.

If the merge process cannot be performed without violating the semantical correctness of
the target workspace history, the merge mechanism offers different alternatives to proceed, i.e.,
it identifies different consistent sets of operation sequences. In this case, the controlling user
can select one of those consistent operation sequences to be incorporated in a workspace.

To ease the merge process for the user, the task of selecting an alternative for the merge
can be supported by an extra decision module, without requiring user interactions. In this case,
certain merge policies can be specified providing different conflict resolution strategies.

The resolution of conflicts during a merge may result in retracting previous decisions, i.e,
undoing operation sequences in the target workspace. This is accomplished by means ofcom-
pensationin COACT. Using the compensation functions specified and the backward commu-
tativity relation inM , we ensure that only the minimal amount of work is discarded. Addi-
tionally, our compensation approach allows users toselectively undooperations in their private
workspaces, which is important for the interactive processing of activities.

If an operation has been successfully incorporated into another workspace, it is conceptually
the identicaloperation as in the original workspace. Thesharingof operations among several
workspace histories allows us to achieve a close cooperation between co-workers, because
certain conflicts with identical operations that are present in both workspace histories can be
ignored during a merge.

The degree of cooperation that can be achieved by history merging depends on the exchange
frequency. The more often operation sequences are exchanged among workspaces, the more
identical operations the workspaces will contain. If in all workspaces the same (automatic)
conflict resolution policy is applied, the workspace states within a cooperative activity will
eventually converge, i.e., the states of all workspaces will be equivalent.

Besides the mentioned meta-operations for the exchange of information among workspaces,
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the COACT model provides basic primitives to manage the execution of cooperative activities
(cf. Section 3.4.3). These primitives include the instantiation of a cooperative activity of a
given type (start ), the ability tosuspend a user's activity to be resumed later on, and primitives
to join or leave the cooperative activity.Join creates a new workspace for a user in an already
existing cooperative activity, whileleave discards the workspace of the corresponding user who
is no longer part of the cooperative activity. Before leaving, users will delegate their results to
co-workers or save them in the common workspace.

In addition, the COACT model provides primitives for aborting or committing a cooperative
activity with almost usual semantics. Those parts of a cooperative activity that are reflected in
the common workspace after its commit are considered as the final result of the cooperative
activity. It is assumed that all users integrate their relevant contributions into the common
workspace, such that there is a single result of the cooperative activity. Commit and abort
discard all the private workspaces. In case of an abort, also the common workspace is discarded.

Note, that in principle, theimport anddelegate exchange meta-operations among private
workspaces could be eliminated, requiring all users to cooperate only through the common
workspace. We decided to provide the option to exchange information directly among private
workspace, since it allows subsets of users to cooperate, which would be impossible otherwise.
On the other hand, information exchange via the common workspace (by means ofsave and
import) can be eliminated, requiring all users to exchange information directly among their
private workspaces. We decided to provide this exchange option via the common workspace,
since it allows a user to make (parts of) the information in his private workspace public toall
co-workers. Additionally, we defined the common workspace to contain the initial data set of
a cooperative activity when it starts and the result of the cooperative activity when it finishes.
For this,import andsave between the common and the private workspaces are needed.

3.2 Model of Computation

In this section, we define the basic building blocks of the computational model that allow us to
define different kinds of commutativity relations, the history merging paradigm, and COACT's
notion of correctness.

In our data model there exist two kinds of entities: data objects and operations. Objects
encapsulate the data items contained in a workspace. Operations are the only means to examine
and modify the state of a workspace, i.e., the state of the data objects contained in a workspace.
We further distinguish between operation types and operation instances. The former describe
the semantics of state transitions within a workspace. Operations are individual instantiations
of operation types. Operations record their input parameters values together with their results.
This allows us to define when an operation (re-)execution is considered as legal. Legality of
operations is a central concept in COACT. It describes if the invocation and response events of
an operation match for a certain workspace state.

Complex computations are modeled in COACT as finite sequences of operations, called
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histories. We consider a history legal if all of its operations are legal. The notion of legal
histories allows us to derive the concepts of equivalence of workspace states and equivalence of
histories. Within this framework, we are able to formally describe the commutativity relations
used in COACT (cf. Section 3.3) and COACT's history merging mechanism (cf. Section 3.5).

3.2.1 Data Model

In the following, we introduce COACT's underlying abstract data model. It provides the cen-
tral concepts needed for the definition of the COACT cooperative transaction model, omitting
unessential details (in particular data structures).

3.2.1.1 Objects and Workspaces

The basic containers for data are calleddata objects(or objects, for short). Each data object
has avalue, a domainand aunique object identifier(OID) assigned to it. The domain of a
data object defines the possible set of values the object can have. The OID of an object and its
domain areimmutable, whereas the value of a data object can change over time.

DEFINITION 1 (DATA OBJECTS)
A data objectd is a tripled = (i; v; V ) wherei is the object identifier,V is the domain of the
object, andv 2 V [ f?g is the current value of the objectd. If v = ?, then the value of the
object is undefined. Withoid(d) we denote the object identifieri, value(d) denotes the current
valuev, anddom(d) denotes the domain of objectd.

Object identifiers are needed to identify and distinguish data objects, because different ob-
jects can have the same values. Two objects are considered to beidenticalonly if they have the
same object identifier. Two objects are consideredequalif their values are the same.

For the sake of simplicity, we assume that there exists an infinite set of object identifiers and
that an object identifier is used only once. In practice, object identifiers are system-generated
values and the underlying computing system ensures that object identifiers aresystem-wide
unique.

DEFINITION 2 (IDENTITY OF DATA OBJECTS)
Two data objectsd ande areidentical(d == e) iff oid(d) = oid(e).

A workspace(or database) is a collection of data objects. All objects contained in the
workspace must be assigned a value out of their domain, i.e., a data objectd exists in a
workspace only ifvalue(d) 6= ?. If the value of an object is?, this means that the object
is not yet “created” or that the object is already “deleted”.

DEFINITION 3 (WORKSPACE)
A workspace(or database)WS is a setfd1; d2; : : : ; dng of data objects with: (di == dj), for
all i 6= j, and withvalue(di) 6= ?, for all i = 1; : : : ; n.
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Because the values of data objects in a workspace can change over time, we introduce the
concept of a workspacestate. A state describes which objects are contained in a workspace at
a particular point of time and which values these data objects have. Two workspace states are
equalif the data objects have the same values.

DEFINITION 4 (STATE )
LetD be the set of all data objects that can occur in a workspace. Then, astateS is a mapping
that assigns to eachd 2 D a corresponding value fromdom(d) [ f?g, i.e.,S(d) = v where
v 2 dom(d)[f?g. If S denotes the state of a workspaceWS , we defined 2WS iff S(d) 6= ?.
With S? we denote the empty state, i.e.,8 d 2 D : S(d) = ?. With Swe denote the set of all
possible states of a workspace.

DEFINITION 5 (EQUALITY OF STATES)
LetD be the set of all data objects that can occur in a workspace. Two statesS andT areequal
(S = T ) iff 8 d 2 D : S(d) = T (d).

As a shorthand, we denote byS[d 7! v] the state obtained by mapping objectd to valuev
and leaving the mappingS otherwise unchanged.

In the following, we present a bank account example to illustrate the concepts introduced so
far. It is based on [Wei88a, Wei89a] and rather simple, thus easy to understand, but sufficient to
illustrate all the concepts we introduce in this section. Variants of this example are widely used
in the field of semantics-based transaction processing, e.g., [Her86, Wei88a, Wei89a, Her90,
AAS93, AA94, Mut94, Rak97].

Example 11 (Bank accounts)Each bank account in the ACCOUNTSdatabase is modeled as a
data object whose value represents the name of the account owner (as a string) and the account
balance (as a real number), i.e.,V = STRING � REAL.

Assume that ACCOUNTS contains three account objectsa; b; c. Let stateS1 beS1(a) =

(Alice; 1000), S1(b) = (Bob; 900), andS1(c) = (Alice; 900). In this state, all objectsd 2
ACCOUNTS are not equal. Note that there exist two account objects for Alice which are
only distinguished by their object identifiers. If Bob transfers 100 DM from his accountb

to accountc, this yields the stateS2 with S2(a) = (Alice; 1000), S2(b) = (Bob; 800), and
S2(c) = (Alice; 1000). Now, a andc are equal but not identical, since they have different ob-
ject identifiers. Of course,S1 6= S2. Assume, Alice transfers from her accounta 100 DM to
Bob's accountb and then 100 DM from accountc to accounta. These money transfers result
in stateS3 with S3(a) = (Alice; 1000), S3(b) = (Bob; 900), andS3(c) = (Alice; 900). Thus,
stateS3 = S1. 2

In object-oriented data models, objects are usually further classified intoobject types. An
object typeT describes the internal structure for a set of homogeneous data objects. A total
typing functiontype : D ! T assigns to each objectd 2 D an object typeT 2 T. For example,
we can introduce an object type ACCOUNTOBJECT with two attributesname andamount
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wheredom(name) = STRING anddom(amount) = REAL. This object type describes the
account objects contained in the ACCOUNTSdatabase.

Such explicit typing is used in most object-oriented database models like VML [KAN94,
DIM95] or ODMG [Cat94] or object-oriented programming languages like Java [AG98]. In
addition to the structure of objects, object types in object-oriented models also describe the
behaviorof objects throughmethodsor operation types assigned to the object types. In contrast
to this, we use a more generic model in COACT. Operation types are kept separate from the
objects. This is similar to SQL:1999 (formerly known as SQL-3) user-defined routines which
are not assigned to a type or table in the database [EM99, W¨as97, IA97, Mel98].

Therefore, and since explicit typing would make our model unnecessarily complex, we do
not use object types in the following. Also, we do not introduce extensional classes nor do
we model inheritance. All of these concepts are not essential for COACT (but could easily be
introduced into our model).

3.2.1.2 Operation Types

To describetransitionsamong workspace states, we introduce the concept ofoperation types.
An operation type can be compared to the definition of a procedure or method in a program-
ming language. An operation type with nameot has formal input parametersin1; : : : ; inn with
domainsdom(in1); : : : ; dom(inn) and formal output parametersout1; : : : ; outm with domains
dom(out1); : : : ; dom(outm), wheren is the number of input parameters andm is the num-
ber of output parameters. In the following, we refer to thesignatureof an operation type as
ot( dom(in1) in1; : : : ; dom(inn) inn ):[ dom(out1) out1; : : : ; dom(outm) outm) ].

Note that the state of objects can only be observed and modified through the invocation
of operation types. This means that a user can only observe that part of a workspace that is
externalizedby the output parameters of operation types.

In COACT, we abstract from the concrete implementation of an operation type by using
functions to specify the semantics of operation types. An operation type is described by a
deterministic functionfot . The input offot is a workspace stateS 2 S and the input parameter
valuesini. The result of the functionfot are the output valuesoutj and the new stateT 2 S.
Depending on the actual stateS and the input parameters, the application offot transforms the
stateS into T , i.e., it alters the values of objects in the workspace.

DEFINITION 6 (OPERATION TYPE)
An operation typeot with input parametersin1; : : : ; inn and output parametersout1; : : : ; outm
is a deterministic functionfot : S � I ! S � O with I = dom(in1) � : : : � dom(inn),
O = dom(out1)� : : :� dom(outm).

Note that the functionfot has to bedeterministic. This means that an operation type cannot
return random values or make random state transitions. This property is important in order to re-
execute operations in other workspaces. We require thatfot is total, i.e., for every combination
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of input state and input parameters there is a defined output state and defined result values2.
For the sake of simplicity, we assume that an operation type is always invoked with a valid
combination of input parameters values from the respective parameter domains.

Example 12 (Operation types for ACCOUNTS) Consider the ACCOUNTSexample introduc-
ed in the last section. The available operation types for ACCOUNTSare:

createAccount(STRING name):[OBJECT account ] takes a string as input and returns a
newly “created” account data objectaccount with value(account) = (name; 0). With OB-
JECT we denote the setD of all possible data objects (cf. Definition 4). The semantics of
createAccount is described by the following function:

createAccount : S� STRING! S� OBJECT with
createAccount(S; name) = (T; account)

whereS(account) = ?, T = S[account 7! (name; 0)]. Recall thatS[d 7! v] denotes the state
that is identical toS, except that objectd is mapped to valuev.

credit(OBJECT account; REAL+ amount) takes an existingaccount object and a non-
negativeamount as input and increments the balance ofaccount by amount—other objects
remain unchanged:

credit : S� OBJECT� REAL+ ! Swith
credit(S; account ; amount) = T

whereS(account) = (name; balance), T = S[account 7! (name; balance + amount)]. The
specified operation type has no externally visible effects, i.e., it has no output parameters.

debit(OBJECT account ; REAL+ amount) decrements the balance ofaccount by the spec-
ified amount :

debit : S� OBJECT� REAL+ ! Swith
credit(S; account ; amount) = S 0

whereS(account) = (name; balance), T = S[account 7! (name; balance � amount)].

owner(OBJECT account):[STRING name] returns the name of the account owner:

owner : S� OBJECT! S� STRING with
owner(S; account) = (S;�1(S(account)))

where�1(S(account)) denotes the projection onto the first component ofS(account). Note,
owner does not change the state of an object—it only has an external effect, i.e., the name of
the account owner is returned.

2This is no severe restriction, since we can transform every partial function into a total one that has a resulting
state equal to the input state and “nil ” output values in case the result of the partial function is undefined. This
only requires that the domains of the output parameters for the total function include an additional “nil ” value.
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balance(OBJECT account):[REAL amount] returns the current balance ofaccount :

balance : S� OBJECT! S� REAL with
balance(S; account) = (S;�2(S(account)))

transfer(OBJECT account1 ; OBJECT account2 ; REAL+ amount) transfers the speci-
fiedamount of money fromaccount1 to account2 in asingleatomic state transition:

transfer : S� OBJECT� OBJECT� REAL+ ! Swith
transfer(S; account1; account2; amount) = T

whereS(account1) = (name1; balance1), S(account2) = (name2; balance2), and stateT =

S[account1 7! (name1; balance1 � amount)][account2 7! (name2; balance2 + amount)].

total(STRING owner):[REAL total ] returns the sum of the balances of all accounts be-
longing to the specifiedowner :

total : S� STRING! S� REAL with
total(S; owner) = (S;

P
�1(S(d))=owner

�2(S(d)))

deleteAccount(OBJECT owner) takes a data object as input and “deletes” it:

deleteAccount : S� OBJECT! Swith
deleteAccount(S; account) = S[account 7! ?] 2

Objects and operation types are orthogonal concepts in COACT. The main reason for not
associating objects and operation types in COACT is that we donot want to restrict the effects
of an operation to asingledata object. Most other semantics-based transaction models like
those found in [GM83, SS84, Her86, BHG87, HW88, Wei88a, Her90, Wei93, AAS93, AA94]
assume that an operation can only observe or modify the state of a single object. This implies
that it isnotpossible in these transaction models to describe operation types with richer seman-
tics, e.g., atransfer that affects the state of two data objects. More complex operations have to
be explicitly modeled as transaction programs then. For example,transfer can not be modeled
as an operation type—it has to be a transaction in those approaches. This is not necessary in
COACT, because an operation can be arbitrarily complex. A drawback is that the specification
of commutativity relations might become more complex, since we have to (theoretically) spec-
ify commutativity between all operation typesot that can be invoked by a user, i.e.,ot 2 O.
The reason is that the local atomicity property [Wei89b, Wei88a, Her90, LMWF94] can no
longer be guaranteed since the invocation of an operation can potentially observe or change the
state of all objects in a workspace.

3.2.2 Operations

Operation types only describe formal parameters. If an operation is applied, the formal input
parameters are replaced by actual input parametervalues. In COACT, we denote the appli-



52 Chapter 3. The Cooperative Activity Model

cation of an operation to a particular state with actual input parameter values as anoperation
invocation.

DEFINITION 7 (OPERATION I NVOCATION )
An operation invocationi is modeled as a tuplei = (ot; ~in). The first component ofi is the

operation typeot; ~in = (in1; : : : ; inn) 2 I are the actual input parameter values. Bytype(i)

we denote the operation typeot of i, andinput(i) denotes the input parameter values~in of i.
By � we denote the (not necessarily finite) set of operation invocations.

For the sake of brevity, we write in the followingot(~in) to denote an operation invocation
i = (ot; ~in). Note that in operation invocations only the input parameter values are included
but not the actual database state to which the operation type was applied. To denote the result
of an operation invocationot(~in) in stateS we writeot(~in)(S), whereot(~in)(S) = fot(S; ~in).

Example 13 (Operation invocations)In the following, we give an example for operation in-
vocations. Consider the database stateS1 in Example 11:S1(a) = (Alice; 1000), S1(b) =

(Bob; 900), andS1(c) = (Alice; 900). Assume,total is invoked with input parameterAlice.
This operation invocation returns 1900 as the total amount, i.e.,total(Alice)(S1) = (S2; 1900)

with S1 = S2. A subsequent operation invocationtransfer(a; c; 100) yields stateS3 with
S3(a) = (Alice; 900), S3(b) = (Bob; 900), andS3(c) = (Alice; 1000). 2

Operation invocations model only theinvocation eventsof an operation type but not the
response events, i.e., the actual output parameter values. To capture also the actual output pa-
rameter values, we introduce the concept ofoperations. An operation is a single instantiation
of an operation type. It records the operation type invoked together with the actual input param-
eter values. Additionally, the output parameter values of the operation invocation are recorded
in the operation. We assume in COACT that an operation isatomic, i.e., it is guaranteed that
the operation invocation terminates successfully or it does not occur at all.

So far, two operations with the same input parameter values and the same output parameter
values can not be distinguished. For instance, assume the operation typetotal is invoked with
input parameter valueowner = Alice in stateS1 and stateS3 of Example 12 on page 50. Both
operations yield the same output value, i.e., 1900, and cannot be distinguished.

Identity of operations is a crucial concept in the COACT model as we will see later. To dis-
tinguish operations with the same input and output values, we introduceoperation identifiers.
Each operation gets assigned asystem-wide uniqueidentifier during its generation (cf. Defini-
tion 11). This identifier enables us to identifyidenticaloperations that may occur in different
workspaces. This leads us to the following definitions.

DEFINITION 8 (OPERATION )
An operationo is modeled as a tupleo = (ot; ~in; ~out; id). The first component ofo is the op-

eration typeot; ~in = (in1; : : : ; inn) 2 I are the actual input parameter values of the operation
invocation, and~out = (out1; : : : ; outm) 2 O are the actual output parameter values. The last
componentid represents the operation identifier. Bytype(o) we denote the operation typeot
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of o, input(o) andoutput(o) denote the input parameter values~in and the output parameter
values ~out, andid(o) denotes the operation identifier. With
 we denote the (not necessarily
finite) set of all possible operations.

DEFINITION 9 (INSTANCES OF OPERATION I NVOCATIONS )
An operationo 2 
 is an instanceof an operation invocationi 2 � iff type(o) = type(i) ^

input(o) = input(i).

DEFINITION 10 (IDENTITY OF OPERATIONS)
Two operationso; p 2 
 areidentical(o = p) iff id(o) = id(p).

For brevity, we also write in the followingotid(in1; : : : ; inn):[out1; : : : ; outm] instead of
(ot; ~in; ~out; id) and otid(in1; : : : ; inn):out1 if ot has a single result value. For instance, we
denote bytotal 1(Alice):1900 the operationo = (total ;Alice; 1900; 1).

Example 14 (Operations) Reconsider the operation invocations in Example 13. The compu-
tation there can simply be described as a sequence of operations starting from stateS1. The
sequence is:total 1(Alice):1900; transfer 2(a; c; 100). 2

In COACT, the exchange of information among workspaces is realized by the semantically
correct exchange of operations among the workspaces. History merging installs the effects of
the exchanged operations by re-executing them in the target workspace (cf. Section 3.1). Since
operations can be “shared” among workspaces, we need to distinguish the original execution,
i.e., thegenerationof an operation, from itsre-execution. This is captured in the following
definition. Note that a re-executed operationo0 gets assigned the same operation identifier as
its original operationo, i.e.,id(o) = id(o0), and, hence,o ando0 are identical operations.

DEFINITION 11 (GENERATION AND RE-EXECUTION OF OPERATIONS)
By thegeneration(or original execution) of an operationo = ot(~in): ~out we denote the opera-

tion resulting from the invocation ofot(~in) on behalf of a user in his private workspace.

By the re-executionof an operationo = ot(~in): ~out we denote the operationo0 resulting from
the invocation ofot(~in) on behalf of the merger during an exchange meta-operation. The re-
executed operationo0 gets assigned the same operation identifier as operationo, and hence
o = o0 holds.

Operations describe only the externally visible effects of operation invocations, i.e., the
actual input and output parameter values, but neither the states before the operation nor the state
after the operations. The output parameter values of operations provide only a limited knowled-
ge on the workspace state (recall that we do not have direct access to the workspace). Because
Definition 8 does not take into account the stateS before an operationo = ot(~in):[ ~out], it can
be the case thatoutput(ot(~in)(S)) 6= ~out, for example, when the operationo is re-executed
in a different workstate stateS 0. Therefore, we define next whether invocation and response
eventsmatchfor a certain state.
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DEFINITION 12 (LEGAL OPERATION )
An operationo = (ot; ~in; ~out; id) is legal in a stateS 2 S iff the operation invocationot(S; ~in)

yields output values~out, i.e.,�2;:::;m+1(ot(S; ~in)) = ~out. �2;:::;m+1 denotes the projection of
the function result to them last components, i.e., the output parameter values.

Legality of operations is the central concept in the COACT cooperative transaction model.
We use this concept in the following sections to define equivalence of states, commutativity of
operations, consistent units of work, and the correctness of information exchange in COACT.

A legal operation can only be re-executed in another user's workspace if it exhibits the
same behavior as in its original execution (cf. Section 3.1). This implies that an operation can
only be re-executed, if we can ensure that it remains legal. The history merging mechanism
ensures that all operations exchanged among workspaces remain legal. In the following, we
give examples of legal and illegal operations.

Example 15 (Legal and illegal operations)Assume that the stateS1 of ACCOUNTS is S1(a)

= (Alice; 1000), S1(b) = (Bob; 900), andS1(c) = (Alice; 900). In stateS1 the operation
o1 = total1(Alice):1900 is legal. The resulting stateS2 is equal to stateS1. Now, operation
o2 = transfer 2(a; b; 100) transfers 100 DM from Alice's accounta to Bob's accountb. This
yields stateS3 with S3(a) = (Alice; 900), S3(b) = (Bob; 1000), andS3(c) = (Alice; 900).
Operationo2 is legal since it has no output parameters. Operationo1 is not legal in stateS3,
e.g., when re-executed, since it does not return the correct total balance of Alice's account
objects, which is 1800. 2

Most transaction models do not consider the return values of operations [Rak97], since
they use pessimistic concurrency control policies that block operation invocations in case of
conflicting access to data objects. Obviously, no return values are available for blocked op-
erations. An exception is [Rak97] where the return values of operations that hold a lock are
considered. In some optimistic concurrency control schemes, the return values are used, too,
because operation results are easily available there [Her86, HW88, Her90, LMWF94].

In COACT operations are executed in a single-user workspace, where they can never be
blocked. This enables us to use the return values of operation invocations in the definition of
our cooperative transaction model. Using the return values, we can deduce some information
about the states before and after an operation execution. This allows us to exploit the operation
semantics at a more fine-grained level in the definition of commutativity relations.

3.2.3 Histories

To model complex computations in COACT, we introduce the concept ofhistories. A history
is a finite sequence of operations that is totally ordered. We do not use a partial order since in
COACT operations are executed interactively by a user in his private workspace. This implies
that a user executes one operation after the other within a single thread of control. This is
compliant with the policies used in most hypermedia and text editors, word processors (like
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Microsoft Word), graphic tools, and programming environments. For the sake of simplicity,
we do not consider intra-workspace parallelism since its implementation is orthogonal to the
concepts of COACT3.

DEFINITION 13 (HISTORY )
A historyH = (O;<O) is a finite setO � 
 of operations together with a total order<O �


� 
 over the operationso 2 O, reflecting the execution order of operations.

In the following, we introduce some shorthand notations that are useful for the subsequent
presentation of COACT. We use capital letters to denote histories and small letters to denote
operations. Instead ofH = (O;<O), we often write[o1; : : : ; on] to refer to a historyH. We
often use the notationso 2 H instead ofo 2 O ando <H p instead ofo <O p when the
meaning is clear;op(H) is used to refer to the set of operationsO of a historyH = (O;<O).
By H � I we denote theconcatenationof two historiesH = [o1; : : : ; on] andI = [p1; : : : ; pm],
i.e.,H � I = [o1; : : : ; on; p1; : : : ; pm]. If o is an operation thenH � o stands forH � [o].

Histories usually change the state of workspaces. The resulting state of a history is de-
pendent on the stateS0 before the first operation in a history. WithSn = [o1; : : : ; on](S0) we
refer to the stateSn resulting from the execution of the history[o1; : : : ; on] in stateS0, i.e.,
Si = �1(type(oi)(Si�1; input(oi))) whereSi�1 is the state resulting from the execution of
oi�1, for i = 1; : : : ; n.

Next, we defineequality of histories. Two histories areequal if both histories contain
exactly the same operations in the same order.

DEFINITION 14 (EQUALITY OF HISTORIES)
Two historyH1 = (O1; <O1),H2 = (O2; <O2) areequal(H1 = H2) iff O1 = O2 ^ <O1=<O2.

In the description of the COACT model, we often refer to parts of histories. Asubhistoryis
a subsequence of a history with the restriction that the ordering of operations must be preserved.
Theprefixof a history is defined as usual.

DEFINITION 15 (SUBHISTORY AND RESTRICTION OF A HISTORY )
A history I = (P;<P ) is called asubhistoryof H = (O;<O) iff P � O ^ 8 o; p 2 P :

o <O p , o <P p. With therestrictionof H = (O;<O) to operationsP � O we refer to the
subhistoryI = (P;<P ) of H.

DEFINITION 16 (PREFIX , CONTINUATION , AND REORDERING OF A HISTORY )
A history I is called aprefix of H iff there exists a historyJ with H = I � J . A history
I is called acontinuationof H iff H is a prefix ofI. A history I is a reordering ofH iff
op(I) = op(H).

3However, the restriction to a total order does not preclude intra-workspace parallelism. Isolation of concur-
rently executing operations can be achieved by a simple (low-level) intra-workspace concurrency control protocol.
Concurrently executing operations can be totally ordered by their invocation or response event (depending on the
concurrency control policies used).
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Example 16 (Histories, subhistories, prefixes, and continuations)The computation in Ex-
ample 15 can be described by a historyH = [o1; o2] whereo1 = total1(Alice):1900, o2 =

transfer2(a; b; 100). History I = [o1; o2; o3] is a continuation ofH where operationo3 =

total3(Alice):1800. Subhistories ofI are: [], [o1], [o2], [o3], [o1; o2], [o1; o3], [o2; o3], [o1; o2; o3].
Prefixes ofI are[], [o1], [o1; o2], and[o1; o2; o3]. 2

Looking closely at the subhistories presented in Example 16, we see that not all op-
erations in all subhistories are legal. For instance, in subhistory[o1; o3], the operation
total3(Alice):1800 is not legal because the secondtotal operationo3 does not return the correct
value if thetransfer operationo2 is removed from the history. Thus, the subhistory[o1; o3] can
not be considered as a “correct” subhistory ofH.

To distinguish subhistories that contain only legal operations from those that contain illegal
operations, we extend the notion of legal operations tolegal historiesby applying Definition
12 to finite operation sequences. Legality of histories is crucial for the definition of different
commutativity relations in Section 3.3 and is the correctness criteria of the history merging
mechanism described in Section 3.5.

DEFINITION 17 (LEGAL HISTORY )
A history H = [o1; : : : ; on] is called legal for a stateS iff there exists a sequence of states
S0; : : : ; Sn�1, with S = S0, where all operationsoi are legal inSi�1, for i = 1; : : : ; n, and
Si = �1(type(oi)(Si�1; input(oi))), for i = 1; : : : ; n, i.e., Si results from the execution of
operationoi in stateSi�1. We say a historyH is legal iff H is legal for stateS?, i.e., it is legal
for the empty state.

Note that the latter formulation can be used as a shorthand for the former, since history
I = J �H is legal iff historyH is legal in stateS with S = J(S?).

Example 17 (Legal and illegal histories)Consider the subhistories ofI = [o1; o2; o3] as de-
scribed in Example 15. The following subhistories ofI are legal in stateS whereS(a) =

(Alice; 1000), S(b) = (Bob; 900), andS(c) = (Alice; 900): [], [o1], [o2], [o1; o2], [o2; o3], and
[o1; o2; o3]. Note that the empty history[] is legal for all possible statesS 2 S. The histo-
ries [] and [o1] do not alter the database state, i.e.,[](S) = S and [o1](S) = S. All the other
legal subhistories alter the database state toT , i.e., [o2](S) = [o1; o2](S) = [o2; o3](S) =

[o1; o2; o3](S) = T with T (a) = (Alice; 900), T (b) = (Bob; 1000), andT (c) = (Alice; 900).
The subhistories[o3] and[o1; o3] of I arenot legal in stateS, sinceo3 returns 1900 instead of
1800. The history[o3] is legal for stateT , whereas[o1; o3] is illegal for any stateU 2 S. 2

In contrast to our definition, Herlihy and Wheil define legal histories independently of a
state usingserial specificationsof objects [Her86, Wei88a, HW88, Wei89b, Her90, Wei93,
LMWF94]. There, serial specifications are automata defined over operations. A history is
considered legal only if it is accepted by the serial specifications of the objects in the database.
This approach has several drawbacks. First, it is not realistic to specify such an automaton
for each object (type) in the database. Second, this approach can only be used if the effect of
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an operation type is local to a single object (cf. the discussion in Section 3.2.2). Third, their
concept of serial specifications implicitly encodes an initial database state, which is fixed. This
precludes to express that a history is legal for aspecificdatabase state. An advantage of serial
specifications is that arbitrary constraints can be imposed on legal histories since automata are
used to define legality.

In COACT, we define legality dependent on a workspace state. A history is legal if all
operations in the history behave according to their specifications, i.e., their operation types, with
respect to the result values externalized to a user or application program. An implication is that
every interactively executed, i.e., generated, sequence of operations is legal(if the operation
types satisfy Definition 6 and are implemented correctly). Thus, we do not have to implement
a mechanism that checks legality of histories at runtime. We only have to check legality in case
exchange meta-operations are invoked in COACT, i.e., when histories are merged and, hence,
operations are re-executed.

The next lemma states some (trivial) facts about the relationships of legal and illegal histo-
ries and their prefixes and continuations.

L EMMA 1 LetH be a legal history (for stateS). Then, any prefixI of H is also a legal history
(for stateS). LetH be a history that isnot legal (for stateS). Then, any continuationI of H is
also an illegal history (for stateS).

Proof (Lemma 1): The lemma follows immediately from Definitions 16 and 17. 2

The notion of legal histories allows us to defineconsistencyof a workspace state and the
equivalenceof states. We consider a state as consistent if it can be produced by a legal history.
Two states are called equivalent if they are not distinguishable by any further history. Formally,
this equivalence is defined by requiring that the operations in a history starting from the states
exhibit the same legal behavior, i.e., output parameter values.

DEFINITION 18 (CONSISTENT STATE )
A stateS 2 S is consistentiff there exists a legal historyH with S = H(S?).

DEFINITION 19 (EQUIVALENCE OF STATES)
Two statesS1; S2 2 S areequivalent(S1 � S2) iff for all historiesH the following holds:
H is legal in stateS1 , H is legal in stateS2.

The notion of state equivalence is more general than the notion of equality of states (cf.
Lemma 2). This generalization is important: it is reasonable for a system to collect information
for every operation executed (e.g., log entries for operations). As long as such information
cannot affect the behavior of subsequent operations, this information should not be considered
as an essential part of the database state. Definition 19 is chosen such that a state is equivalent
to any other state that differs only with respect to inessential information. Thus, system internal
details like the concrete state of a B-Tree index can be neglected in our model as long as no
difference can be determined by an operation available to the user.
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L EMMA 2 States that are equal are also equivalent:8 S1; S2 2 S : S1 = S2 ) S1 � S2.

Proof (Lemma 2): The lemma follows immediately from Definition 19 using Definition 5.2

Next, we extend the definition of state equivalence to equivalence of histories. Two histories
areequivalentfor a stateS if the resulting states produced by the histories are equivalent. Note
that it is not required in the definition that the histories are legal.

DEFINITION 20 (EQUIVALENCE OF HISTORIES)
Two historiesH1 andH2 areequivalent for a stateS 2 S (H1 �S H2) iff H1(S) � H2(S).
Two historiesH1 andH2 areequivalent(H1 � H2) iff H1(S?) � H2(S?).

Note, both formulations in Definition 20 can be substituted by the other, sinceI � J1 =

H1 � H2 = I � J2 iff J1 �S J2, whereS = I(S?).

L EMMA 3 Equivalence of states (�) and equivalence of histories (�S and�) areequivalence
relations, i.e., they are reflexive, symmetric, and transitive.

Proof (Lemma 3): The lemma follows immediately from Definitions 19 and 20. 2

Example 18 (Equivalence of states and histories)Assume that only the following operation
types are available for the ACCOUNTS database (cf. Example 12):createAccount , credit ,
debit , transfer , owner , total , anddeleteAccount ; however, we assume there isno balance

operation type for account data objects available.
Let S beS(a) = (Alice; 1000), S(b) = (Bob; 900), andS(c) = (Alice; 900). Consider the

following historyH = [o1; o2; o3] whereo1 = total 1(Alice):1900, o2 = transfer 2(a; c; 100),
ando3 = total 3(Alice):1900. The resulting state isT = H(S) with T (a) = (Alice; 900),
T (b) = (Bob; 900), andT (c) = (Alice; 1000). It is easy to see that stateS is not equal to
stateT , i.e.,S 6= T . Nevertheless, stateS is equivalent to stateT , i.e.,S � T , since there is
no operation type available that can retrieve the balance of a single account data object. Thus,
there exists no history that can distinguish stateS from stateT . Since nobalance operation
type is available, all subhistories ofH are equivalent.

If the balance operation type is available for ACCOUNTS, thenS � T is no longer true.
The reason is that with abalance operation invocation, we can directly obtain the balance of a
single account data object. Thus, there exists a historyI, e.g.,I = [balance(a):1000], which is
legal for stateS but not legal for stateT . The following equivalences hold in this case for the
subhistories ofH: [o1; o2; o3] � [o1; o2] � [o2; o3] � [o2] and[o1; o3] � [o1] � [o3] � []. 2

This example clearly shows that Definitions 18, 19, and 20 (and most of the definitions,
lemmas, propositions, and theorems in the remainder of this chapter) are dependent on the
available operation types in the system. For example, all the commutativity relationships are
based on the notion of equivalence of histories and, hence, equivalence of states, instead of
equality of states. One may consider the dependency on the operation types in a system as a
disadvantage, but our approach allows us to abstract from all irrelevant details of a state and
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focus only on the relevant information that is externalized by operations to the outside world.
However, to make the following definitions, etc. independent of the available operation types, it
would be possible to replace the equivalence of states, i.e.,H1(S) � H2(S), in Definition 20 by
equality of states, i.e.,H1(S) = H2(S). A more elegant solution is to introduce an imaginary
additional operation typereadState() that returns the full state of all objects existing in the
workspace.

We conclude this section by describing an important observation that is used in the remain-
der of this chapter to prove properties of the commutativity relations and the correctness of
history merging. The proposition shows that any prefix of a legal history can be replaced by an
equivalent legal prefix.

PROPOSITION 1
Let H = I � J be a legal history (in stateT ), K be a legal history (in stateT ), andI � K

(I �T K). Then,K � J is legal (in stateT ) andK � J � H (K � J �T H).

Proof (Proposition 1):The proof makes use of Definitions 19 and 20. FromI � K (I �T K)
it follows thatI(T ) � K(T ) (T might beS?).

History J is legal (in stateI(T )), sinceH is legal (in stateT ). From I(T ) � K(T ) it
follows thatJ is legal in stateK(T ). Hence,K � J is legal (in stateT ).

BecauseI(T ) � K(T ), no legal historyJ � L can detect a difference betweenI(T ) and
K(T ). Thus, no legal historyL can detect a difference between(I � J)(T ) and(K � J)(T ).
From this it follows thatK � J � H. 2

3.3 Commutativity

Many concurrency control techniques are based on a simple intuition. If the order in which two
operations are executed does not affect the result, then a transaction processing system should
be able to allow different transactions to perform those operations concurrently. Informally,
two operationscommute(do not conflict) if their effects on the state of the data object and their
return values are the same regardless of their execution order. This ensures that no transaction
can observe a difference between both execution orders.

Commutativity relations have been extensively studied in the area of concurrency control
and recovery for DBMSs. Initial work in that area left the data uninterpreted, or viewed trans-
actions as sequences consisting of simple reads and writes to disk pages. In the last 15 years,
a number of researchers have considered to exploit more of thesemantics of the dataaccessed
by transactions or thesemantics of operationsa transaction is composed of [Kor83, SS84,
BBG89, Wei91, O' N86]. For example, Weihl et al. have shown how the specifications of
abstract data types can be used to permit higher levels of concurrency [WL85, Wei88a], by
designing type-specific concurrency control algorithms that take advantage of algebraic prop-
erties of a type's operations. Such techniques are also useful in distributed systems and in
object-oriented database systems [MRW+93] (see also Sections 2.3.1 and 2.3.2).
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Almost all types of current transaction processing systems employ to some extend semantic
knowledge about operations and objects in the database. According to [RC97], the concurrency
and recovery semantics of data objects depends on the following.

� Operation semanticsis the most commonly used semantics in the context of transaction
management. With operation semantics we (1) refer to the effects of an operation to the
state of objects in a database and (2) the interpretation of the input parameter values and
the output parameter values of an operation.

� Object organization semanticsrefers to the abstract organization of complex data objects.
This category can be further classified ascompositionsemantics, which pertains to what
an object is composed of, and asorder semantics, which refers to the relative ordering
among the component objects.

Most concurrency control and recovery algorithms for search structures like B-Trees
[BS77, SG88, Moh96] exploit object organization semantics. Other examples are multi-
granular locking [GLPT75], multi-level transactions [Wei86, Wei88b, Wei91], and frag-
mentable and reorderable objects [WC95].

� Usage semanticsrefers to how data objects are used and what is done with the informa-
tion extracted from data objects by a transaction. The usage semantics is dependent on
the structural and behavioral semantics of the transactions in the system.

Advanced transaction models that exploit the usage semantics of data objects are, for
example, CAD transactions [BKK85, KKB87], cooperative transaction groups [Ska89,
NZ90, NSZ91, NRZ92], Split/Join transactions [PKH88, KP92], SAGAs [GMS87], Flex
transactions [BEK93], the DOM transaction model [BOH+92], transactions with break-
points [FÖ89], and the nested transaction model used in the Open Publication Environ-
ment [MRKN92].

The first category, namelyoperation semantics, has primarily been used to define vari-
ous forms ofcommutativity of operations, which determine semantically whether two opera-
tions are allowed to execute concurrently without compromising serializability, the traditional
database correctness criterion [Pap86, BHG87].

In the COACT model, we use commutativity relations among operations to describe the se-
mantics of operations within a cooperative activity. In contrast to semantics-based concurrency
control, our focus is not in enhancing concurrency among concurrently executing transactions.
Our goal is to enable the semantically correct information exchange among concurrently work-
ing users without compromising the legality of the workspace histories. We exploit the com-
mutativity relations in two ways in COACT.

1. Intra-workspace dependencies:Commutativity is used to identify dependencies between
operations executed in thesameworkspace. Using these dependencies, we are able to
dynamically computeconsistent units of workthat can be exchanged among workspaces
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and to determine the minimal sequence of operations to be compensated in case a merge
conflict occurs. Additionally, this allows us to implement a selective undo mechanism
for private workspaces.

2. Inter-workspace conflicts:Commutativity is used to identify conflicts among operations
executed indifferentworkspaces. This is needed when an exchange meta-operation is
invoked, i.e., when workspace histories are merged. To ensure the correctness of the
merge, i.e., the legality of the resulting history, a choice has to be taken among conflicting
operations from different workspaces.

Weihl has shown [Wei88a, HW88, Wei89a, Wei93, LMWF94] that the type of commutativ-
ity relation applicable for concurrency control is dependent on the recovery policy used and/or
the strategy that is applied in propagating updates to the stable database (cf. Section 1.1).

One update policy is calledupdate-in-place[HR83]. Update-in-place are all models where
a single “current” database state is maintained. When an operation is executed, the current
state is used to determine the output parameter values of the operation and is modified to reflect
any changes to the state performed by the operation. When a transaction commits, nothing
needs to be done, since the current database state already reflects the effects of the transaction's
operations. When a transaction aborts, however, the effects of the transaction's operations must
be undone in some fashion. For this,log-based recovery algorithmsare applied.

The second update policy is calleddeferred-update[HR83]. Deferred-update are all mod-
els in which the permanent database state is not updated until a transaction commits and the
transaction's operations are recorded in so-calledintention lists. Alternatively, one can think
of each transaction as having its ownprivate workspace(!) with the copy of the database in
which it makes changes; these changes are not seen by other transactions until it commits.
Transaction aborts are simple to handle in deferred-update models, since intention lists or pri-
vate workspaces can simply be discarded.

In case of update-in-place policies,backward commutativity[Wei88a, LMWF94] has to be
applied for concurrency control algorithms. If deferred-update is used as propagation strategy,
we have to applyforward commutativity[Wei88a, LMWF94] to implement concurrency con-
trol protocols. Forward commutativity is also applicable to replicated data objects [Her90].
Both types of commutativity relations differ in a subtle but substantial way. Backward and for-
ward commutativity are incomparable in the sense that there exist operation pairs that commute
forward but not backward and other operation pairs that commute backward but not forward
[Wei88a, LMWF94].

In the COACT model, we apply an update-in-place policy within workspaces. This means
that operations that are executed by a user or re-executed by the system directly affect the state
of the data objects in a workspace. Thus, for determining intra-workspace dependencies, we
have to consider backward commutativity. If an information exchange is initiated in COACT,
different workspace histories are merged, which results in a re-execution of (some) operations
in a different workspace. This situation corresponds to a deferred-update policy. Hence, for
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determining conflicts between operations generated in different private workspaces, we have to
consider forward commutativity.

It is important to note that both commutativity relations are defined as binary relations on
operations, and not on operation invocations. This means that we can use the inputandoutput
parameter values of operations to specify the commutativity relations. As opposed to pes-
simistic concurrency control algorithms, in COACT it is easily possible to exploit the return
values of operations in the specification of the commutativity relations. The reason is that no
blocking concurrency control mechanism is applied among the operations in the same or dif-
ferent workspaces, since the objects in the workspaces are replicated. Only when an exchange
meta-operation is invoked the commutativity relations are used to guarantee the semantical cor-
rectness of an information exchange. At this point, the return values of all operations in the
system are known.

In the following, we formally define the different commutativity relations and present their
basic properties. These properties are later used to describe the correctness of our history
merging approach and the merge algorithms.

3.3.1 Commutativity Relations for Intra-Workspace Dependencies

First we look at commutativity relations that are used for computing intra-workspace depen-
dencies among operations. Since this corresponds to an update-in-place policy, we use the
backward commutativity relationbc, which is a symmetric relation by definition.

After introducing thebc relation, we discuss its asymmetric variant calledright backward
commutativity(rbc) [Wei89a, AA94]. Therbc relation is used in the generalization of the basic
COACT model to asymmetric relations (cf. Section 3.5.5).

3.3.1.1 Backward Commutativity

Two operations commute backward if whenever one ordering of the operations is legal, the
other ordering of the operations is legal, too, and both resulting states are equivalent. This
means that the output values of operations are not changed by reordering the operations in
a workspace history nor can subsequent operations in the workspace detect a difference be-
tween the two operation orders. The motivation for the name “backward commutativity” is that
whenever two operations can be executed directly after each other, the second operation can be
pushed “backward” over the first operation [Wei93].

DEFINITION 21 (BACKWARD COMMUTATIVITY RELATION )
Thebackward commutativityrelationbc � 
�
 is defined as follows:8 o; p 2 
 : (o; p) 2 bc

iff 8 historiesH : (H � o � p legal _ H � p � o legal) ) (H � o � p legal ^ H � p � o legal^
H � o � p � H � p � o).

The definition of backward commutativity is illustrated in Figure 3.2. The solid lines in-
dicate an operation order to be legal and the dashed lines indicate another legal operation se-
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Figure 3.2: Backward Commutativity.

quence. If one of these sequences is legal, then the other has to be legal, too, and the resulting
statesS 0 andS 00 have to be equivalent.

We say two operationso andp conflict backwardsif o andp do not commute backward.
With bc, we denote the complement of thebc relation, i.e., the backward conflict relation. The
relationbc is symmetric butnot transitive. An example for the non-transitivity ofbc is given in
Example 20.

L EMMA 4 The relationbc is symmetric, i.e,8 o; p 2 
 : (o; p) 2 bc, (p; o) 2 bc.

Proof (Lemma 4): The lemma follows directly from Definition 21. 2

Commutativity relations are usually specified by commutativity tables [BBG+83, Kor83,
SS84]. The specification of the commutativity relation provides for a pair of partially instan-
tiated operation types a predicate involving their parameters or parameter values. By applying
the specified predicates to the respective operation instances, the membership in the commu-
tativity relation can be easily checked at runtime. Note that the evaluation of the predicates
depends only on those parts of the workspace state reflected in the parameters.

Example 19 (Backward commutativity relation for ACCOUNTS) Table 3.1 shows the back-
ward commutativity table for the operations available in ACCOUNTS(c.f. Example 12). Some
entries in the commutativity table require further explanation:

(1): We assume that no application can see the system-internal OID of the two account objects
created.
(2), (2' ): The state produced by[o; p] is not equivalent to the state produced by[p; o], since an
account object cannot be credited, etc., before it is created.
(3), (3' ): The state produced by[o; p] is not equivalent to the state produced by[p; o], since an
account data object cannot be deleted before it is created.
(4), (4' ): Because we do not know if�1(S(d1)) = n2 (or�1(S(d2)) = n1), we have to assume
that the returned value of thetotal operation differs in both execution orders. The reason is that
no information about the qualifying objects is returned bytotal.
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Table 3.1: Backward Commutativity Relation for ACCOUNTS.
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createAccount(n1):d1 true 1 d1 6= d2
2 d1 6= d2

2 d1 6= d2
2 d1 6= d2

2 d1 6= d2
2 d1 6= d2

2 d1 6= d2
3

credit(d1; a1) d1 6= d2
2
0

true true true true
d1 6= d2

_ a1 = 0
a1 = 0 4 d1 6= d2

5

debit(d1; a1) d1 6= d2
2
0

true true true true
d1 6= d2

_ a1 = 0
a1 = 0 4 d1 6= d2

5

transfer(d1; e1; a1) d1 6= d2
2
0

true true true true

(d1 6= d2

^ e1 6= d2)

_ a1 = 0

a1 = 0 4 d1 6= d2
5

owner(d1):n1 d1 6= d2
2
0

true true true true true true d1 6= d2
5

balance(d1):a1 d1 6= d2
2
0 d1 6= d2

_ a2 = 0

d1 6= d2
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(d1 6= d2

^ d1 6= e2)
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true true true d1 6= d2
5

total(n1):a1 d1 6= d2
2
0

a2 = 0 4
0

a2 = 0 4
0

a2 = 0 4
0

true true true d1 6= d2
5

deleteAccount(d1) d1 6= d2
3
0

d1 6= d2
5
0

d1 6= d2
5
0

d1 6= d2
5
0

d1 6= d2
5
0

d1 6= d2
5
0

d1 6= d2
5
0

d1 6= d2

(5), (5' ): The state produced by[o; p] is not equivalent to the state produced by[p; o], since an
account data object cannot be credited, etc. after it is deleted. 2

Note, almost all the commutativity relationships found in the literature do not consider the
creation and deletion of data objects—they just assume that the objects already exist since they
allow only operations defined onsingleobjects (cf. Section 3.2.1). An exception is the work
described in [AA94] which considers not only operations on single instance objects but also
operations on classes, i.e., extensions, in the database.

In our model, the operation types are not restricted to access or modify only single data
objects nor are they assigned to specific object types or classes. Therefore, operation types
that create and delete data objects, e.g.,createAccount and deleteAccount , are considered
as ordinary operations in the commutativity relations. This allows a unified treatment of all
operation types defined in a system. The next example gives a more detailed insight into the
nature of backward commutativity.

Example 20 (Backward commutativity relation for ACCOUNTS-2 database) We introdu-
ce a new example database ACCOUNTS-2 by redefining the operation typesdebit andtransfer
of Example 12 (page 50) as follows:

debit(OBJECT account ; REAL+ amount):[BOOL success] decrements the balance of
account by amount only if the resulting balance is greater or equal 0:
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debit : S� OBJECT� REAL+ ! S� BOOL with

debit(S; account ; amount) =

(
(S; false) if balance � amount < 0

(T; true) otherwise

whereT = S[account 7! (name; balance � amount)]. Debit returnstrue if it succeeded and
false otherwise.

transfer(OBJECT account1 ; OBJECT account2 ; REAL+ amount) transfers a speci-
fiedamount of money fromaccount1 to account2 if the balance ofaccount1 does not become
negative.

transfer : S� OBJECT� OBJECT� REAL+ ! S� BOOL with

transfer(S; account1; account2; amount) =

(
(S; false) if balance1 � amount < 0

(T; true) otherwise

whereT = S[account1 7! (name1; balance1 � amount)][account2 7! (name2; balance2 +

amount)]. Transfer returnstrue if the operation succeeded andfalse otherwise.

Table 3.2 depicts the backward commutativity relationbc for ACCOUNTS-2. The rows and
columns forcreateAccount anddeleteAccount are omitted since they are the same as in Table
3.1. This holds also for the other commutativity relations that are presented in the following.

Table 3.2 also shows that thebc relation is not transitive. Consider the following legal his-
toryH = [credit(a; 10); balance(b):0; debit(a; 100):true]. Thecredit and thedebit operations
commute backward with thebalance operation as shown in Table 3.2, butcredit(a; 10) and
debit(a; 100)):true do not commute backward. 2

The following proposition extends the definition of backward commutativity to finite op-
eration sequences. It shows that the exchange of backward commuting operations in a legal
history yields again a legal history that is equivalent to the original history.

PROPOSITION 2
Let H be a legal history andI be a reordering ofH with 8 o; p 2 H; (o; p) 62 bc : o <I p ,

o <H p. Then, historyI is legal andI � H.

Proof (Proposition 2): The historyI can be obtained from historyH by a finite sequence
of reordering steps, in each of which two consecutive backward commuting operations are
interchanged. The proof proceeds by induction on the number of reordering steps. If there are
no such steps, thenH = I and the result is immediate.

Suppose the result is true for any number of reordering steps up tok � 1, and suppose that
I is obtained fromH by k+1 reordering steps. Then there exists another historyJ such thatJ
is obtained fromH in k reordering steps andI is obtained fromJ in one reordering step. The
induction hypothesis implies thatJ is legal and thatJ � H.

Then, there exist operationso, p and historiesK1 andK2 such that(o; p) 2 bc, K1 � o � p �

K2 = J , andK1 � p � o � K2 = I. The historyK1 � o � p is legal by induction hypothesis.
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Table 3.2: Backward Commutativity Relation for ACCOUNTS-2.
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Sinceo andp commute backward,K1 � p � o is also legal andK1 � o � p � K1 � p � o. Since
K1 � o � p � K2 is legal, Proposition 1 implies thatI = K1 � p � o � K2 is legal, too, and
J = K1�o�p�K2 � K1�p�o�K2 = I. This yields the proposition since� is an equivalence
relation (Lemma 3) andJ � H. 2

3.3.1.2 Excursus: Serializability in Update-In-Place Models

In the following, we give an excursus how backward commutativity can be used to define the
correctness for the concurrent processing of transactions in commercial DBMSs. These sys-
tems usually apply update-in-place together with log-based recovery. We discuss serializability
here in order to relate our work to this traditional correctness criterion. In Section 3.5, we show
that the COACT model allows non-serializable workspace histories while always ensuring that
the workspaces remain consistent, i.e., their histories remain legal.

A transactionT = (OT ; <T ) is simply considered as a totally ordered sequence of oper-
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ationso 2 
, followed either by a commit (c) or an abort (a) event. Alternatively, we can
treat a transaction as a partially ordered set of operations where only the backward conflicting
operations are ordered, i.e.,8 o; p 2 OT : (o; p) 62 bc) o <T p _ p <T o. Of course, commit
or abort has to be the last “operation” in such a partially ordered transaction.

Let T = fT1; : : : ; Tng be a set of transactions. Acomplete scheduleS = (OS; <S) over
T is a total order with ordering relation<S, OS =

Si=n
i=1 OTi, and<S �

Si=n
i=1 <Ti, i.e., the

total order<S has to reflect all total orders<Ti
4. A scheduleis simply a prefix of a complete

schedule. Note that the operations in a schedule are always legal since their result iscomputed
based on the actual state of the database and the input parameter values.

A transactionTi is committedin a scheduleS if the corresponding commit eventcTi 2
OS. A transactionTi is abortedin a scheduleS if the corresponding abort eventaTi 2 OS.
A transactionTi is active in a scheduleS if it is neither committed nor aborted inS. The
committed projectionC(S) of a scheduleS is the history obtained by removing all commit and
abort events and all operations from active and aborted transactions.

Let T = fT1; : : : ; Tng be a set of committed transactions. We call a historyH with
op(H) =

Si=n
i=1 OTi a serial historyif, for any two transactionsTi andTj, i 6= j, in H, ei-

ther all operations ofTi appear before all operations ofTj or vice versa. Thus, a serial history
represents an execution without interleaving of operations of different transactions.

We call ahistoryH with op(H) =
Si=n

i=1 OTi (conflict-)serializable in the order<T if H
is legal and it is equivalent to the legal serial historyI with 8oi 2 OTi; oj 2 OTj ; i 6= j :

Ti <T Tj ) oi <I oj. We call ahistoryH (conflict-)serializableif H is legal and it is
equivalent to some legal serial history, i.e., serializable in an arbitrary order. AscheduleS
is called(conflict-)serializableif its committed projectionC(S) is (conflict-)serializable. A
scheduleis calledrecoverableif, whenever for operationsoi 2 OTi, oj 2 OTj , i 6= j, with
oi <S oj ^ (oi; oj) 62 bc, the commit event ofTi precedes the commit event ofTj.

To determine if a schedule is serializable, we can apply Proposition 2. We have to look for
a reordering of the committed projectionC(S) of S that fulfills the conditions of Proposition 2
and that is equal to a serial history consisting of the committed transactions inS.

PROPOSITION 3 (SERIALIZABILITY FOR UPDATE-I N-PLACE M ODELS)
A scheduleS is serializable iff there exists a reordering ofC(S) that is a serial legal history and
that fulfills the conditions in Proposition 2. If there exist more than one such serial histories
then those serial histories are equivalent.

Proof (Proposition 3): The proposition follows immediately from the definition of serializ-
ability and Proposition 2. 2

Usually, the existence of such a reordering is proved by using aserialization graphfor a
scheduleS. A serialization graphSG(S) is a directed graph whose nodes are the committed

4In general, a schedule can also be a partial order. Since we consider histories as totally ordered, we need
to extend our definitions to partial orders to capture this case. This is straightforward, but general concurrency
control is not in the focus of this thesis.
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transactionsTi in S and whose edges areTi ! Tj (i 6= j) such that one ofTi's operations
precedes and backward conflicts with one ofTj 's operation. A scheduleS is then (conflict-)-
serializable iff the serialization graphSG(S) is acyclic. This is thefundamental theorem of
serializability theory[BHG87].

In practice, the serializability of transactions is ensured by dedicatedconcurrency control
protocols (cf. Section 1.1). Thebc relation together with Propositions 2 and 3 can be used
to define both semantics-based pessimistic and optimistic concurrency control mechanisms
for update-in-place models. For pessimistic concurrency control the direct utilization ofbc is
complicated since the result of a blocked operation is not known until it returns. One approach
to resolve this problem is to pessimistically acquire locks for all operations that are instances
of the same operation invocation. After the result of the operation is known, the other locks not
needed can be released [Wei89a]. Alternatively, we can acquire a generic lock for the operation
invocation and, after the operation returned, acquire a specific lock for the operation instance
and release the generic lock for the operation invocation. Another approach is to define a
special backward commutativity relation that uses only the return value of the first operation
in its definition [Rak97]. Note that the former approach subsumes the latter, thereby allowing
even more concurrency.

In case the semantics of operations (beyond read and write operations) is exploited for con-
currency control, the log-basedrecovery protocolsget more complicated since before-images
can no longer be used for recovery. Compensation operations have to be defined that seman-
tically undo the effects of operations rather than just restoring the database state to the state
directly before the operation to be backed-out (logical logging, cf. Section 1.1). In Section
3.5.3, we discuss this issue in more detail. A unified framework for recovery and concurrency
control for semantically rich operations can be found in [SWY93, AVA+94, VHBS98]. For
more detailed information and for an overview of the theory behind serializability and recov-
ery, we refer to our paper in [dBKV98].

3.3.1.3 Right Backward Commutativity

In this section, we present the asymmetric variant of the backward commutativity relation
calledright backward commutativityrbc [Wei89a, AA94]. Like backward commutativity,rbc
is defined (only) for update-in-place models. Therbc relation is motivated by the observation
that in some cases two operations can be exchanged only if they appear in a specific order. The
name results from the fact that whenever an operationp can be directly executed after (or “right
of”) an operationp it can be pushed “backward” so that it appears before operationo (but not
necessarily vice versa) [Wei93].

Example 21 (Asymmetry of right backward commutativity) Consider the following histo-
ry H = [debit(a; 100):true; credit(a; 10)]. From debit(a; 100):true we can infer that the
balance of accounta is greater or equal 100. Becausecredit increases this balance, we can
be sure that also[credit(a; 10); debit(a; 100):true] is legal. On the other hand, from the his-
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tory [credit(a; 10); debit(a; 100):true ] one cannot deduce that thedebit operation succeeds,
if we exchange the operation order. Hence,credit(a; 10) does commute right backward with
debit(a; 100):true, but not vice versa. 2

DEFINITION 22 (RIGHT BACKWARD COMMUTATIVITY RELATION )
Operationp 2 
 commutes right backwardwith o 2 
, i.e., (o; p) 2 rbc � 
 � 
 iff
8 historiesH : H � o � p legal ) (H � p � o legal ^ H � o � p � H � p � o).

We say operationp conflicts right backwardswith operationo if p does not commute right
backward witho. With rbc we denote the complement of therbc relation, i.e., the right back-
ward conflict relation. The next lemma shows the relationship among thebc relation and right
backward commutativity.

L EMMA 5 The backward conflict relationbc is the symmetric closure ofrbc. In other words,
8 o; p 2 
 : (o; p) 2 bc, (o; p) 2 rbc ^ (p; o) 2 rbc.

Proof (Lemma 5): The lemma follows immediately from Definitions 21 (page 62) and 22.2

From the lemma it follows thatbc � rbc. Like bc, the rbc relation isnot transitive. In
contrast tobc, right backward commutativity is an asymmetric relation as Example 21 shows.

Example 22 (Right backward commutativity relation for A CCOUNTS-2) Table 3.3 shows
the right backward commutativity for the operations of the ACCOUNTS-2 database. The table
entries that differ from thebc relation are marked with asterisks. 2

The next example shows an interesting observation about the right backward commutativity
relation, resulting from the asymmetry ofrbc.

Example 23 (“False” dependencies of therbc relation ) Consider the legal historyH = J �

o � p whereo = debit1(a; 110):false andp = debit2(a; 100):true. Assume that bothdebit
operations were generated, i.e., originally invoked by a user, in this order. Since(o; p) 2 rbc,
Definition 22 yields thatI = J � p � o is legal and equivalent toH. Now look at historyI.
Since(p; o) 62 rbc, wecannotdeduce fromI thatH is legal andH � I using only Definition
22.

This “false” conflict results from the fact that we have lost some important information
about the stateS = J(S?) in history I. From historyI, we can only infer from the output
parameter values ofo andp that210 > balance(a) � 100. From historyH, we can infer that
110 > balance(a) � 100 in stateS. Thus, the output value of an invocation ofdebit1(a; 110)

afterdebit2(a; 100) in stateS yields the same output parameter values as in the opposite order.
It follows that, also in historyI, the operationdebit2(a; 100):true does not influence the result
of debit1(a; 110):false since these operations were generated in the opposite order. Only with
this information, we can conclude that historyH is legal. 2
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Table 3.3: Right Backward Commutativity Relation for ACCOUNTS-2.
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credit(d1; a1) true

d1 6= d2

_ a1 = 0

_ a2 = 0

true �

d1 6= d2

_ a1 = 0

_ a2 = 0

true � true
d1 6= d2

_ a1 = 0
a1 = 0

debit(d1; a1):true true � true
d1 6= d2

_ a1 = 0
true

d1 6= d2

_ a1 = 0
true

d1 6= d2

_ a1 = 0
a1 = 0

debit(d1; a1):false
d1 6= d2

_ a2 = 0
true � true

d1 6= e2

_ a2 = 0
� true true true true

transfer(d1; e1; a1):true true �

e1 6= d2

_ a1 = 0

_ a2 = 0

d1 6= d2

_ a1 = 0
�

e1 6= d2

_a1 = 0
�

d1 6= d2

_ a1 = 0
� true

(d1 6= d2

^ e1 6= d2)

_ a1 = 0

a1 = 0

transfer(d1; e1; a1):false
d1 6= d2

_ a2 = 0
true � true

d1 6= e2

_ a2 = 0
� true true true true

owner(d1):n1 true true true true true true true true

balance(d1):a1
d1 6= d2

_ a2 = 0

d1 6= d2

_ a2 = 0
true

(d1 6= d2

^ d1 6= e2)

_ a2 = 0

true true true true

total(n1):a1 a2 = 0 a2 = 0 true a2 = 0 true true true true

A general observation for update-in-place models is that an operationp in a history can
only be influenced by (or be dependent on) operationso that were invoked and returnedbefore
operationp was generated in the workspace5. To capture this, we introduce the concept of a
view of an operationin the following.

DEFINITION 23 (VIEW OF AN OPERATION )
Let T = H(S?) be the state of the workspace at the time an operationo is generated6, where
historyH denotes the sequence of operations executed in the workspace. Theview of operation
o is defined as the historyH, i.e.,view(o) = H. Re-executed operationso0 keep the view of
their corresponding generated operationo, i.e.,view(o0) = view(o) for all o0 = o.

For instance, in Example 23,view(p) = J � o andview(o) = J . Since we apply update-
in-place within a workspace, it follows thato 2 view(p), but p 62 view(o). In general, if
we consider only a single workspace with update-in-place (without the possibility of merging

5Since we consider operations as atomic and histories as totally ordered, the invocation and response events
can be treated as a single event in our model.

6If the initial materialized state of a workspace isSinit = I(S?), whereI is a legal history (cf. Definition 30
of a cooperative activity on page 91), thenT = H(Sinit).
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different workspaces), for two operationso andp in a historyH always o 2 view(p) xor p 2
view(o) holds.

The idea is now to ignore all right backward conflicts among operationso andp in a legal
historyJ�o�p, where operationo is not in the view of operationp. Thus, ifp does not commute
right backward witho, but o does commute right backward withp and the operationso andp
were generated in the orderp < o in the workspace, we are allowed to exchange operationso

andp without affecting the legality of the resulting historyJ � p � o. This is formalized in the
following lemma.

L EMMA 6 Let J be a legal history,H = o � p a legal history in stateT = J(S?), and
(o; p) 2 rbc _ ((p; o) 2 rbc ^ p 2 view(o)). Then,I = p � o is legal in stateT andI �T H

and, hence,J � I � J �H.

Proof (Lemma 6): Note that historyJ �H is legal, sinceJ is legal,T = J(S?), andH is legal
in stateT . We prove the lemma by distinguishing two cases:

(1) If (o; p) 2 rbc, Definition 22 yields that the historyI = J � p � o is legal,J �H � J � I,
and, hence,I �T H.

(2) If (p; o) 2 rbc ^ p 2 view(o), it follows from Definition 23 that operationso andpwere
originally generated in the orderp < o in the workspace with stateT . Since in this execution
p < o, the results of the legal operationso andp were computed on the actual workspace states
defined byT andT � o, the historyI = p � o must be legal in stateT = J(S?). Since history
J is legal,T = J(S?), and historyI is legal in stateT , it follows thatJ � I is legal. Since
(p; o) 2 rbc it follows from Definition 22 thatJ � I = J � p � o � J � o� p = J �H and, hence,
I �T H. This proves the lemma. 2

The idea of using views of operations to define the potential dependency of operations in
a history is similar to the concept of causal precedence in Lamport clocks [Lam78]. There, a
“happens before” relation is employed to define dependent and concurrent operations in dis-
tributed systems. In [Lam78], an evente1 is always dependent on evente2 if e2 “happened
before”e1. In our approach, an operationp is considered as dependent on operationo if o is in
the view ofp andp does not commute (right) backward witho.

The following proposition extends the definition of right backward commutativity to finite
operation sequences and combines it with Lemma 6.

PROPOSITION 4
LetH be a legal history andI be a reordering ofH with 8 o; p 2 H;:((o; p) 2 rbc _ ((p; o) 2
rbc ^ p 2 view(o))) : o <H p, o <I p. Then,I is legal andI � H.

Proof (Proposition 4): The proof is by an induction on the number of reordering steps, anal-
ogous to the proof of Proposition 2. Only the induction step differs in the sense that we use
Lemma 6 instead of Definition 21. If there are no reordering steps, thenH = I and the result
is immediate.
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Suppose the result is true for any number of reordering steps up tok � 1, and suppose that
I is obtained fromH by k+1 reordering steps. Then there exists another historyJ such thatJ
is obtained fromH in k reordering steps andI is obtained fromJ in one reordering step. The
induction hypothesis implies thatJ is legal and thatJ � H.

Then, there exist operationso, p and historiesK1 andK2 such that(o; p) 2 rbc _ ((p; o) 2
rbc ^ p 2 view(o)),K1 �o�p�K2 = J , andK1 �p�o�K2 = I. The historyK1 �o�p is legal
by induction hypothesis. Lemma 6 yields thatK1 �p�o is also legal andK1 �o�p � K2 �p�o.
SinceK1 � o � p �K2 is legal, Proposition 1 implies thatI = K1 � p � o �K2 is also legal and
J = K1�o�p�K2 � K1�p�o�K2 = I. This yields the proposition since� is an equivalence
relation (Lemma 3) andJ � H. 2

To the best of our knowledge, all previous work on right backward commutativity neglects
the fact that in case an operation is “out of the view”, right backward conflicts can be neglected.
The reason seems to be that in the concurrency control protocols for update-in-place models this
observation is not essential. In these protocols, operations executed in the database are never
really reordered in a history, e.g., undone and re-executed in different order. Operations are
only hypothetically reordered to prove serializability of the schedules that pass these protocols.

In COACT, however, it is the case that the same operations are (re-)executed in different
workspaces in different order when histories are merged. In order not to be over-restrictive, we
can consider the view of operations to eliminate unnecessary dependencies among operations.
We will come back to this issue, when we extend the basic COACT model to also include
asymmetric commutativity relations (cf. Section 3.5.5).

Proposition 4 can be straightforwardly used to re(de)fine the notion of serializability of
transactions (cf. [Wei89a, Wei93, AA94]), but this is out of the scope of this work. Note
that with rbc more schedules are serializable as withbc. In fact, it was shown in [Wei93]
that pessimistic concurrency control protocols using conflict-serializability as their correctness
criterion are correct only if the conflict relation used is equal or a superset to the right backward
conflict relationrbc. A drawback of the usage ofrbc for the definition of concurrency control
protocols are the more complex commit orderings induced by the asymmetry ofrbc.

3.3.2 Commutativity for Inter-Workspace Dependencies

In this section, we discuss two commutativity relations that can be used for computing inter-
workspace conflicts in the COACT model. Since this corresponds to a deferred-update policy,
we use the forward commutativity relationfc, which is a symmetric relation by definition.

After introducing thefc relation, we discuss its asymmetric variant. We call this relationleft
forward commutativity(lfc). Thelfc relation is used in the generalization of history merging to
asymmetric relations (cf. Section 3.5.5).
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Figure 3.3: Forward Commutativity.

3.3.2.1 Forward Commutativity

Two operations commute forward if, whenever both operations are legal in a stateS, both
possible execution orders of the two operations are legal, too, and their resulting states are
equivalent. This means that the output parameter values of operations are not changed by
putting both operations into the same workspace history nor can subsequent operations in the
workspace detect a difference between both operation orders. The motivation for the name
“forward commutativity” is that whenever both of the two operations are executable, i.e., legal
in the same state, each of them can be pushed “forward” past the other [Wei93].

DEFINITION 24 (FORWARD COMMUTATIVITY RELATION )
The forward commutativityrelation fc � 
 � 
 is defined as follows:8 o; p 2 
; o 6= p :

(o; p) 2 fc iff 8 historiesH : (H �o legal^ H �p legal)) (H �o�p legal^ H �p�o legal^
H � o � p � H � p � o).

We say two operationso andp conflict forwardif o andp do not commute forward. Byfc
we denote the forward conflict relation that is defined as the complement offc. The definition
of forward commutativity is illustrated in Figure 3.2. The dashed lines indicate operations
assumed to be legal and the solid lines indicate continuations assumed to be legal. Additionally,
the resulting statesS 0 andS 00 have to be equivalent7.

The underlying assumption in the definition of forward commutativity is that neithero nor
p has already seen the effects of the other operation. In other words, botho 62 view(p) and
p 62 view(o) hold. This is in contrast to thebc andrbc relations where eithero 2 view(p) or
p 2 view(o) holds, because update-in-place policy is applied in the workspace.

L EMMA 7 The relationfc is symmetric, i.e,8 o; p 2 
 : (o; p) 2 fc , (p; o) 2 fc.

Proof (Lemma 7): The lemma follows immediately from Defintion 24. 2

7Because histories cannot contain identical operations twice, we need the additional restriction in Definition
24 that the operations are not identical, i.e.,o 6= p. This is not necessary for thebc andrbc relations.
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Table 3.4: Forward Commutativity Relation for ACCOUNTS-2.
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credit(d1; a1) true true�
d1 6= d2

_ a1 = 0
true�

d1 6= d2
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true

d1 6= d2

_ a1 = 0
a1 = 0

debit(d1 ; a1):true true �
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_ a1 = 0
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� true �
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� true� true
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d1 6= d2
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d1 6= e2

_ a2 = 0
� true true true true

transfer(d1; e1; a1):true true�
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_ a1 = 0
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�
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�
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�
e1 6= d2
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� true

(d1 6= d2
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transfer(d1; e1; a1):false
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true� true

d1 6= e2

_ a2 = 0
� true true true true

owner(d1):n1 true true true true true true true true

balance(d1):a1
d1 6= d2

_ a2 = 0

d1 6= d2

_ a2 = 0
true

(d1 6= d2

^ d1 6= e2)

_ a2 = 0

true true true true

total(n1):a1 a2 = 0 a2 = 0 true a2 = 0 true true true true

Example 24 (Forward commutativity relation for A CCOUNTS-2) Table 3.4 depicts thefc
relation for the ACCOUNTS-2 database. The entries that differ from thebc relation are marked
with asterisks in the table.

Like bc, forward commutativity isnot transitive. Consider the following set of operations:
debit1(a; 10):true, balance2(b):0, anddebit3(a; 100):true. Both debit operations commute
forward with thebalance operation as shown in Table 3.4, but they do not commute forward
with each other. 2

The rather subtle differences between forward and backward commutativity can be seen by
comparing Table 3.4 to Table 3.2 (page 66): thebc and thefc relations are incomparable.

L EMMA 8 There exist cases wherebc 6� fc ^ bc 6� fc.

Proof (Lemma 8): Example 25 shows such a case. 2

The reason for the incomparability offc andbc is that we have different (implicit) informa-
tion on the stateS = H(S?) in Definitions 24 and 21 (page 62). Forbc we know that whenever
eitherH � [o; p] or H � [p; o] are legal both histories are legal, whereas forfc it is known that
wheneverH � o andH � p are legal bothH � [o; p] andH � [p; o] are legal.
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Example 25 (Incomparability of forward and backward commutativity) For instance, if
historyH � debit1(a; 10):true � debit2(a; 100):true is legal, we can infer that in stateS =

H(S?) the balance of accounta is greater or equal110. Thus, both operations commute back-
ward. If we know thatH1 = H � debit1(a; 10):true andH2 = H � debit2(a; 100):true are
legal, we can only conclude that in stateS = H(S?) the balance of accounta is greater or
equal100. Hence, we cannot guarantee thatdebit1(a; 10):true succeeds if it is applied in state
H2(S?) and, hence, both operations do not commute forward.

A similar example involves operationso = debit3(a; 100):true , p = debit4(a; 110):false.
If it is known thatH � o andH � p are legal, we know that in stateS = H(S?): 110 >

balance(a) � 100. Therefore,o andp commute forward becausedebit(110) will fail anyway
in both possible orders. If it is known thatH � [p; o] is legal, we can infer the same information
abouta. Thus,o commutes right backward withp. Operationo andp do not commute backward
since from the legality ofH � [o; p] we cannot infer that the balance of accounta is less or equal
100. We can only deduce that in stateS = H(S?) the balance of accounta is greater or equal
100 which is not sufficient to conclude thatH � [p; o] is legal. It follows that(o; p) 62 rbc, and,
hence,(o; p) 62 bc. 2

The following proposition extends the definition of forward commutativity to a finite num-
ber of histories. It shows that the “merging” ofdisjoint and legalhistories, where all operations
pairwise commute forward, results again in legal histories if we preserve the order of operations
in the original histories. Any merged histories constructed in this way are equivalent.

PROPOSITION 5
Let H � Hi; i = 1; : : : ; n, be legal histories withop(Oi) \ op(Oj) = ;, for i 6= j, and8 o 2
Hi; p 2 Hj; i 6= j : (o; p) 2 fc. For all historiesI andJ with op(I) = op(J) =

Si=n
i=1 op(Hi),

<I �
Si=n

i=1 <Hi
, and<J �

Si=n
i=1 <Hi

, the following holds:H � I andH � J are legal and
H � I � H � J .

Proof (Proposition 5): We prove the proposition by induction on the numberk of operations

in I andJ , respectively. LetHi = [oi;1; : : : oi;mi
] andk =

Pi=n
i=1 mi.

If k = 1, then all historiesHi are empty except one. Without loss of generality, assume that
Hj = [oj;1]. ThenI = J = Hj. This proves the induction hypothesis fork = 1 sinceH �Hj is
legal by assumption. Letk = 2. Then, either (1) both operations come from the same history
Hi and the others are empty or (2) the operations come from different histories. In the former
case, the induction hypothesis is immediate sinceHj = [oj;1; oj;2] = I = J andH � Hj is
legal by assumption. In the latter case, without loss of generality, assume thatHi = [oi;1] and
Hj = [oj;1], i 6= j, andoi;1 6= oj;1. Let I = [oi;1; oj;1] andJ = [oi;1; oj;1]. These are the only two
possible result histories that contain both operations. Becauseoj;1 andoi;1 commute forward,
it follows thatI andJ are legal andI � J . This proves the induction hypothesis.

Suppose the result holds fork � 1 � 1. We now show that the result holds fork, too.
Without loss of generality, assume thatHi = H 0

i � p andHj = H 0
j � q,i 6= j, andHl = H 0

l for
l = 1; : : : ; n , l 6= i andl 6= j, for operationsp andq with p 6= q.



76 Chapter 3. The Cooperative Activity Model

By the induction hypothesis (k�1 operations), it follows that (1) all historiesI1 andJ1 with
op(I1) = op(J1) = fpg[

Sl=n
l=1 op(H

0
l) that preserve the orderings inHi andH 0

l for l = 1; : : : ; n

are legal and pairwise equivalent and that (2) all historiesI2 andJ2 with op(I2) = op(J2) =

fqg [
Sl=n

l=1 op(H
0
i) that preserve the orderings inHj andH 0

l for l = 1; : : : ; n are legal and
pairwise equivalent.

Let J1 = M � p andJ2 =M � q. Becausep andq commute forward by assumption, we get
thatM � p � q = J1 � q andM � q � p = J2 � p are legal andJ1 � q � J2 � p. By Proposition 1,
it follows that the historiesK = I1 � q andL = I2 � p are legal andK � L, becauseJ1 � I1

andJ2 � I2.

This proves that all historiesK andL (with k operations) that (1) consist of the operations in
fq; pg [

Si=n
i=1 op(H

0
i) =

Si=n
i=1 op(Hi), (2) that preserve the order of operations in the histories

Hl for l = 1; : : : n, and (3) that end either withp or q (whereHi = H 0
i � p, Hj = H 0

j � q) are
legal and pairwise equivalent. Since the historiesHi andHj where chosen arbitrarily from the
setfH1; : : :Hng, this result holds for allHi andHj, i 6= j. This proves the proposition. 2

Forward commutativity together with Proposition 5 can be used to define serializability
of transactions in deferred-update models with recovery based on intention lists and to define
serializability in replicated systems [Wei88a, Wei89a, Her90]. Committed transactions simply
correspond to historiesHi in Proposition 5. Because serializability and concurrency control
for traditional transaction systems is out of the scope of this thesis, we do not elaborate on this
issue in depth. We only give a short summary on how concurrency control and recovery can be
realized in such environments.

Naturally, optimistic concurrency control is well-suited for deferred-update models with
intention list-based recovery. Depending on the manner in which transactions are validated,
optimistic protocols can be categorized as forward validation or backward validation [H¨ar84].
In forward validation it is ensured that a committing transactionT cannot invalidate any active
transactionsT by checking for forward conflicts among operations inT andT . If such trans-
actionsT do exist, eitherT or all transactionsT have to be aborted. In backward validation, it
is ensured that the committing transactionT has not been invalidated by the recent commit of
other transactionsT . This is done by checking for forward conflicts among operations inT and
T . If there exists such a conflict, transactionT cannot commit and is aborted. Semantics-based
concurrency control for deferred-update models and replicated systems is discussed, e.g., in
[Her86, Her90, LMWF94]. Pessimistic concurrency control schemes for deferred-update mod-
els using thefc relation can be found in [Wei88a, Wei93, LMWF94]. Here, problems occur
since the computation of return values of operations in case of blocking transactions is difficult.
Compared to update-in-place models, transaction recovery is easy in deferred-update models
since the transactions maintain a temporary private database state, e.g., using intention lists.
The operations contained in the intention lists are first applied, i.e., re-executed, in the perma-
nent (public) database when the transaction commits. If a transaction aborts, its intention list is
simply discarded.
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3.3.2.2 Left Forward Commutativity

In this section, we define an asymmetric variant of forward commutativity. We call this com-
mutativity relationleft forward commutativitylfc. Like forward commutativity, thelfc relation
is applicable (only) to deferred-update models.

Informally, operationo commutes left forward with operationp if, whenever both opera-
tions are legal in a stateS, the sequence[o; p] is legal, too, and both possible operation orders
[o; p] and[p; o] result in an equivalent state. Note, that it isnot required that the operation order
[p; o] is legal, too. The motivation for the name “left forward commutativity” is that whenever
two operations are legal in the same state, one can be pushed “forward” before (“left”) the other
in the combined history.

Example 26 (Left forward commutativity) Consider the following two operations that are
legal in stateS = H(S?) where the balance of accounta is 110: o = balance(a):110 and
p = debit(a; 100):true. The historyH � o � p is legal and yields10 for the balance of account
a. The historyH �p�o results also in a balance of10 for accounta. Thus,H �o�p � H �p�o.
However,H � p � o is not legal because the operation invocationbalance(a) would return10
instead of110. 2

DEFINITION 25 (LEFT FORWARD COMMUTATIVITY RELATION )
Operationo 2 
 commutes left forwardwith operationp 2 
, i.e., (o; p) 2 lfc � 
 � 
 iff
8 historiesH : (H � o legal ^ H � p legal)) (H � o � p legal ^ H � o � p � H � p � o).8

We say two operationso andp conflict left forwardif o andp do not commute left forward.
By lfc we denote the left forward conflict relation, i.e., the complement oflfc. The next lemma
explains the relationship between the forward commutativity relationfc and thelfc relation.

L EMMA 9 The forward conflict relationfc is the symmetric closure oflfc. In other words,
8 o; p 2 
 : (o; p) 2 fc , (o; p) 2 lfc ^ (p; o) 2 lfc.

Proof (Lemma 9): The proof follows immediately from Definitions 24 (page 73) and 25.2

It follows that the forward commutativity relationfc is a subset of thelfc relation. Like
forward commutativity, thelfc relation is not transitive. Left forward commutativity is an
asymmetric relation as Example 26 indicates.

Example 27 (Left forward commutativity relation for A CCOUNTS-2) The left forward
commutativity relation for ACCOUNTS-2 is depicted in Table 3.5. The entries in the com-
mutativity table that differ from thefc relation are marked with a “+”. 2

Similar to Proposition 5 for forward commutativity, we can extend thelfc relation to an
arbitrary number of disjoint and legal histories. The idea thereby is that it is allowed to also
combine forward conflicting operationso andp from different histories into a single “merged”

8Recall that equivalence of histories does not imply legality of histories (cf. Definitions 17 and 20).
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Table 3.5: Left Forward Commutativity Relation for ACCOUNTS-2.
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credit(d1; a1) true true
d1 6= d2

_ a1 = 0
true

d1 6= d2

_ a1 = 0
true

d1 6= d2

_ a1 = 0
a1 = 0

debit(d1; a1):true true

d1 6= d2

_ a1 = 0

_ a2 = 0

true

d1 6= d2

_ a1 = 0

_ a2 = 0

true true
d1 6= d2

_ a1 = 0
a1 = 0

debit(d1; a1):false true + true true true + true true true true

transfer(d1; e1; a1):true true

d1 6= d2

_ a1 = 0

_ a2 = 0

e1 6= d2

_ a1 = 0

d1 6= d2

_a1 = 0

_a2 = 0

e1 6= d2

_ a1 = 0
true

d2 62

fd1; e1g

_ a1 = 0

a1 = 0

transfer(d1; e1; a1):false true + true true true + true true true true

owner(d1):n1 true true true true true true true true

balance(d1):a1 true + true + true true + true true true true

total(n1):a1 true + true + true true + true true true true

history I if either (o; p) 2 lfc or (p; o) 2 lfc. In this case, we have to additionally consider
the ordering ofo andp such that both operations remain legal. For example, if(o; p) 2 lfc ^

(p; o) 62 lfc, we have to ordero beforep in I.

PROPOSITION 6
LetH �Hi, i = 1; : : : ; n, be legal histories withop(Hi)\op(Hj) = ;; i 6= j, and8 o 2 Hi; p 2

Hj; i 6= j : (o; p) 2 lfc _ (p; o) 2 lfc. Let�= f(o; p)j 9 o 2 Hi; p 2 Hj; i 6= j : (o; p) 2

lfc ^ (p; o) 62 lfcg. Let I, J , andK be histories withop(I) = op(J) = op(K) =
Si=n

i=1 op(Hi),
<I � (� [

Si=n
i=1 <Hi

),<J � (� [
Si=n

i=1 <Hi
), but<K �

Si=n
i=1 <Hi

. For all such histories
I, J , andK it holds thatH � I andH � J are legal andH � I � H � J � H �K.

Proof (Proposition 6): The proof of the proposition is by induction on the numberk of op-

erations in
Si=n

i=1 op(Oi). The induction is similar to that of Proposition 5 since(o; p) 2
lfc ^ (p; o) 2 lfc , (o; p) 2 fc. Therefore, we consider here only the case where9 o 2
Oi; p 2 Oj; i 6= j : (o; p) 2 lfc ^ (p; o) 62 lfc. LetHi = [oi;1; : : : oi;mi

] andk =
Pi=n

i=1 mi.
If k = 1, then all historiesHi are empty except one. Without loss of generality, assume that

Hj = [oj;1]. ThenI = J = K = Hj. This proves the induction hypothesis fork = 1 since
H �Hj is legal by assumption.

Let k = 2. Then, either (1) both operations come from the same historyHi and the other
historiesHj; i 6= j, are empty or (2) the operations come from different histories. In the former
case, the induction hypothesis is immediate sinceHj = [oj;1; oj;2] = I = J = K andH �Hj is
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legal by assumption. In the latter case, without loss of generality, assume thatHi = [oi;1] and
Hj = [oj;1], i 6= j, andoi;1 6= oj;1. Let I = [oi;1; oj;1] andJ = [oj;1; oi;1]. These are the only
two possible merged histories that contain both operations. For the case where(oi;1; oj;1) 2 fc,
see Proposition 5. If(oi;1; oj;1) 2 lfc ^ (oj;1; oi;1) 62 lfc, we get�= f(oi;1; oj;1)g. I is the only
history that fulfills the conditions<I � (� [

Si=n
i=1 <Hi

) of the proposition. By the definition
of left forward commutativity,H � I legal andH � I � H � J . SinceK = J in this case, we
getH � I � H �K. This yields the induction hypothesis fork = 2.

The induction step is analogous to that in Proposition 5 except that we need to consider
additional orderings among operationso andp if (o; p) 2 lfc ^ (p; o) 62 lfc. 2

The lfc relation together with Proposition 6 can be straightforwardly used to re(de)fine the
notion of serializability of transactions in deferred-update models. As an example, consider
the following transactionsT1 = [balance(a):100] andT2 = [credit(a; 10)] which are both
based on the same permanent database stateS. It is possible to serializeT1 beforeT2 without
affecting the correctness of the resulting database state and the values returned by the opera-
tions sincebalance(a):100 commutes left forward withcredit(a; 10). However, with forward
commutativity the transactions would not have been serializable sincebalance(a):100 does not
commute forward withcredit(a; 10). Hence, with the asymmetriclfc relation more schedules
are serializable compared to the symmetricfc relation but additional commit orders among
transactions are induced bylfc which complicates concurrency control policies. This is similar
to the relationship amongbc andrbc.

To our knowledge, the asymmetriclfc commutativity relation has never been (explicitly)
mentioned in the literature to define concurrency control algorithms for deferred-update mod-
els. In [Her86, HW88, Her90], serial dependency relations are used to define optimistic con-
currency control protocols for deferred-update models. Sincelfc is like fc a special case of
serial dependency, these algorithms can be directly exploited withlfc, too.

3.3.3 Commutativity Relations Independent of the Update-Model

So far, we have defined four commutativity relations: two of them, i.e.,bc andrbc, are applica-
ble to update-in-place models and two, i.e.,fc, lfc, are applicable to deferred-update models. In
this section, we introduce two other types of commutativity relations that are applicable toboth
update-in-place and deferred-update policies. With such commutativity relations, the definition
of concurrency control protocols is simplified since the relations are applicable to both update
propagation models.

A straightforward way to define a commutativity relation that is independent from the un-
derlying update and recovery model is to combine thebc andfc relations into a new symmetric
commutativity relationc.

DEFINITION 26 (MODEL-I NDEPENDENT COMMUTATIVITY RELATION )
Themodel-independent commutativityrelationc is defined asc = bc \ fc.
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The model-independent conflictrelation c is defined as the complement ofc. Like the
relationsbc and fc, the commutativity relationc is a symmetric relation (but not necessarily
transitive).

L EMMA 10 The model-independent commutativity relationc is symmetric, i.e,8 o; p 2 
 :

(o; p) 2 c, (p; o) 2 c.

Proof (Lemma 10): The lemma follows immediately from the symmetry of forward commu-
tativity (Lemma 7, page 73) and backward commutativity (Lemma 4, page 63). 2

Since the relationc is defined as the intersection ofbc and fc, it holds thatc � bc and
c � fc which means that less operation pairs do commute. Thus, we obtain more conflicts or
dependencies among operations. On the other hand, thec relation doesnot reflect the subtle
differences betweenbc andfc. Hence, we can use thec relation independently of the update
propagation model applied. Another consequence is that all the results we obtained for thebc

andfc relations are also applicable to the model-independent commutativity relationc.

All of the commutativity relations introduced so far use the output parameter values of op-
erations in their definitions. This means that they use implicit information about the workspace
state contained in the return values of the operations. Thus, we can characterize these commu-
tativity relations asstate-dependentcommutativity relations. Note that many papers published
in the area of transaction management consider only commutativity relations as state-dependent
that refer explicitly to specific database states and not implicitly via the return parameter values.
Since it is theoretically possible to return the whole database state as a result of each opera-
tion, it is easy to see that there is no real difference between the two notions of state-dependent
commutativity relations.

In the following, we present a commutativity relation calledstate-independent commuta-
tivity or invocation-based commutativity[Wei93]. Its definition is only based on operation
invocations, which means that wecannotexploit any information about the outcome of the
operations, i.e., the instances of the operation invocations. In other words, all operations with
the same invocations have the same conflicts. Since information about the database state can
only be deduced from return values of operations, the following definition is consideredstate-
independent.

Informally, two operation invocations commute invocation-based if the operation invoca-
tions return the same output parameter values, regardless in which order the operations are in-
voked, and if the resulting states are equivalent in both execution orders. The invocation-based
commutativity relationic is then derived from the invocation-based commutativity relation for
operation invocations.

DEFINITION 27 (INVOCATION -BASED COMMUTATIVITY RELATION )
The invocation-based commutativityrelation for operation invocationsicoi � ��� is defined
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as follows9: 8 i = j 2 � : (i; j) 2 icoi iff 8 legal historiesH with S = H(S?) :

�1(otj( ~inj)(�1(oti( ~ini)(S)))) � �1(oti( ~ini)(�1(otj( ~inj)(S)))) ^

�2;:::;n+1(oti( ~ini)(S)) = �2;:::;n+1(oti( ~ini)(�1(otj( ~inj)(S)))) ^

�2;:::;m+1(otj( ~inj)(S)) = �2;:::;m+1(otj( ~inj)(�1(oti( ~ini)(S)))),

wheren andm are the numbers of output parameters ofi andj.

The invocation-based commutativityrelation for operationsic � 
 � 
 is defined as follows:
8 o; p 2 
 : (o; p) 2 ic iff 9 i; j 2 � : o is an instance ofi ^ p is an instance ofj ^ (i; j) 2 icoi.

We say two operationso andp conflict invocation-basedif (o; p) 62 ic. The invocation-
based conflict relationic is defined as the complement of the invocation-based commutativity
relation. Like the commutativity relationsfc, bc, andc, the invocation-based commutativity
relationic is symmetric.

L EMMA 11 The invocation-based commutativity relationic is symmetric, i.e,8 o; p 2 
 :

(o; p) 2 ic, (p; o) 2 ic.

Proof (Lemma 11): The lemma follows directly from Definition 27. 2

Example 28 (Invocation-based commutativity relation for ACCOUNTS-2) The invocation-
based commutativity relation for ACCOUNTS 2 is depicted in Table 3.6. 2

The following lemma explains the relationship among invocation-based commutativity and
the other kinds of commutativity relations introduced.

L EMMA 12 If two operations do commute invocation-based, then they also commute model-
independent, i.e.,ic � c.

Proof (Lemma 12): Let o = i:~r andp = j:~s be operations that are instances of the operation
invocationsi andj and that return output values~r and~s, respectively. Assume,(o; p) 2 ic.
It follows that the operation invocations(i; j) 2 icoi. Since the result values of operation
invocations are computed based on the actual state, it follows thatH � o � p andH � p � o are
legal andH � o � p � H � p � o. Hence,(o; p) 2 bc and(o; p) 2 fc. Sincec is defined asbc\ fc,
it follows that(o; p) 2 c. This proves the lemma. 2

Sinceic � c, all lemmas and propositions applicable tofc andbc can be applied to define
concurrency control algorithms that are based onic. Even though these algorithms permit less
concurrency than those based on the other commutativity relations, they are still interesting
since they are applicable to both update-in-place and deferred-update models (sinceic � c).

9Recall that� is the set of all possible operation invocations. Byoti = type(i) andotj = type(j) we denote
the operation types of the operation invocationsi andj and ~ini = input(i) and ~inj = input(j) denote the input
parameter values ofi andj (cf. Definition 7, page 52).
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Table 3.6: Invocation-based Commutativity Relation for ACCOUNTS-2.
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credit(d1; a1) true

d1 6= d2
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d1 6= d2
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true
d1 6= d2
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owner(d1):n1 true true true true true true
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d1 6= d2

_ a2 = 0

d1 6= d2

_ a2 = 0

(d1 6= d2

^ d1 6= e2)

_ a2 = 0

true true true

total(n1):a1 a2 = 0 a2 = 0 a2 = 0 true true true

Protocols based onic are easier and more efficient to implement than those based on state-
dependent commutativity relations. The commutativity specifications are simpler, the conflict
tests are more efficient, and problems exploiting the return values in case of pessimistic proto-
cols are omitted.

We conclude our discussions about commutativity by summarizing the relationships among
the six different commutativity relations. Figure 3.4 illustrates these relationships.

PROPOSITION 7 (RELATIONSHIPS AMONG DIFFERENT COMMUTATIVITY RELATIONS )
(i) ic � c, (ii) c � bc � rbc, (iii) c � fc � rbc, (iv) there exist cases wherefc 6� bc ^ fc 6� bc,
(v) in general,lfc 6� rbc ^ lfc 6� rbc.

Proof (Proposition 7): (i) is already stated by Lemma 12. (ii) follows from Definition 26 and
Lemma 5. (iii) follows from Definition 26 and Lemma 9. (iv) is shown by Lemma 8. (v)
follows from the facts thatbc is the symmetric closure ofrbc (Lemma 5),fc is the symmetric
closure oflfc (Lemma 9), and from (vi). This proves the proposition. 2
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ic

c

fc

lfc

bc

rbc

Figure 3.4: Relationships among the Different Commutativity Relations.

3.4 Cooperative Activities

In the COACT cooperative transaction model, users can cooperate if they participate in the
samecooperative activity. To model the correct interaction, i.e., cooperation, of users involved
in a cooperative activity, we introduce the concept ofcooperative activity types(CAT ). Every
cooperative activity is aninstanceof a single cooperative activity typeCAT .

In the following section, we formally describe how cooperative activity types are modeled
in COACT. Afterwards, we present a sampleCAT for the SEPIA hypermedia authoring sce-
nario which was used in our demonstrator system (cf. Chapter 5). The SEPIACAT is used
in Section 3.5 to illustrate the history merging mechanism. In Section 3.4.3, we give a formal
description of workspaces, cooperative activity instances, and the exchange meta-operations.

3.4.1 Cooperative Activity Types

In this section, we formally describe the constituents of a cooperative activity type, which is
important for the understanding of the COACT model and the concepts of history merging.

DEFINITION 28 (COOPERATIVE ACTIVITY TYPE)
A cooperative activity typeis described as a tupleCAT = (N;O; comp;M) where

� N is thenameof the cooperative activity type,

� O is a set ofinvocable operation types,

� comp is acompensation function,

� M is a set ofmerging relations.
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In the remainder of this section, the components of a cooperative activity typeCAT are
described in more detail.

3.4.1.1 Invocable Operations Types

The setO of a cooperative activity typeCAT = (N;O; comp;M) defines a finite set of invo-
cable operation types. Actors in a cooperative activity of typeCAT can invoke only operation
typesot 2 O in their private workspaces. The invocation of these operation types is the only
means to retrieve and change the state of the corresponding private workspace. The resulting
instance operations appear as atomic state changes in the respective workspace and are exe-
cuted, in contrast to the cooperative activity, under the control of a single actor. We assume
that invocable operation typesO are the same for all workspaces (or actors) in a cooperative
activity10.

The exchange of operations among workspaces and the re-execution of operations in work-
spaces require that the specified operation typesot 2 O are deterministic functions and guar-
antee termination (cf. Definition 6). The set of all possible operations that can be invoked by
actors on the workspaces, i.e., all operation instanceso with type(o) 2 O, is denoted by
.

3.4.1.2 Compensation Function

In COACT, we require that for every operationo a compensation operationocomp is available.
Compensation allows us to undo operations in a workspace. This may be required when con-
flicts occur during an exchange meta-operation or because of a user-initiated selective undo.

The compensation operationocomp of an operationo semantically undoes the effects of the
original operationo. It is not required that it physically restores the prior workspace state
[KLS90, NZ96]. This means that the state resulting from the execution of[o; ocomp] needsnot
to be equal to the state beforeo—we only require that both states areequivalent. Note that
the operation type of a compensation operation must not necessarily be contained in the set of
invocable operation typesO of theCAT .

To ensure the autonomy of users within their workspaces, we compensate an operation
only within a single workspace. Recall that an operation might be contained in more than one
workspace history due to previous information exchanges. If an operation which occurs in
more than one history should be discarded in a workspace, the operation isnot compensated
in all workspaces in which it occurs. The operation is only compensated in that particular
workspace.

In COACT we make use of acompensation functionto specify compensation operations for
all operationso 2 
. The compensation functioncomp of a cooperative activity typeCAT

10This is not a restriction, since additional coordination mechanisms, like the COCOA coordination model,
can be used to further constrain the invocable operation types per user or user role, dependent on the state of a
cooperative activity.
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assigns to every operation instanceo 2 
 its corresponding compensation operationocomp, i.e.,
comp(o) = ocomp. The compensation functioncomp is formally defined in Section 3.5.3.

It is theCAT designer's responsibility to specify the compensation function within a coop-
erative activity typeCAT . Actually, the designer needs not specify compensation operations
completely (which include output parameter values). It is sufficient to specify theinvocation
of the compensation operation. The input and output parameters of the operationo are used to
specify the invocationicomp of the compensation operationocomp by means of the compensation
function. The output values of the compensation operation are irrelevant. Note that the speci-
fication of the compensation operation (invocation) depends only on that part of the workspace
state that is reflected in the output parameter values of the original operations. For the sake
of simplicity, we assume in the following, that the information externalized by an operation is
sufficient to compute the input parameters of the invocation of the compensation operation.

Example 29 (Compensation function and compensation operation)Consider the opera-
tion types of Accounts-2 (cf. Example 20 on page 64). Adebit operation that succeeded
is compensated by a correspondingcredit operation with the sameamount as argument. A
credit operation is compensated by a successfuldebit operation. This can be specified by the
compensation functioncomp as follows:

comp(debit(account ; amount):success) =

(
credit(account ; amount) if success = true

noop otherwise

comp(credit(account ; amount)) = debit(account ; amount)

For operationdebit(account ; amount):false the compensation operation is thenoop operation.
Debit(account ; amount):false does not change the workspace state, and, thus, it needs not be
compensated. Assume, Alice has executed operationo1 = debit(a; 100):true. If she wants to
undo her operation, the compensation operation iscredit(a; 100) as specified bycomp. Note
that we do not just restore the account's balance to the value before thedebit operation (state-
based undo). Using operation-based undo in COACT enables us to compensate operations
also when subsequent operations have been executed in the mean. For instance, if Alice has
executed a second operationo2 = debit(a; 200):true it is still possible to compensate the first
operationo1 without undoing operationo2. 2

3.4.1.3 Merging Relations

The merging relationsM of a cooperative activity typeCAT are needed to allow for a se-
mantically correct exchange of operations among workspaces.M consists of thebackward
commutativity(bc) and theforward commutativityrelations (fc) defined over operationso 2 
.

The specification of the relationsbc andfc provides for each pair of operation typesot 2 O
a predicate involving their parameters. By applying the specified predicates to the respective
operation instances, the membership in thebc or fc relation can be checked at runtime. Note
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that the evaluation of the predicates depends only on those parts of the workspace state reflected
in the parameters.

This specification concept corresponds tocommutativity tables, as introduced in Section
3.3. If a pair of operation types commute backward (forward) for all possible instances, it
might not be required to specify thebc (fc) predicates for this pair. The default predicate in
this case isfalse, i.e., backward and forward commutativity have to be explicitly specified by
the designer of aCAT . Alternatively, it is possible to specify the complements of thebc and
fc relations as backward and forwardconflict tables. If there is no entry for a pair of operation
types contained inO, we assume that all pairs of operation instances of the corresponding
operation types donot conflict, i.e., the default predicate isfalse.

The advantage of the latter approach is that if conflicts are rare, the specification overhead
is decreased. This is often the case in real-world applications, where a lot of operation types
operate on disjoint objects in the database. The disadvantage is that in case the designer of a
CAT forgets to write down a predicate, it is assumed that there exists no conflict (but actually
there may be a conflict).

Like the other constituents of a cooperative activity type, the merging relations are gener-
ated in the TRANSCOOP system out of a COCOA specification (cf. Sections 3.6.1 and 5.1).
In COCOA, we specify conflicts among the invocable operation types of aCAT . The analysis
tools under construction at the University of Twente [SE99, SE98a, ES98] provide verification
support for the conflict relations specified in COCOA and the compensation function.

3.4.2 Sample Cooperative Activity Type for SEPIA

In order to illustrate the history merging functionality of COACT, we introduce a sampleCAT
that is used as a runnning example in the remainder of the thesis. The example is motivated by
the cooperative hypermedia authoring system SEPIA, which has been selected as our demon-
strator application.

SEPIA [SHT89] supports different activities in the authoring process, i.e., planning, con-
tent acquisition and structuring, and preparation of the final document (cf. Section 2.1.1). In
contrast to traditional hierarchically structured documents, the concept of hypertext allows to
have network-like document structures. SEPIA documents consist of nodes and connecting
links which enable authors to create and present associative reference structures between infor-
mation entities. Nodes may contain different kinds of multimedia information.

Because we study the authoring process from a database point of view, we assume a sce-
nario in which multiple authors manipulate a collection of shared hypermedia documents, that
are persistently stored in a database management system. The SEPIA hierarchical hyperdoc-
ument structure and the corresponding operations for the creation and manipulation of SEPIA
document structures are modeled explicitly in the database schema [WA95, BWAH96, WA97].
Figure 3.5 shows the graphical user interface of the DBMS-based SEPIA system. All user inter-
actions are directly executed through invocations of operation types implemented in the SEPIA
database schema. For more details about the SEPIA implementation, we refer to Section 5.3.
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Figure 3.5: The Graphical User Interface of the DBMS-based SEPIA System.

In the following, we introduce sample invocable operation types provided by the SEPIA
database schema. The presented operation types are only a subset of the invocable operation
types available in the complete system. We restrict ourselves to those operation types that are
needed to illustrate our concept of history merging later on.

Example 30 (Sample invocable operation types for SEPIA)For the sake of simplicity, we
do not specify the following operation types formally. The signatures of the listed operation
types are simplified with respect to the implementation in the SEPIA database schema.

� createNode(NODETYPE type; STRING name):OBJECT node creates a new hy-
permedia node in a SEPIA hyperdocument.Type specifies the type of hypermedia node,
e.g., aContentNode representing document content,Issue for a problem to be
solved, orPosition for an author's position. For a complete list of node types in
SEPIA see [TW95a, WA95]. The object identifier of the new node is returned.

� setName(OBJECT node; STRING name):[STRING oldName] modifies the name
of the specifiednode and returns the old name.

� getName(OBJECT node):[STRING name] returns the name ofnode.
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� addContent(OBJECT node; OBJECT content) adds content to a node wherecon-
tent can refer to arbitrary media objects like text, image, audio, video, or a composite
media object. Note that a node in SEPIA can contain an arbitrary number of content
objects. The order of the content objects does not matter but duplicates are not allowed
(set semantics).

� removeContent(OBJECT node; OBJECT content) removes the specified content
object from the specified node in the SEPIA document.

� createLink(L INK TYPE type; OBJECT from; OBJECT to):OBJECT link creates
a hyperlink between the specified nodes, i.e.,from andto. The type of the link is de-
termined bytype, e.g., two content nodes can be linked by aRefersTo link. For a
complete list of link types available in SEPIA and constraints defined on the types, see
[TW95a, WA95]. The object identifier of the new link is returned.

� deleteNode(OBJECT node):[NODETYPE type; STRING name] deletes the speci-
fied node and returns the node type and the name of the deleted node (needed to compute
compensation operations). If a link refers tonode, thenode is not deleted and[null; “” ]
is returned. This avoids dangling links.

� deleteLink(OBJECT link):[L INK TYPE type; OBJECT from ; OBJECT to] de-
letes the thelink and returns both the end nodes of the link and the type of the link.
2

In the following, we give the compensation function and the merging relations for the
SEPIA cooperative activity type.

Example 31 (Compensation function for SEPIA cooperative activity type) The compen-
sation function for the invocable operation types in SEPIA is specified as follows:

� comp(createNode(type; name):node) = deleteNode(node):[type; name]

� comp(setName(node; name):oldName) =(
setName(node; oldName):name if name 6= oldName

noop otherwise

� comp(getName(node):name) = noop

� comp(addContent(node; content)) = removeContent(node; content)

� comp(removeContent(node; content)) = addContent(node; content)

� comp(createLink(type; fromNode; toNode):link) =
deleteLink(link):[type; fromNode; toNode]
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� comp(deleteNode(node):[type; name]) =(
createNode(type; name):node if type 6= null

noop otherwise

� comp(deleteLink(link):[type; fromNode; toNode]) =

createLink(type; fromNode; toNode):link 2

Note that for some operations compensation is not necessary (noop). For example, if a
setName operation does not really change the name of a node, it needs not be compensated.
The same holds for adeleteNode operation that does not delete thenode. This may occur when
still links are pointing to or from the node.

Example 32 (Merging relations for SEPIA cooperative activity type) The backward com-
mutativity table describing thebc relation for the invocable operation types in Example 30
is given in Table 3.7. The forward commutativity table for the correspondingfc relation is de-
picted in Table 3.8. Differences to the backward commutativity relation in Table 3.7 are marked
with an asterisk. 2

Table 3.7: Backward Commutativity Relation for the SEPIA Cooperative Activity Type.
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Table 3.8: Forward Commutativity Relation for the SEPIA Cooperative Activity Type.
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3.4.3 Cooperative Activity Instances

A cooperative activity instance(for shortcooperative activity) represents a single execution of
a cooperative activity type. A cooperative activityCA is started by instantiating a cooperative
activity typeCAT . This results in the creation of the common workspace and the private
workspaces for the participating users.

DEFINITION 29 (WORKSPACES AND WORKSPACE HISTORIES)
A workspaceis modeled in COACT as a tupleWS = (Sinit; H) where

� Sinit is theinitial stateof the data objects in the workspace and

� H is theworkspace history, i.e., the history of operations executed in the workspace.

Theactual stateSi of a workspaceWS i within a cooperative activity is the state resulting
from the application of the workspace history to the initial state, i.e.,Si = Hi(Sinit). To ensure
that subsequent definitions are independent ofSinit, we require that there exists a legal history
H with H(S?) = Sinit. This implies thatSinit is a consistent state (cf. Definition 18 on page
57).

Within workspaces we apply an update-in-place policy, i.e., every execution of an operation
directly changes the state of the workspace where the operation was executed. The states of
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other workspaces are not affected by the operation. Thus, the workspaces of a cooperative
activity are isolated. Cooperation among the co-workers in a cooperative activity is established
by applying one of the exchange meta-operations (described in Section 3.1).

Isolation of workspaces can be achieved (conceptually) by copying the data objects initially
contained in the common workspace to all private workspaces. From these copies the users
can create their own private versions of data objects that can be manipulated independently.
Hence, the modifications to data objects applied by different co-workers do not interfere with
each other. An alternative way of viewing the implementation is interpreting the workspace
histories as intention-lists [HR83] (cf. Section 3.3).

An important assumption is that all operations invoked by an actor within a private workspa-
ce, i.e., all generated operations, are legal in the respective state. This assumption is reasonable,
since we assume in COACT an interactive environment (like the SEPIA system) where the
sequence of operations is interactively composed at runtime. A user selects his next action
from the set of invocable operation typesO. The actual input parameters of the operation
invocation are supplied by the user (directly or by means of a graphical user interface). The
result of the operation invocation is computed based on the actual workspace state. Hence, the
resulting generated operation instance is always legal (cf. Section 3.2.3).

A cooperative activity is modeled as a set of workspace histories representing the work-
spaces. Each workspace in a cooperative activity has thesameinitial stateSinit.

DEFINITION 30 (COOPERATIVE ACTIVITY )
A cooperative activityis modeled as a tupleCA = (CAT ; Sinit; fH0; H1; : : : ; Hng), where

� CAT is the type of the cooperative activity,

� Sinit is the initial state in the workspaces,

� H0 denotes the workspace history representing the common workspace in the cooperative
activity,

� Hi; i > 0, denote the workspace histories representing the private workspaces of the
users in the cooperative activity.

In practice, the number of workspaces can change dynamically as participants join or leave
the cooperative activity. This is not essential for our model as long as all the workspaces have
the same initial stateSinit. To realize this flexibility, it is necessary to remember the initial state
of a cooperative activity, in order to create a private workspace for new a user who joins the
running cooperative activity.

The COACT model provides basic primitives to manage the execution of cooperative activi-
ties [RKT+95a, RKT+95b]. These primitives include the instantiation of a cooperative activity
of a given type (start ), the ability to suspend a user's activity to be resumed later on, and prim-
itives to join or leave the cooperative activity.Join creates a new workspace for a user in an
already existing cooperative activity, whileleave discards the workspace of the user who is no
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longer part of the cooperative activity. Before leaving, users willdelegate their results to co-
workers orsave them in the common workspace (cf. definition of exchange meta-operations
below).

In addition, the COACT model provides primitives for aborting or committing a cooperative
activity with almost usual semantics. Those parts of a cooperative activity that are reflected in
the common workspace after its commit are considered as the final result of the cooperative
activity. It is assumed that all users integrate their relevant contributions into the common
workspace (by means of thesave exchange meta operation), such that there is a single result
of the cooperative activity.Commit andabort discard all the private workspaces. In case of
anabort , also the common workspace is discarded. Additional coordination mechanisms can
be provided on top of COACT to constrain the set of users who are allowed to issue a commit
or an abort, as well as the time of committing a cooperative activity. For example, the COCOA
coordination model offers an enabling mechanism which can refer to users, user roles, and
termination states of a cooperative activity (cf. Section 3.6.1).

DEFINITION 31 (PRIMITIVES FOR THE M ANAGEMENT OF COOPERATIVE ACTIVITIES )
The following primitives are provided by the COACT cooperative transaction model to manage
the execution of a cooperative activity.

� Start(CAT ; Sinit):CA instantiates the cooperative activity typeCAT and creates a co-
operative activity instanceCA = (CAT ; Sinit; fH0g). This results in the creation of the
common workspaceWS0 with an empty workspace historyH0 = [] and current state
S0 = H0(Sinit) = Sinit.

� Join(CA):WSi creates a new private workspaceWSi for cooperative activityCAwith an
empty workspace historyHi = [] and current stateSi = Hi(Sinit) = Sinit. Afterwards,
CA := (CAT ; Sinit; H [ fHig), Hi 62 H , whereH denotes the set of histories in the
cooperative activityCA beforejoin was executed.

� Leave(CA;WSi) discards the private workspaceWSi in cooperative activityCA. Thus,
CA := (CAT ; Sinit; H n fHig), whereH denotes the set of histories in the cooperative
activityCA beforeleave was executed.

� Commit(CA) commits the cooperative activityCA, i.e., it discards the private workspa-
cesHi 2 H , i > 0, whereH denotes the set of histories in the cooperative activityCA

beforecommit was executed. Theresult of the cooperative activityis reflected by the
common workspace with current stateS0 = H0(Sinit).

� Abort(CA) simply discards all workspaces of the cooperative activityCA which ceases
to exist.

Additionally, we can providesuspend(WSi) andresume(WSi) primitives.Suspend(WSi)

allows a user to leave a cooperative activity without discarding the state of his private workspace
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WSi . Resume(WSi) allows a user to continue his work with the state of his private workspace
WSi beforesuspend was issued. The concrete realization of thesuspend andresume primi-
tives is implementation-dependent.

Moreover, an extendedJoin(CA;WSi) primitive, i � 0, can be defined that combines the
join(CA) primitive (creating workspaceWSj ) with a subsequentImport(WSi ;WSj ) exchange
meta-operation (cf. Definition 32). Thus, the history of the newly created workspaceWSj is
Hj = Hi and, thus, the state of workspaceWSj isSj = Hj(Sinit). Note that no merge conflicts
can occur, since no operations are executed in workspaceWSj beforeimport is executed.

Next, we define the COACT exchange meta-operations for the exchange of operations
among workspaces (cf. Section 3.1). The correctness of all exchange meta-operations is en-
forced by the history merging mechanism, described in the next section. History merging
enforces that the resulting workspace histories remain legal (cf. Definition 17 on page 56) and,
hence, it ensures the consistency of the resulting workspace states (cf. Definition 18). Merge
algorithms for the implementation of the COACT exchange meta-operations are described in
Section 3.5.4.

DEFINITION 32 (EXCHANGE M ETA -OPERATIONS)
Let Sl andHl denote the state and history of a workspaceWS l before the execution of the
exchange meta-operation. LetS 0l andH 0

l denote the state and history ofWS l after the ex-
ecution of the exchange meta-operation. The COACT model offers the following exchange
meta-operations.

� Import(WS i ;WS j ); j > 0; i 6= j, imports operationso 2 Hi of (a private or the com-
mon) workspaceWS i into the historyHj of the private workspaceWS j:

– S 0j = H 0
j(Sinit), whereop(H 0

j) � (op(Hj) [ op(Hi))

– 8WS l; l 6= j : S 0l = Sl; H
0
l = Hl

The import(WS i ;WS j ) exchange meta-operation is invoked by the owner of private
workspaceWS j. This user selects a set of operationsS � Hi to be imported from the
(private or common) workspaceWS i. Merge conflicts that may occur duringimport
are resolved under the supervision of the importing user. This may result in undoing
operations in workspaceWS j or in ignoring some operation inS during the merge.
Thus,op(H 0

j) � (op(Hj) [ op(Hi)). An import has no effect on the workspaceWS i

from which the work is being imported.

� Delegate(WSi ;WSj ); j > 0; i > 0; i 6= j, incorporates operationso 2 Hi of the private
workspaceWS i into the historyHj of the private workspaceWS j:

– S 0j = H 0
j(Sinit), whereop(H 0

j) � (op(Hj) [ op(Hi))

– 8WS l; l 6= j : S 0l = Sl; H
0
l = Hl
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Delegate(WS i ;WS j ) is invoked by the owner of private workspaceWS i. This user
selects a set of operationsS � Hi in his workspace that are then delegated to the pri-
vate workspaceWS j. The owner ofWS j (the delegatee) is responsible for merging the
delegated operations into his workspace and to resolve possible conflicts. Thedelegate

exchange meta-operations has no effect on the workspace of the delegator.

� Save(WSi); i > 0, incorporates operationso 2 Hi of the workspaceWS i into the history
H0 of the common workspaceWS 0:

– S 00 = H 0
0(Sinit), whereop(H 0

0) � (op(H0) [ op(Hi))

– 8WS l; l > 0 : S 0l = Sl; H
0
l = Hl

Thesave(WS i) exchange meta-operation is invoked by the owner of private workspace
WS i. This user selects a set of operationsS 2 Hi in his own workspace that are then
incorporated to the common workspaceWS 0. The user who invokes asave is responsible
for the resolution of possible conflicts in the common workspace.

The main difference betweenimport anddelegate is that in the former case, the actor who
initiates the exchange meta-operation is also responsible to control the merge with his private
workspace, whereas in the latter case, the delegator only selects the operations and the delegatee
controls the merge with his workspace. In contrast to adelegate, the user that initiates thesave
is also responsible for resolving possible conflicts in the target workspace (in this case the
common workspace).

We conclude this section with an example of a cooperative authoring activity.

Example 33 (SEPIA cooperative authoring activity) Assume Alice and Bob want to coop-
eratively create a SEPIA hypermedia document. Therefore, Alice instantiates the SEPIACAT

starting with an empty document. For the resulting cooperative activityCA the common
workspace is created withSinit = S? and an empty workspace historyH0 = [].

Alice joins the cooperative activityCA, which results in the creation of her private work-
spaceA withHA = []. To create a hypermedia node in the SEPIA document, she selects the op-
eration typecreateNode from the invocable operation typesO of the SEPIACAT and invokes
createNode(Content ; “CNode”). This results in the creation of nodeN1 in her workspaceA.
The workspace history isHA = [o1] whereo1 = createNode1(Content ; “CNode” ):N1.

When Bob joins the cooperative activityCA, a private workspaceB is created with an
empty workspace historyHB = []. The resulting configuration of the cooperative activity is
depicted in Figure 3.6. The initial state of workspaceB is S? = Sinit. Since workspaces are
isolated in COACT, the operationo1 is only reflected in Alice's workspaceA—o1 is neither
reflected in the newly created private workspaceB nor in the common workspace.

If Bob wants to get the recent state of Alice's workspace, he has to use COACT's import

exchange meta-operation. An alternative is to ask Alice todelegate some of the operations in
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= [createNode(Content, "CNode1"):N1]AH

N1

H

H = [ ]

= [ ]B

0

Private Workspace A Private Workspace B

Common Workspace

Cooperative Activity CA

Figure 3.6: Sample SEPIA Cooperative Activity.

her private workspace to his workspace. If Alice wants to reflect the changes to her private
workspace in the common workspace, she can use thesave exchange meta-operation. 2

3.5 History Merging

As described in Section 3.1, history merging is the basis for all the exchange meta-operations
in the COACT cooperative transaction model. In this section, we give a formal description of
the history merging mechanism. In order to do this, we have to address the following issues.

1. What kind of operation sequences can be exchanged among workspaces within a coop-
erative activity?

2. How can we detect relevant conflicts among operations during history merging?

3. How can we resolve these conflicts?

These issues are discussed in the following. In Section 3.5.1, we utilize backward com-
mutativity to identify consistent units of work that can be subject to an exchange of operations
among workspaces. In Section 3.5.2, we present the history merge mechanism that permits
the semantically correct exchange of operations among workspaces. To ensure the correctness,
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we exploit the type-specific semantics of operations by means of forward commutativity to
determine inter-workspace conflicts. To resolve relevant merge conflicts, we introduce a for-
mal model of selective compensation in Section 3.5.3. In Section 3.5.4, we present a merge
algorithm that can be used to implement COACT's exchange meta-operationsimport , export ,
anddelegate. Afterwards, we discuss several refinements and optimizations of the basic merge
algorithm. In Section 3.5.5, we describe how history merging can be generalized to asymmetric
commutativity relations.

3.5.1 Consistent Units of Work

In this section, we introduce the notion of aconsistent unit of workthat is a central concept in
COACT. An operation in a workspace history can depend on previously executed operations,
i.e., its behavior is influenced by preceding operations in the history. By identifying all relevant
predecessors of a given operation in the workspace history, we are able to identify consistent
units of work. Only consistent units of work can be the subject of an information exchange in
COACT.

Since we are interested in determining dependencies within a single workspace, we need a
dependency relation that is relevant for update-in-place policy. Therefore, we apply the back-
ward commutativity relationbc as described in Section 3.3.

To formalize the notion of a consistent unit of work, we introduce the concept of closed
subhistories. Aclosed subhistorycontains for each operationo in the closed subhistory every
preceding operationp it depends on, i.e., each preceding operationp in the workspace history
that transitively conflicts backward witho. A subhistory isclosed undera set of operationsQ if
all operations ofQ are contained in the subhistory, and each preceding operation the operations
in Q dependent on is contained in the subhistory, too.

DEFINITION 33 (CLOSED SUBHISTORY )
A subhistoryI of H is closediff 8 o 2 H; p 2 I : o <H p ^ (o; p) 62 bc) o 2 I. A subhistory
I of H is closed underQ � op(H) if I is closed andQ � op(I).

We consider a closed subhistory as a consistent unit of work. We can show that such
subhistories are legal if the original history was a legal one. This is an important property since
it allows us to dynamically compute consistent “transactions” within a single workspace. These
legal operation sequences can then be exchanged among the workspaces within a cooperative
activity.

THEOREM 1
Let I be a closed subhistory of historyH. If H is legal, thenI is legal.

Proof (Theorem 1): Let J denote the restriction ofH to operationsop(H) n op(I). We show
that the historyK = I � J is legal. Obviously,op(K) = op(H). From the definition of closed
subhistories it follows that there exist no operationso 2 J; p 2 I with o <H p ^ (o; p) 62 bc.
Thus,K is a reordering ofH with 8 o; p 2 H; (o; p) 62 bc : o <K p, o <H p. By Proposition
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O3 createNode(Position, "PNode1"): N3

createNode(Content, "CNode2"):N2

createNode(Content, "CNode1"):N1

O5

O4

Workspace History H

O2

createLink(RefersTo, N1, N2):L1

O1

addContent(N1, C1)

N2

C1

Workspace State HA(S init )A

N3

N1 L1

Figure 3.7: Computation of Consistent Units of Work with Backward Commutativity.

2 (page 65) it follows thatK is legal andK � H. SinceK is legal, its prefixI is legal, too
(Lemma 1 on page 57). This proves the theorem. 2

In the following example, we illustrate the concept of closed subhistories using the SEPIA
cooperative activity type (cf. Section 3.4.2).

Example 34 (Closed subhistory)We continue the cooperative authoring activity that has been
introduced in Example 33 (page 94). Figure 3.7 shows the history and state of Alice's workspa-
ceA. On the left side of the figure, the workspace historyHA is depicted. Each box represents
an operation that has been executed by Alice who is controlling workspaceA. The arrows rep-
resent the dependencies induced by thebc relation of the SEPIACAT (cf. Table 3.7, page 89).
Thus, backward conflicting operations are visualized by arrows. The right side of Figure 3.7
shows the corresponding actual workspace stateHA(Sinit) with Sinit = S?.

The successful creation of the linkL1 connecting the nodesN1 andN2 represented by
operationo4 depends on the creation of the nodes by operationso1 ando2 (since a link cannot
be created without the source and destination nodes). Operationo5 which adds content to node
N1 depends on operationso1 which created the node. In the following, we enumerate all closed
subhistories ofHA.

� All prefixes of the legal historyHA are closed subhistories:[], [o1], [o1; o2], [o1; o2; o3],
[o1; o2; o3; o4], [o1; o2; o3; o4; o5].

� Sinceo3 commutes backward witho4 ando5, ando4 with o5, the following histories are
closed subhistories ofHA: [o1; o2; o4]; [o1; o2; o5]; [o1; o2; o4; o5].

� Subhistory[o3] of HA is closed sinceo3 commutes backward with all other operations in
historyHA.

Assume, Alice selects operationsQ = fo4; o5g � op(HA) to execute adelegate to Bob.
There are two subhistories ofHA that are closed underQ, namelyH1 = [o1; o2; o4; o5] and
H2 = [o1; o2; o3; o4; o5]. 2
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Note, there exist also other historiesI with op(I) � op(HA) that are legal, e.g.,[o2; o1; o5]
and[o1; o2; o5; o3; o4]. These histories are not considered as closed subhistories since they are
no subhistories ofHA.

In the COACT cooperative transaction model, we consider only closed subhistories for an
information exchange. An actor selects a set of operations of a workspace history which are
input to the exchange meta-operations. COACT's merge algorithm (cf. Section 3.5.4) then
completes the chosen operations to a subhistory that is closed under the user's selection. This
ensures that only legal operation sequences are exchanged among workspaces.

To make the granularity of an information exchange as fine as possible, we prefer in COACT

to exchange only those operations that are absolutely necessary to keep consistency. We call
such a historyminimally closed. For instance, in Example 34, we would prefer to exchange
historyH1 = [o1; o2; o4; o5] instead of[o1; o2; o3; o4; o5] sinceH1 does not contain operation
o3, which commutes backward with all other operations inHA. Informally, a subhistoryI is
minimally closed under a set of selected operationsQ if it containsnooperation that commutes
backward with all other operations inI and that is not part ofQ.

DEFINITION 34 (MINIMALLY CLOSED SUBHISTORY )
A closed subhistoryI of H is minimally closedunderQ � op(H) iff 8 o 2 I : (o 2 Q)

_ (9 p 2 I : o <I p ^ (o; p) 62 bc).

The next lemma shows that there exists exactly one minimally closed subhistory for a given
set of operations. This allows COACT's merge algorithm to uniquely identify the subhistory to
be exchanged if a user invokes am exchange meta-operation.

L EMMA 13 LetH be a history. For each setQ � op(H) there exists exactly one subhistoryI
of H which is minimally closed underQ.

Proof (Lemma 13): We prove the lemma by contradiction. LetH1 be a subhistory ofH that
is minimally closed underQ � op(H). Assume, there exists a different subhistoryH2 that is
minimally closed underQ with H1 6= H2.11

We have to consider two cases: (1)op(H1) � op(H2) or (2) op(H1) � op(H2). In the first
case, there exists an operationo 2 H2 ando 62 H1. SinceH1 is assumed to be minimally closed
underQ, Definition 34 yields thato 62 Q and that there existsnooperationp in H1 with o <H p

and(o; p) 62 bc. Thus,H2 cannot be minimally closed underQ. The second case is analogous
to the first. This proves the lemma. 2

The backward commutativity relationbc allows us to define another useful property of
subhistories. We consider two subhistories of the same history to be independent if they have
no common elements and there exist no backward conflicts among operations of the different
subhistories.

11Please recall that by definition the ordering of operations inH1 andH2 are the same as inH . Thus, we need
only consider equality of history rather than equivalence.
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DEFINITION 35 (INDEPENDENT SUBHISTORIES )
Two subhistoriesH1; H2 of historyH are calledindependent iff op(H1) \ op(H2) = ; ^

8 o 2 H1; p 2 H2 : (o; p) 2 bc.

The following example illustrates these newly introduced concepts using the sample SEPIA
cooperative activity type.

Example 35 (Minimally closed and independent subhistories)We continue with Example
34. Assume, Alice selects operationsQ = fo4; o5g for an information exchange. According to
Definition 34, the system computes the minimally closed subhistory underQ by selecting all
backward conflicting predecessor operations ofQ in the workspace historyHA. The minimally
closed subhistory ofHA underQ is [o1; o2; o4; o5] (see Figure 3.8). This history cannot be
further partitioned into independent histories.

Assume, Alice selects operationsQ = fo3; o4; o5g. The minimally closed subhistory un-
derQ is HA. HA can be further partitioned into two independent closed subhistoriesH1 =

[o1; o2; o4; o5] andH2 = [o3] (see Figure 3.9). We can exchangeH1 andH2 independently with
other workspaces because there exist no backward conflicts among operations contained inH1

andH2. 2
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Note that closed subhistories and independent subhistories are different concepts. Two
independent subhistories are not necessarily closed subbistories. For instance, in the example
above, the histories[o3] and[o4] are independent but[o4] is not closed. Moreover, a minimally
closed subhistory may be further partitioned into independent closed subhistories as Example
35 shows. However, disjoint closed subhistories are independent, as the next lemma shows.
In the COACT merge algorithm (cf. Section 3.5.4), we will always exchange independent,
minimally closed subhistories separately.

L EMMA 14 LetH1 andH2 be two closed subhistories ofH with op(H1)\ op(H2) = ;. Then
H1 andH2 are independent subhistories ofH.

Proof (Lemma 14): According to Definition 33, every operationp 2 H with o 2 H1 ^ p <H

o ^ (p; o) 62 bc is included inH1. The same holds forH2. Fromop(H1) \ op(H2) = ;, it
follows that there exist no operationso 2 H1, p 2 H2 with (o; p) 62 bc, since eithero <H p or
p <H o. It follows thatH1 andH2 are independent subhistories ofH. 2

In this section, we have formalized the notion of consistent unit of work. In traditional
transaction models, transactions constitute consistent units of work. Transactions are usually
specified as fixedtransaction programswhich prescribe the application logic and the database
operations [VWP+98]. Transaction programs are assumed to be programmed in a way that they
keep the database consistent in terms of the application semantics (cf. Section 1.1). Especially,
the resulting sequence of data operations issued during the execution of a transaction program
between begin-transaction and commit are always assumed to transfer a consistent database
state to another consistent state (C property in ACID). Furthermore, the resulting transactions
are assumed to be atomic. This means that either all operations are executed or it appears as if
none of the data operations had been executed.

In contrast to traditional transaction models, COACT is able to dynamically identify con-
sistent units of work (or in other words, “transactions”). We assume an interactive environment
where the exact operation sequence executed in the workspace is determined interactively by
the user at runtime. Because it is difficult in such interactive environments to identify consistent
sequences of operations beforehand, we do this at runtime exploiting the operation semantics
captured by thebc relation. A “transaction”, that can be exchanged among workspaces, consists
of all selected operations plus all relevant predecessor operations and only those (minimally
closed subhistory). Note that it is not required that a consistent unit of work corresponds to the
directly preceding operations. This is a major difference to the traditional transaction model.

3.5.2 Correct Merging of Histories

In this section, we introduce the notion of correct operation exchanges among different work-
spaces within a cooperative activity. We will call two historiescorrectly mergedif the resulting
history preserves allintra-workspace dependencies and there exist no relevantinter-workspace
conflicts. We show that merged histories that obey our criteria are always legal. Thus, by using
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the notion of correctly merged histories it is possible to establish cooperation among the users
in a cooperative activity without affecting consistency of their workspaces, i.e., the legality of
the respective workspace histories.

We have used thebc relation to describe intra-workspace dependencies and to identify con-
sistent units of work that can be subject to an information exchange. If such a unit of work,
represented by a minimally closed subhistory, is incorporated into another workspace history,
we have to ensure that the exchanged operations behave the same in the target history as in the
source history. Since we are here interested in determining conflicts (or dependencies) between
operations executed indifferentworkspaces, we need a dependency relation that is relevant for
deferred-update policy. Therefore, we apply the forward commutativity relation as described
in Section 3.3.2.1.

Two histories can only be merged if they are based on the same initial state and both are
legal. This is captured by the next definition.

DEFINITION 36 (MERGEABLE HISTORIES)
We call two workspace historiesH1 andH2 mergeableiff (1) both histories are based on the
same initial (consistent) stateSinit and (2)H1 andH2 are both legal in stateSinit.

The first condition is necessary, since the definition of forward commutativity and the result-
ing Proposition 5 are based on the equality of the initial states (represented by equal histories).
The second condition is required, since the history merging mechanism assumes that the source
histories are already legal in order to construct a new legal history containing operations from
both source histories.

A merged historyM is a history that consists of operations that originate from different
workspace histories. Note that we do not constrain the order of operations inM to comply
with the execution orders in the source histories. Among all possible merged histories we
consider only those ascorrect that fulfill the conditions of a correct merge (cf. Definition 38).

DEFINITION 37 (MERGED HISTORY )
LetH1 andH2 be two mergable histories. Amerged historyM consists of operationsop(M) �

op(H1) [ op(H2).

It is not required that the two histories to be merged are disjoint, i.e., it neednot hold that
op(H1) \ op(H2) 6= ;. As a result of a previous information exchange an operation can occur
in both source histories. The occurrence of identical operations in both source histories en-
ables us to ignore some of the forward conflicts that may occur between operations of different
histories, as we will see in Definition 38. Recall that identity of operations is determined by
their associated operation identifier (cf. Section 3.2.2). We assume that the operation identi-
fiers assigned to operations at generation time are unique within all workspace histories in a
cooperative history. Operations that are re-executed keep their original operation identifier.

Example 36 (Merged histories)Consider a SEPIA cooperative activity that was started with
an empty hyperdocument. This empty document represents the initial state of the private



102 Chapter 3. The Cooperative Activity Model

workspaces of Alice and Bob (see Figure 3.10). Assume that both authors have imported a
single operationq1 from co-author Charly. There-executionof operationq1 created nodeN1 in
both workspaces. After that, Alice creates a nodeN2 (operationo1) and a linkL1 betweenN1

andN2 (operationo2). Bob creates a nodeN3 by executing operationp1. After that, he deletes
nodeN1 (operationo2). Figure 3.10 shows the resulting workspace historiesHA andHB and
the corresponding workspace states.

Now a merged historyM is constructed from the operations inop(HA) [ op(HB) =

fq1; o1; o2; p1; p2g. The order of the operations<M is not constrained. In the following, we
discuss the correctness of sample merged histories constructed fromHA andHB.

� The empty history[] is a merged history. The empty history is always legal.

� HA andHB are merged histories. They are legal since the source histories are legal by
assumption. Also, all prefixes ofHA andHB are legal merged histories.

� M1 = [q1; o1; o2; p1] is legal since operationp1 is not influenced by the other operations
in M1 (p1 commutes forward with the other operations inM1!). Thus,p1 behaves the
same inM1 as inHB.

� M2 = [q1; o1; o2; p1; p2] is not legal sincep2 is not legal. In its original execution it
returned[Content; “CNode1” ] which indicates a successful deletion of nodeN1. InM2,
p2 would return[null; “ ” ] since it is not possible to delete nodeN1 because of linkL1.
Note,p2 doesnot commute forward with operationo2 that created linkL1.

� In contrast toM2, M3 = [q1; o1; p1; p2] is legal since the operation that created linkL1 is
omitted inM3. Note thatp2 conflicts forward with operationq1 but q1 already appeared
beforep1 in historyHB (q1 2 view(p1) !). In this case, we can ignore the forward conflict
since the execution ofp2 is based on a workspace state where the effects ofq1 are already
reflected.

� M4 = [q1; o1; p2; p1] is legal. Note thatM4 does not preserve the original orderp1 <HB
p2

in historyHB. This does not matter sincep1 and p2 are independent, i.e., commute
backward.

� M5 = [q1; o1; o2; p2] is legal butM6 = [q1; o2; o1; p2] is not because the order ofo2 ando1
is changed with respect toHB and the operations do not commute backward.

� M7 = [q1; p1; p2; o1] is legal butM8 = [q1; p1; p2; o1; o2] is not legal because the creation
of a link (operationo2) requires the existence of the source and destination nodes.

There exist a lot of other merged histories which are not legal, e.g.,[p2] and [o2], and all
their continuations. 2
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Figure 3.10: Example for Merged Histories.

Example 36 provided an initial intuition when merged histories are correct, i.e., legal. In-
formally, we consider two historiescorrectly mergedif the resulting merged history obeys
all intra-workspace dependencies (induced bybc) and there exist norelevant inter-workspace
conflicts (fc).

TENTATIVE DEFINITION (CORRECTLY M ERGED HISTORY )
A merged historyM , constructed from two mergeable historiesH1 andH2, is correctly merged
iff
(1) the restrictions ofM to the operations inHi are closed subhistories ofHi, i = 1; 2, and
(2) all operations inop(H1) n op(H2) andop(H2) n op(H1) pairwise commute forward.

Condition (1) ensures that no operation turns illegal as a result of reordering backwardly
conflicting operations ofHi inM , i = 1; 2. Condition (2) ensures that no operation turns illegal
as a result of including forwardly conflicting operations from different source histories.

Note, that we do not check for forward conflicts among operation pairs where (at least) one
of the two operations appears in both source histories. The reason is that either

1. one of the operations (e.g., operationo) was already present in historyH when the second
operationp was generated inH (update-in-place situation:o 2 view(p) ), or

2. both operations were generated in different workspaces (deferred-update situation:o 62

view(p) ^ p 62 view(o) ).

The first case corresponds to an update-in-place policy and, hence, backward commutativity
applies instead of forward commutativity. In this case, Condition (1) in our tentative definition
ensures that both operations are ordered properly inM if they conflict backward. In the second
case, we assume that the source historiesH1 andH2 have already been correctly merged and,
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Figure 3.11: Incremental Merge withbc 6= fc.

hence, fulfill the two conditions of our tentative definition. Therefore, we can ignore forward
conflicts for such operation pairs.

Unfortunately, the subtle difference between thebc andfc relation causes a problem with
our tentative definition of correctly merged histories. This problem is illustrated by the next
two examples.

Example 37 (Incremental merge withbc 6= fc ) Consider the ACCOUNTS-2 sample opera-
tion types of Example 20. Alice has executed the operationo1 = debit(a; 100):true (cf. Figure
3.11(a)). Bobimports operationo1. This is possible since his private workspace is empty. His
merged workspace history is now[o1] as shown in Figure 3.11(b). Afterwards, Bob invokes
operationp1 = debit(a; 110) which returnsfalse. The resulting backward conflict dependency
amongp1 ando1 is depicted by a thin arrow in Figure 3.11(c). Now, Alice merges workspace
historyHB with her workspace history. The resulting merged history[o1; p1] is legal and fulfills
the tentative definition of a correct merge. 2

Example 38 (Merge anomaly resulting frombc 6= fc ) Assume, Alice and Bobconcurrent-
ly executeo1 = debit(a; 100):true andp1 = debit(a; 110):false in their workspaces (cf. Figure
3.12(a)). If either actor imports the workspace history of the other one, this may result in
two different merged histories as shown in Figure 3.12(b). Both merged histories fulfill the
conditions of our tentative definition of correct merges.

If these histories are merged again, there does not exist a merged history that fulfills the
tentative definition of correct merges. The reason is thato1 <HA

p1 ^ (o1; p1) 62 bc and
p1 <HB

o1 ^ (p1; o1) 62 bc. No merged history can reconcile the contradictory orderings.2

This anomaly results from the fact that(o1; p1) 2 fc but (o1; p1) 62 bc. Because(o1; p1) 2
fc, a merge of[o1] with [p1] is possible with both orders[o1; p1] and [p1; o1] as Example 38
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Figure 3.12: Anomaly resulting frombc 6= fc.

shows. If these histories are merged again, it is assumed thatp1 depends ono1 and vice versa.
But this dependency is artificial if both operations were generated in an deferred-update rela-
tionship, i.e., ifo1 62 view(p1) ^ p1 62 view(o1). The artificial backward conflict dependencies
are depicted as dashed arrows in Figure 3.12(b).

There are two possible approaches to solve this problem in the definition of correctly
merged histories:

� We can use the model-independent commutativity relationc = fc \ bc (cf. Section 3.3.3)
for both computing intra-workspace dependencies and inter-workspace dependencies.
This solves the problem but decreases the possible degree of cooperation sincec is more
restrictive thanbc andfc. For instance, in Example 38, a merge of[o1] with [p1] is then
no longer possible since(o1; p1) 62 c, whereas the incremental merge in Example 37 is
allowed.

� Alternatively, we can ignore backward conflicts among operations in a single history
when both operations are not in the other operation'sview (cf. Definition 23 in Section
3.3.1.3). The merge of[o1; p1] and[p1; o1] in Example 38 is then possible. By considering
the views of operations we can determine if the initial executions of operations are in an
update-in-place relationship or in a deferred-update relationship. Thus, we can decide if
fc or bc has to be applied between two operations.

Despite the fact that anomalies resulting frombc 6= fc appear to occur rather infrequently
and the previous example appears rather artificial and harmless (“why should we include an
operation that does fail and does not change the workspace state?”), we have chosen to fol-
low the second approach. We want to exploit the greater expressiveness of different relations
for describing intra-workspace dependencies and inter-workspace conflicts. Moreover, such
a definition of correctly merged histories can then be extended to asymmetric commutativity
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relationsrbc and lfc (see Section 3.5.5). Nevertheless, it remains possible to use thec rela-
tion instead ofbc andfc in the following definition. This does not touch the correctness since
“stronger” commutativity relations always can be used (cf. Proposition 7, page 82).

The next definition introduces the notion of correctly merged histories we use in the COACT

cooperative transaction model.

DEFINITION 38 (CORRECTLY M ERGED HISTORY )
A legal historyH = [o1; : : : ; on], whereoi 2 view(oi+1); i = 1; : : : ; n � 1, is a correctly
merged history.

A merged historyM , constructed from two mergeable and correctly merged historiesH1 and
H2, is acorrectly merged historyiff

1. 8 o; p 2 Hi; i = 1; 2 : (p 2 M ^ o <Hi
p ^ (o; p) 62 bc ^ o 2 view(p))) o 2M

2. 8 o; p 2 Hi; i = 1; 2 : (o <Hi
p ^ (o; p) 62 bc ^ o 2 view(p) ^ o; p 2M))) o <M p

3. 8 o 2 (op(Hi)n op(Hj)); p 2 (op(Hj)n op(Hi)); i 6= j : (o; p) 62 fc ) o 62M _ p 62M

The first part of the definition states that a legal history is considered as a correctly merged
history if all operations are in an update-in-place relationship and occur in the order they where
generated. Such a history corresponds to a situation where only the workspace owner has
invoked operations in his workspace (and no merge occurred before).

A correctly merged history, resulting from a merge of two other correctly merged histories,
has to obey the following conditions.

Condition 1 expresses that allrelevant predecessor operationsof any operation that is part
of the merged historyM have to be included inM , too. Thus, if an operationp is included in
M , every preceding operationo that does not commute backward has also to be included inM ,
butonly if o is in the view ofp. If this is not the case, the operationp does not depend on theo
because inp's initial execution,o was not reflected in the workspace (history). Ifo 62 view(p)

andp 62 view(o) holds, the operations were initially invoked in different workspaces under a
deferred-update policy. It follows, that backward conflicts can be ignored. Ifo 62 view(p) but
p 2 view(o) holds, then(o; p) 2 bc, since it is assumed that the source histories are legal.

Condition 2 requires that arelevant orderingof operations in a source history is preserved
in the merged historyM . This means that operations from a source history that do not commute
backward with each other have to appear in the merged history in the same order as in the source
history, but, againonly if the preceding operation is in the view of the succeeding operation.

Condition 3 states, that if two operationso andp are not contained in both source histories
and do not commute forward, then only one of them can be included in the merged historyM .
This means that only if neithero norp is already contained in both source histories, we have to
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consider a forward conflict betweeno andp (relevant conflicts). If eithero or p is contained in
both histories, we can ignore a forward conflict for the following reasons12.

1. o 2
T
op(Hi) ^ o <Hk

p ^ o 2 view(p) ^ p 62 view(o): The operationo contained
in both histories had already been present in the workspace at the timep was generated.
Thus, update-in-place policy applies in this case, and only backward conflicts have to be
considered, but no forward conflicts.

2. o
T
op(Hi) ^ o <Hk

p ^ o 62 view(p) ^ p 62 view(o): The operationo contained
in both histories had not been present in the workspace when operationp was generated.
The presence of botho andp inHk can result only from a previous merge. There, forward
commutativity ofo andp has already been holding, since it is assumed that the source
histories are legal. Hence, we do not have to test again ifo andp do commute forward.

3. o 2
T
op(Hi) ^ o <Hk

p ^ o 62 view(p) ^ p 2 view(o): In this case,o was generated
in a workspace where operationp already had been present, in the orderp < o. Thus,
update-in-place policy applies and only backward conflicts have to be considered, but no
forward conflicts. Since the operations appear in a different order inHk, (o; p) 2 bc must
hold because the source histories are assumed to be legal.

Next, we illustrate how the correct merging of histories works. The following example
continues Example 36.

Example 39 (Correctly merged history) The upper part of Figure 3.13 shows the workspace
histories of Alice and Bob. The arrows within a single workspace show the intra-workspace
dependencies. The “flash” arrows between different workspace histories indicate forward con-
flicts among operations.

Assume, Alice wants toimport all operations from Bob's workspace. Operationq1 is
already reflected in her workspace. Operationp1 does not depend on any other operation in
HB and does not forward conflict with any operation inHA. Thus,p1 can be included in the
merged historyMA since the conditions of Definition 38 are satisfied. If Alice wants to include
p2, conditions 1 and 2 require that also operationq1 is included in the merged history before
p2, since operationp2 depends on operationq1 in historyHB. There exist two forward conflicts
for p2. The first conflict withq1 can be ignored becauseq1 is contained in both historiesHA

andHB (Condition 2). The second conflict with operationo3 cannot be ignored. Condition 3
implies that only one ofp2 ando2 can be included in a merged history.

The left side of Figure 3.13 shows a correctly merged historyMB wherep2 is not included.
The right part of Figure 3.13 shows a correctly merged historyMB that, for example, resulted

12The following enumeration is an extensive case analysis. If eithero or p is contained in both source histories,
there exists a historyHk with o 2 Hk ^ p 2 Hk. Without loss of generality, we assume thato <Hk

p. Then,
either (1)o 2 view(p) ^ p 62 view(o), (2) o 62 view(p) ^ p 62 view(o), or (3)o 62 view(p) ^ p 2 view(o).
The caseo 2 view(p) ^ p 2 view(o) does not exist.
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Figure 3.13: Example of Correctly Merged Histories.

from adelegate exchange meta-operation from Alice to Bob. There, operationp2 is included,
instead ofo2. 2

In the following, we prove that correctly merged histories are legal histories.

L EMMA 15 LetH be a correctly merged history. SupposeI is a reordering ofH with 8 o; p 2
H; (o; p) 62 bc; o 2 view(p) : o <I p, o <H p. If H is legal, thenI is legal andH � I.

Proof (Lemma 15): The historyI can be obtained from historyH by a finite sequence of
reordering steps. The proof proceeds by induction on the number of reordering steps. If there
are no such steps, thenH = I and the result is immediate.

Suppose the result is true for any number of reordering steps up tok � 1, and suppose that
I is obtained fromH by k+1 reordering steps. Then there exists another historyJ such thatJ
is obtained fromH in k reordering steps andI is obtained fromJ in one reordering step. The
induction hypothesis implies thatJ is correctly merged and legal and thatJ � H.

Then, there exist operationso andp and historiesK1 andK2 such thatK1 � o � p �K2 = J

andK1 � p � o �K2 = I, and either (1)(o; p) 2 bc or (2) (o; p) 62 bc ^ o 62 view(p).
(1) If o andp commute backward,I � p � o is legal andK1 � o � p � K1 � p � o.
(2a) If (o; p) 62 bc ^ o 62 view(p) ^ p 62 view(o), o andp are in a deferred-update

relationship. This means thato andp were initially executed in different workspaces and are
contained inH due to a previous correct merge. From the definition of a correctly merged
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history (Condition 3) follows that(o; p) 2 fc. LetK1 � o � p result from a merge ofK1 � o and
K1 � p. BothK1 � o andK1 � p must be legal, since the definition of correctly merged histories
requires that the source histories are mergable, and, hence, legal (cf. Definition 36). Sinceo

andp commute forward, it follows thatK1 � p � o is legal andK1 � o � p � K1 � p � o.
(2b) The case where(o; p) 62 bc ^ o 62 view(p) ^ p 2 view(o) does not exist since this is

not allowed by a correct merge (Condition 2).
SinceK1 � o � p �K2 is legal, Proposition 1 implies thatK1 � p � o �K2 is legal, too, and

K1 � o � p �K2 � K1 � p � o �K2. This yields the lemma. 2

The following theorem states that merged histories satisfying the conditions of Definition
38 are always legal.

THEOREM 2
A correctly merged history is legal. Moreover, any two correctly merged historiesM andN
with op(M) = op(N) are equivalent.

Proof (Theorem 2): Assume, the correctly merged historyM was constructed from the mer-
gable and correctly merged historiesHi, i = 1; 2. Let O\ = (op(M) \

T
op(Hi)). Let K

denote the restriction ofM to operations inO\, Ii denote the restriction ofHi to operations in
op(M) n O\, andJi denotes the restriction ofHi to operations inop(Hi) n op(M). It follows
thatop(M) = O\[

S
op(Ii), since operations inJi are not contained in the merged historyM .

The idea of the proof is as follows. (1) We show that the reorderingLi = K � Ii � Ji of Hi

is legal,Hi � Li, andK � Ii legal. (2) Afterwards, we prove that all historiesM 0 = K � G

are legal and equivalent, whereop(G) = op(M) n O\ and<G �
S
(<Ii \ bc). Note that

M is a reordering ofM 0. (3) The last step is to show that the correctly merged historyM

(and any other correctly merged historyN with op(M) = op(N)) is legal and equivalent to an
M 0 = K �G. This proves the theorem.

(1) For all operations that appear in a different order inHi andLi, i.e.,o <Hi
p ^ p <Li o,

it is ensured by Conditions 1 and 2 in Definition 38 that(o; p) 2 bc _ o 62 view(p). Thus, by
Lemma 15 it follows thatLi is legal andLi � Hi. The prefix ofK � Ii of Li is legal, too.

(2) SinceK � Ii; i = 1; 2, is legal and all operationso 2 Ii commute forward with all
operationsp 2 Ij, i 6= j (Condition 3 in Definition 38), Proposition 5 yields that all histories
M 0 = K �G are legal and equivalent.

(3) It is easy to see thatop(M 0) = op(M). Condition 1 in Definition 38 ensures that for
all operationso <M p ^ p <M 0 o it holds that(o; p) 2 bc _ o 62 view(p). By Lemma 15 it
follows thatM is legal andM �M 0. The same holds for any correctly merged historyN with
op(M) = op(N). 2

We now show that correctly merged histories need not be serializable with respect to oper-
ations generated by different users in their private workspaces. Unfortunately, it is not straight-
forward to establish a formal relationship between the traditional ACID transaction model and
the COACT cooperative transaction model, since COACT hasno concept of an atomic trans-
action. There is nothing like a begin-transaction and commit-transaction event in a workspace
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history that marks an atomic, consistent, and isolated unit of work. As discussed in Section
3.5.1, consistent units of work are dynamically computed in COACT for the purpose of an
information exchange.

To that end, we introduce an artficial concept of “transactions” for COACT. Since a co-
operative activity is long running and open-ended and the workspaces may diverge over time,
but need not be disjoint, we need to define the “transactions” for each workspace history sep-
arately. We use the following characterization of “transactions”, i.e., personal work units, for
a correctly merged workspace historyM . Assume that in a cooperative activityCA users
Ui; i = 1; : : : ; n, participate. WithWS i we denote the private workspaces of userUi. Let
Ti denote the restriction ofM to operations generated by userUi in the respective workspace
WS i. We considerTi as a “transaction” in historyM . Now, we are able to apply the definition
of (conflict-)serializability of histories (cf. in Section 3.3.1.2) in COACT.

The following example shows that correctly merged histories need not be serializable with
respect to our notion of transactions as personal work units in workspace histories. In Section
3.5.4.2, we give more complex examples of non-serializable, but correctly merged histories (in
the context of the SEPIA cooperative activity).

Example 40 (Non-serializable correctly merged history)Reconsider the situation in Figure
3.11(d) on page 104. Suppose, Alice executes operationo2 = debit(a; 5):true in her workspa-
ce. Bob then mergesHA = [o1; p1; o2] with his own history[o1; p1]. His new history is then,
e.g., [o1; p1; o2]. Suppose, Bob executes operationp2 = debit(a; 3):false. Thus,HB is then
[o1; p1; o2; p2]. All those histories are correctly merged.

TA = [o1; o2] andTB = [p1] are considered as “transactions” inHA. However,HA is not
serializable sinceo1 <HA

p1 ^ (o1; p1) 62 bc andp1 <HA
o2 ^ (p1; o2) 62 bc. The serialization

graph forH looks likeTA ! TB ! TA. Hence,HA is not (conflict-)serializable.
TA = [o1; o2] andTB = [p1; p2] are considered as “transactions” inHB. The serialization

graph forHB looks likeTA ! TB ! TA ! TB sinceo2 <HB
p2 ^ (o2; p2) 62 bc. Thus,HB is

not (conflict-)serializable. 2

This shows that our history merging mechanism is able to producenon-serializable, but
still semantically correct, i.e., legal histories. Thus, the isolation property of traditional trans-
action models is relaxed in a controlled way, while consistency of the workspace states within
a cooperative activity is guaranteed in any case.

Before we describe the basic COACT algorithm for correctly merging histories, we intro-
duce the notion ofcompensationin the next section.

3.5.3 Compensation

Compensation allows us to undo operations in a workspace history. This may be required in
order to resolve merge conflicts caused by Condition 3 in the definition of correctly merged
histories (cf. Definition 38 on page 106). Additionally, compensation allows for the interactive
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exploration of different problem solutions carried out within the private workspaces. Using
selective compensation, a user can retract his previous decisions, i.e., selectively undo opera-
tions generated or re-executed in his private workspace. This is especially important for the
interactive processing in cooperative activities [PK92, PK94, CD95].

Compensation is a very common approach to realize undo-behavior for long-running trans-
actions [Gra81, GMS87, Elm92, DDS97]. Although the mechanism of compensation is used in
almost every advanced transaction model (e.g., [GMS87, ELLR90, GMGK+91, Wei91, WS92,
DHL91, WR92, BOH+92, Ley95, CD96, KRC+96, RSS97, DDS97]), compensation is in-
troduced in an informal way in these models. In this section, we present aformal model of
selective compensationin the context of COACT.

The first attempt to formalize compensation was presented in [KLS90], which tried to unify
rollback and compensation. In contrast to a rollback, a compensation transaction undoes the
effects of a transaction rather than physically restoring the database state (using recovery algo-
rithms). The resulting notion of compensation in [KLS90] was very restrictive in terms of what
compensation transactions have to guarantee [RSS97]: the compensation transaction, directly
executed after the original transaction, has to generate a state of the accessed data objects that
is equalto the state at the point in time the original transaction started.

In COACT, we extend the approach of [KLS90] using state equivalence instead of state
equality in the definition of compensation operationsocomp. The state resulting from the exe-
cution of[o; ocomp] neednot beequalto the database state beforeo—we only require that both
states areequivalent[KTW96c, KTW96b, NZ96, RSS97]. This implies that the compensation
operationocomp of an operationo is semantically undoing the effects of the original operation
o rather than physically restoring the prior workspace state.

DEFINITION 39 (COMPENSATION OPERATION )
The operationocomp is acompensation operationfor operationo 2 
 iff the following holds:
8 historiesH : H � o legal) (H � [o; ocomp] is legal ^ H � H � [o; ocomp])

Definition 39 states that the execution ofocomp immediately aftero is simply the logical
undo ofo, i.e., no subsequent operation can observe that the sequence[o; ocomp] is part of the
history. Note that Definition 39 requires thatH andH � [o; ocomp] are equivalent forall histories
H whereH � o is legal. This means that the definition of compensation operations isstate-
independentsinceH(S?) can be an arbitrary consistent state. This constrains the construction
of compensation operations, as we will see in the following example.

Example 41 (Compensation operation) Consider adebit(a; 100):true operation in Ac-
counts-2 example on page 64. Suppose, the balance of accounta is 200 in the stateS immedi-
ately before the execution of thedebit operation, i.e.,�2(S(a)) = 200.

A compensation operation fordebit is, e.g.,credit(a; 100) (cf. Example 29, page 85).
Another candidate for a compensation operation might be asetBalance(a; 200) operation.
The compensation operationcredit(a; 100) can be used ineveryworkspace stateS 0 where
debit(a; 100):true is legal. The operationsetBalance(a; 200) can only be used in statesS 00
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where�2(S
00(a)) = 200 to compensate thedebit(a; 100):true. Thus, according to Definition

39 setBalance(a; 200) is not a compensation operation fordebit(a; 100):true. 2

Compensation becomes more difficult if we want to compensate an operationo in a history
in case further operations have been performed. The approach used in SAGAs [GMS87], the
multi-level transaction model [Wei91, WS92], and the open-nested transaction model [WS92,
MRW+93] is to compensateo andall successor operations ininverse order(cf. Section 2.3.2).
This conservative compensation policy is captured by the next lemma, which extends Definition
39 to finite operation sequences.

L EMMA 16 Suppose,H = I � J is a legal history withJ = [o1; : : : ; on]. Then,I � I � J �

[ocomp
n ; : : : ; o

comp
1 ] andI � J � [ocomp

n ; : : : ; o
comp
1 ] is legal.

Proof (Lemma 16):We proof the lemma by induction on the lengthn of J . If n = 0, the result
is immediate sinceH � H � [] � [] andH � [] � [] is legal by assumption.

Otherwise, letI = K � on. By the induction hypothesis,I �K � [ocomp
n�1 ; : : : ; o

comp
1 ] is legal

andI � I �K � [ocomp
n�1 ; : : : ; o

comp
1 ]. By Definition 39, it holds thatI �K � on � ocomp

n � I �K

andI �K � on � ocomp
n legal. Proposition 1 yields the lemma. 2

As introduced in Section 3.4.1.2, the compensation operationocomp of an operationo 2 


is computed using thecompensation functioncomp given in the specification of a coopera-
tive activity typeCAT . The requirement thatcomp is total implies that there exists a unique
compensation operation for every operationo 2 
.

DEFINITION 40 (COMPENSATION FUNCTION )
Thecompensation functioncomp : 
 ! 
 is defined as follows:comp is total and8 o 2 
 :

comp(o) = ocomp ) ocomp is a compensation operation ofo.

Definition 40 assumes that we can compute the compensation operation based on the origi-
nal operationo. As a consequence, the compensation function cannot directly use information
about the workspace state at the time operationo was executed. Only the input and output
parameter values ofo can be used in the specification ofcomp. This implies that the invocable
operation typesO of aCAT externalize as much information as needed for the computation of
the compensation operations13.

The next example illustrates the concept of compensation developed so far. The example
is based on the SEPIA scenario described in Section 3.4.2 and uses the compensation function
for the SEPIA cooperative activity type described on page 88.

Example 42 (Conservative compensation approach)The left part of Figure 3.14 shows Al-
ice's workspace state after she has imported operationq1 and executed operationso1 ando2,

13In practice, this is no severe restriction since additional output parameters can simply be added to the operation
types inO. As an advantage of this approach, no extra specification language constructs have to be introduced in
order to specify the logging of additional information about the database state before or after the execution of an
operation (like theBEFOREandAFTERstatements in the VODAK modeling language [DIM95]).
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Figure 3.14: Conservative Compensation.

i.e.,HA = [q1; o1; o2]. Assume, operationq1 needs to be undone (either because of a merge
conflict or because Alice wants to undo the imported operationq1). The compensation function
of the SEPIACAT yields the following compensation operations:

q
comp
1 = comp(q1) = deleteNode(N1):[Content ; “CNode1 ” ]
o
comp
1 = comp(o1) = deleteNode(N2):[Content ; “CNode2 ” ]
o
comp
2 = comp(o2) = deleteLink(L1):[RefersTo; N1; N2]

To compensateq1 we have to compensate the operations inHA in inverse order (Lemma 16),
i.e., executeH 0

A = [comp(o2); comp(o1); comp(q1)]. The right part of Figure 3.14 shows the
resulting state of the workspace and its history. 2

Looking more closely at this example, one can observe that in order to compensate an
operation in a workspace history it isnot necessary to compensate all successor operations
in the history. For instance, operationo1 need not be compensated in Example 42, since it
is independentof q1, i.e., q1 ando2 commute backward. Therefore, we look at the question
of when an operation can be compensated without compensating subsequent operations in the
history.

DEFINITION 41 (DIRECTLY COMPENSATABLE OPERATION )
Suppose,H = I � o � J is a legal history andcomp(o) = ocomp. Operationo is directly
compensatablein H iff 8 p 2 J : (o; p) 2 bc.

An operationo that is directly compensatable commutes with all successor operations in
the history. This allows us to apply the compensation operation without first compensating the
successor operations ofo as the next lemma shows.
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L EMMA 17 Let H = I � o � J be a legal history,comp(o) = ocomp, ando be a directly
compensatable operation inH. Then, the historiesH�ocomp andI� J are legal andH�ocomp �

I � J .

Proof (Lemma 17): Using Proposition 2 (page 65), we get thatH � I � J � o and history
I � J � o is legal. Sinceocomp is the compensation operation ofo, we obtain the lemma by
Definition 39. 2

Example 43 (Directly compensatable operation)In Example 42, only operationo2 is di-
rectly compensatable. Operationsq1 ando1 are not directly compensatable since they do not
commute backward with operationo2. If operationo2 does not occur in the history (either be-
cause it has never been executed or is already compensated), both operationsq1 ando1 become
directly compensatable sinceq1 commutes backward witho1. 2

Korth et al. [KLS90] introduced a different notion of compensatable operations. There, an
operationo is directly compensatable if the compensation operationocomp commutes backward
with all successor operations ofo, i.e.,8 p 2 I : (p; ocomp) 2 bc instead of8 p 2 J : (o; p) 2 bc

in Definition 39. This is a consequence of the definition of compensation operations in [KLS90]
that uses state equality instead of state equivalence. For instance, in Example 42 Korth et al.
would allow asetBalance operation to be a compensation operation for adebit operation.

We do not follow the approach of [KLS90], since (1) this requires to specify additionally
backward commutativity between the invocable operations of aCAT and their compensation
operations, (2) the specification of compensation functions becomes more complex since it be-
comes state-dependent, and (3) more operations need to be compensated than in our approach
of compensation. For example, consider the history[debit1(a; 100):true ; debit2(a; 50):true]
applied to a state withbalance(a) = 200. Assume, the compensation operation for operation
debit1 is setBalance(a; 200) (this is allowed in [KLS90]). SincesetBalance(a; 200) does not
commute backward withdebit2, debit1 is not directly compensatable (according to Definition
41), becausesetBalance(a; 200) would also undo the effects ofdebit2. In COACT, however,
setBalance is not allowed as a compensation operation fordebit1. We usecredit(a; 100) in-
stead and, hence,debit1 becomes directly compensatable.

We now define our approach to selective compensation as it is used in the COACT cooper-
ative transaction model. Our general policy is to first identify aminimal unit of compensation
within in a workspace historyH. Starting with a setQ of operations to be compensated, we
add recursively all subsequent operations ofH to Q that are backward conflicting with oper-
ations inQ. Afterwards, we compute acompensation sequencethat compensates exactly the
operations in the unit of compensation.

DEFINITION 42 (UNIT OF COMPENSATION )
A subhistoryI of historyH is aunit of compensationiff 8 o 2 H; p 2 I; p <H o : (p; o) 62

bc ) o 2 I. A subhistoryI of H is aunit of compensation forQ � op(H) iff I is a unit of
compensation andQ � op(I).
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Definition 42 is analogous to the definition of closed subhistories (page 96) in the sense
that the backward commutativity relation is used to compute dependent operations. The same
relation is applied, but successor operations are considered instead of predecessor operations.

Like for closed subhistories, we can restrict the unit of compensation to those operations
that are required to be compensated in order to maintain the legality of the resulting history.
This leads us to the concept of aminimal unit of compensationwhich maximizes the number
of operations preserved during compensation.

DEFINITION 43 (MINIMAL UNIT OF COMPENSATION )
The subhistoryI of H is a minimal unit of compensationfor Q � op(H) iff it is a unit of
compensation forQ and8 o 2 I : (o 2 Q) _ (9 p 2 I : p <I o ^ (p; o) 62 bc).

The next lemma shows that there exists exactly one such minimal unit of compensation for
a given set of operations. This allows us to uniquely identify in COACT the subhistory to be
compensated, in case of merge conflicts or a user-initiated undo.

L EMMA 18 LetH be a history. For each setQ � op(H) there exists exactly one subhistoryI
of H which is the minimal unit of compensation forQ.

Proof (Lemma 18): The proof is analogous to the proof of Lemma 13 (page 98). 2

After the minimal unit of compensation for a set of operations is determined, we compute
thecompensation sequenceusing the compensation functioncomp. The order of the compen-
sation operations in the compensation sequence is inverse to the order of the operations in the
minimal unit of compensation.

DEFINITION 44 (COMPENSATION SEQUENCE)
Let I be a unit of compensation for a set of operationsQ � op(H). Then, thecompensation
sequenceC for the setQ is defined as[ocomp

n ; : : : ; o
comp
1 ] with oi 2 I, comp(oi) = o

comp
i , and

o
comp
j <C o

comp
i , oi <I oj.

The next theorem shows that the compensation sequenceC for a minimal unit of com-
pensationI is legal and that the execution ofC compensates only operations inI (and only
those).

THEOREM 3
Let H be a legal history andI be (the minimal) unit of compensation for a set of operations
Q � op(H). Let C be the compensation sequence forQ. Let J be the restriction ofH to
operations inop(H) n op(I). Then,J andH � C are legal andJ � H � C.

Proof (Theorem 3):Proposition 2 (page 65) yields thatH � J � I andJ � I legal, sinceI is a
minimal unit of compensation (cf. Definition 43). Thus,J is legal.

Suppose,I = [o1; : : : ; on]. Hence, the compensation sequenceC is [ocomp
n ; : : : ; o

comp
1 ] with

o
comp
i = comp(oi). Lemma 16 yields thatJ � H � C andH � C is legal. This proves the

theorem. 2
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Figure 3.15: Selective Compensation.

To let users act autonomously within their workspaces, operations are compensated in CO-
ACT only within a single workspace. If an operation occurring in more than one workspace
history needs to be undone, the operation isnot compensated in all workspaces in which it
occurs. The operation is only compensated in the indicated workspace. The next example
illustrates how selective compensation works in the COACT.

Example 44 (Selective compensation approach)Like in Example 42, Alice's workspace his-
tory isHA = [q1; o1; o2] (cf. Figure 3.15).HA contains the following units of compensation:[],
[o2], [o1; o2], [q1; o1; o2], and[q1; o2].

Assume, Alice decides to compensate operationq1 that created nodeN1, i.e.,Q = fq1g.
The following subhistories ofHA are the only units of compensation forQ: [q1; o1; o2] and
[q1; o2]. The latter is the minimal unit of compensation forQ. Thus, the compensation sequence
C is [ocomp

2 ; q
comp
1 ].

We then apply the compensation sequence to Alice's workspace history. The resulting his-
toryHA�C = [q1; o1; o2; o

comp
2 ; q

comp
1 ] is equivalent to the history[o1]. The resulting workspace

state after the compensation ofQ is shown in the right part of Figure 3.15.

The operationsq1 and o2 are only compensated in Alice's workspace, i.e., they are not
compensated in other workspace histories in which they also occur. 2

In contrast to Example 42, operationo1 need not be undone in our selective compensation
approach in order to compensateq1. Only the minimal number of operations is compensated,
i.e., those operations that transitively depend on those to be compensated.



3.5 History Merging 117

3.5.4 COACT Merge Algorithm

In practice, we need a constructive algorithm that implements the correct merging of histories
in COACT. Such a merge algorithm is presented in this section. The merge algorithm can be
directly utilized to implement the COACT exchange meta-operations, i.e.,import , delegate,
andsave.

Afterwards, we present an extensive SEPIA example that illustrates in detail how the merge
algorithm works and how cooperation is achieved in COACT. In Section 3.5.4.3, we discuss
several optimization possibilities and refinements of the basic merge algorithm.

3.5.4.1 Basic Merge Algorithm

The COACT exchange meta-operations (cf. Definition 32 on page 93) take a set of operations
selected in the source history and modify the target history in order to incorporate the effects
of the selected operations into the destination workspace.

The general idea of the merge algorithm is therefore toappendthe selected operationsS
of the source historyH1 to the target historyH2, and thereby preserving as many operations
from the target history as possible. If relevant forward conflicts are detected, operations in the
target workspace may be compensated if it is decided to discard the conflicting operations of the
target history. Alternatively, only a subset ofS can be incorporated into the target history. After
the conflict resolution, the remaining operations from the source history arere-executed in the
target workspace in order to construct the new target workspace state. The source workspace
state and history are not affected by the merge.

In the following, we describe a basic algorithm that performs the correct merging of op-
erations of a source historyH1 into a target historyH2. This algorithm is a refinement of the
algorithm presented in [WK96, WAN98].

BASIC M ERGE ALGORITHM

1. Select some operationsS � op(H1) from the source historyH1.

2. BecauseS is not necessarily a consistent unit of work, completeS to a closed subhistory
of H1. To ensure that only a minimal number of operations are exchanged, compute the
minimally closed subhistoryI of H1 underS. We callI theexchange history.
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3. Partition the exchange historyI into a setP = fI1; : : : ; Ing of closed subhistoriesIk of
I with op(Ik) \ op(Ij) = ;, k 6= j, andop(I) =

Sk=n
k=1 op(Ik). We call the resulting

historiesIk exchange partitions.

We treat each exchange partition as anatomic unit of work, i.e., either all or none opera-
tions of anIk are incorporated intoH2.

4. Next, check forrelevant merge conflictsbetween the exchange partitionsIk and the target
historyH2, i.e., for eachIk; k = 1; : : : ; n, compute

Uk := fo 2 (op(H2) n op(I)) j 9 p 2 (op(Ik) n op(H2)) : (o; p) 62 fcg.

(a) If Uk = ;, there exist no relevant forward conflicts between exchange partitionIk

and the target historyH2.

(b) If Uk 6= ;, adecisionhas to be made if the operationsUk should be undone in the
target workspace in order to incorporateIk14.

If it is decidednot to discard operations inUk, then none of the operations inIk can
be merged into the target historyH2 (since we consider the merge ofIk with H2 as
atomic). This means that the merge forIk is “aborted”:Uk := ; andIk := [], i.e.,
op(Ik) := ;.

5. After resolving the conflicts in the previous step, thecompensation sequenceC and the
re-execution sequenceE are computed.

(a) To correctly compensate all operationsU :=
Sk=n

k=1 Uk in H2, compute theminimal
unit of compensationM in H2 for U .

(b) Compute the compensation sequenceC in H2 for the setU of operations to be
compensated.

(c) The set of operations to be merged into the target history is computed as follows:
P :=

Sk=n
k=1 op(Ik). Note thatP � op(I), since merges for exchange partitions

might have been “aborted” in Step 4.

(d) BecauseP andH2 can contain identical operations, i.e.,P \op(H2) 6= ;, eliminate
all operationso from P with o 2 H2. Therefore, compute the restrictionE of I to
operations inP n op(H2). We callE there-execution sequence.

14This decision can be taken either manually by a user or (semi-)automatically by an extra decision software
module that implements certain pre-specified conflict resolution rules
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6. The new stateS 0 = (H2 �C �E)(Sinit) of the target workspace is constructed as follows.

(a) Execute the compensation sequenceC in the target workspace.

(b) Execute the re-execution sequenceE in the target workspace.

(c) Since compensated operationso 2 M and compensation operationsocomp 2 C

together have no observable effect on the workspace state, we can ignore them
in future merges. Therefore, compute the restrictionH 0

2 of H2 to operations in
op(H2) n op(M). The new history of the target workspace is thenH 0

2 �E.

In the following, we discuss some important characteristics of the basic merge algorithm
described above. Afterwards, we prove that this algorithm works correctly, i.e., it produces a
correctly merged historyH 0

2 � E with H 0
2 � E � H2 � C � E.

The rationale for the partitioning step (Step 2), which can be made optional, is as follows.
If we allow only an atomic merge of the entire exchange historyI intoH2, i.e., to include all
or none operations ofI, the merge mechanism would be rather inflexible. In case of a merge
conflict we either have to discard a large portion ofH2 or we cannot include any operation ofI
at all. Therefore, we allow for apartial merge, i.e., to merge only some exchange partitionsIk

with H2.
Any exchange partitionIk contains at least one operations 2 S selected in Step 1 because

I is a minimally closed subhistory ofH1 underS. If S = op(I), this is obvious. IfS � op(I),
then each operationo 2 op(I) nS precedes an operations 2 S in historyH1 that is transitively
backward conflicting with ao. Thus,o occurs in the same partitionIk as operations. It follows,
that the number of partitions is less or equal to the size of the set of selected operationsS. The
granularity of atomic merges and, hence, the granularity of the conflict resolution, is scalable
by the number of partitions created. For example, an implementation of the merge algorithm
can either compute the maximal number of exchange partitions or it can treat the exchange
historyI as a single exchange partition.

The exchange partitionsIk are pairwise independent closed subhistories ofH1. Thus, each
exchange partitionIk can be merged separately intoH2. The conflict setsUk, k = 1 : : : n,
are accumulated inU before the algorithm computes the compensation sequenceC and the
re-execution sequenceE. Therefore, the order of processing theIk, k = 1 : : : n, in Step 4 does
not matter for the result of the merge algorithm.

We assume that the workspace historiesH1 andH2 do not change during the execution of
the merge algorithm, as a result of a user executing operations in one of the workspaces or
by concurrent merges. This is in line with almost all optimistic concurrency control protocols
assuming that validation is performed serially.

Until Step 6, the merge process can be aborted since the merge algorithm does not change
the source and target histories in Step 1-5. The state and the history of the target workspace
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are changed for the first time when the compensation sequence and the re-execution sequence
are applied in Step 6. Therefore, it is possible to extend the merge algorithm such that different
merge alternatives can be considered in the conflict resolution before a merge is performed in
the target workspace.

The basic merge algorithm can construct only a subset of all merged histories that are
considered as correctly merged according to Definition 3815. Operations in the re-execution
sequenceE can never precede operationso 2 H2 before the merge, since weappendE to
the target historyH2. In contrast to this, the definition of correctly merged histories allows to
interleaf operations from both histories and to leave out some operations (recall that the empty
history is always correctly merged). The merge algorithm described above tries to merge as
many operations fromS with the target history and minimizes the number of operations to be
compensated inH2. To construct all correctly merged histories an extended merge algorithm
would be required that can flexibly undo and later redo operations of the target historyH2

during the merge process.
Note that we do not need to consider the views of operations in the merge algorithm (like in

the definition of correctly merged histories). This is not necessary, since the merge algorithm
chooses an order for operations contained in both workspaces, based on the order of operations
in the target workspace. For instance, consider Example 38 on page 104. When the workspace
historyH1 = [o1; p1] is incorporated into target historyH2 = [p1; o1], the merge algorithm
chooses the orderp1 < o1 for the resulting merged history. Thus, for an implementation of
history merging, we do not need to keep track of the views of operations.

In general, a higher degree of cooperation can be achieved if operations are exchanged
more frequently between workspaces since then the workspace histories are synchronized more
closely. This is reflected by the fact that the setop(H2)nop(I) in Uk (Step 4) becomes smaller if
op(H2)\op(I) becomes larger, i.e., the subhistoryI ofH1 andH2 overlap more. This results in
less merge conflictsUk. Thus, less operations inH2 have to be discarded in order to re-execute
E. Moreover, less operations have to be re-executed since the size ofP n op(H2) becomes
smaller ifop(H2) \ op(H2) becomes larger. For instance, ifop(I) � op(H2), no operations in
H2 have to be compensated andnooperation ofI has to be re-executed in the target workspace.

The next theorem shows that the basic merge algorithm is correct in the sense that it pro-
duces a correctly merged historyH 0

2 (cf. Definition 38). Since a correctly merged history is
always legal if the input histories are legal (Theorem 2) the resulting historyH 0

2 � E is legal if
H1 andH2 are legal.

THEOREM 4
If the workspace historiesH1 andH2 are correctly merged histories, the merge algorithm com-
putes a correctly merged historyH 0

2 � E with H 0
2 � H �C.

Proof (Theorem 4): The idea of the proof is as follows: (1) We show that the restrictionH 0
1

15Having a criteria to describe the correctness of histories and an algorithm to construct some of these correct
histories is similar to traditional transaction models. There, serializability is the correctness criteria and different
concurrency protocols are employed that (only) allow subsets of serializable histories to be produced.
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of H1 to P (the operations that are actually incorporated intoH2) is a legal history. (2a) We
prove that the minimal unit of compensationM in H2 andP are disjoint. (2b) We show that
the historyH 0

2 �E, produced by the merge algorithm, contains exactly the operationsop(H 0
1)[

op(H 0
2). (3) It remains to be shown thatH 0

2 �E is a correctly merged history, constructed from
H 0

1 andH 0
2. (4) Last, we prove thatH 0

2 � H �C. This yields the theorem.

(1) Let H 0
1 denote the restriction ofH1 to operationsP . SinceI is the minimally closed

subhistory ofH1 underS and theIk are closed and independent subhistories ofI (Lemma 14),
it follows that the subhistoryH 0

1 of H1 is closed. By Theorem 1,H 0
1 is legal becauseH1 legal.

(2a)Obviously,U � op(M). From the definition ofUk we get that thatUk \Pk = ;. Thus,
after step 4:U \ P = ; sinceU =

Sk=n
k=1 Ui andP =

Sk=n
k=1 Pi. Therefore, it is sufficient to

show thatP \ (op(M) n U) = ;. Assume, there exits ap 2 Pk : p 2 op(M) n U . From
Definition 43 follows that there exists an operationo 2 U with (o; p) 62 bc ando <H2

p. Since
Ik is a closed subhistory ofH1, this p must be contained inPk and, hence, inP . This is a
contradiction toU \ P = ;. Hence,P \ op(M) = ;.

(2b) It is easy to see thatop(H 0
2 � E) = op(H 0

2) [ op(E) = op(H 0
2) [ op(H 0

1), since
op(E) = P n op(H2), P = op(H 0

1), andop(H 0
2) � op(H2). It remains to prove that the history

H 0
2 � E is a correctly merged history constructed out ofH 0

1 andH 0
2.

(3a) First, we prove that Condition 3 of Definition 38 is satisfied for the merged history
H 0

2 � E, i.e., 8o 2 (op(H 0
2) n op(H 0

1)); p 2 (op(H 0
1) n op(H 0

2)) : (o; p) 2 fc. From the
definition ofUk follows that8o 2 ((op(H2) n Uk) n P ); p 2 (Pk n (op(H2) n Uk)) : (o; p) 2

fc holds after executing Step 4. SinceU =
Sk=n

k=1 Uk andP =
Sk=n

k=1 Pk, it follows that
8o 2 ((op(H2) n U) n P ); p 2 (P n (op(H2) n U) : (o; p) 2 fc. BecauseU � op(M),
op(H 0

2) = op(H2) n op(M), op(H 0
1) = P , andP \ op(M) = ; (see (2a) above), it follows that

8o 2 (op(H 0
2) n op(H

0
1)) ; p 2 (op(H 0

1) n op(H
0
2)) : (o; p) 2 fc.

(3b) Next, we prove that Conditions 1 and 2 of Definition 38 are satisfied for the merged
historyH 0

2 � E. Both conditions are obviously satisfied forH 0
2 since the order of operations in

H 0
2 is the same as inH 0

2 � E. Condition 1 is satisfied forH 0
1 sinceop(H 0

1) � op(H 0
2 � E) (see

(2b) above).
To prove Condition 2 forH 0

1, we need to show that8o; p 2 H 0
1 : o <H0

1
p ^ (o; p) 62

bc ^ o 2 view(p) ) o <H0

2
�E p. Let H 0

1 = K � E. SinceE is a restriction ofH 0
1,

all operations inE appear in the same order as inH 0
1. Thus, it is sufficient to show that (a)

8o 2 K; p 2 E : o <H0

1
p ^ (o; p) 62 bc ^ o 2 view(p)) o <J p and (b)8o; p 2 K : o <H0

1

p ^ (o; p) 62 bc ^ o 2 view(p)) o <H0

2
p. (a) is certainly true sinceH 0

1 is a closed subhistory
of H1 andH 0

1 = K � E. (b) If o <H0

1
p ^ o <H0

2
p this is immediate. Ifo <H0

1
p ^ p <H0

2
o,

then(o; p) 2 bc _ o 62 view(p) has to hold. If(o; p) 2 bc, we are done. If(o; p) 62 bc, then
o 62 view(p) sinceo 2 view(p) contradicts to the assumption thatH1 andH2 are correctly
merged history.

Thus, the historyH 0
2 � E constructed by the merge algorithm fulfills the conditions of

correctly merged histories. By Theorem 2,H 0
2 � E is legal sinceH 0

1 andH 0
2 are correctly

merged histories.
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Figure 3.16: Situation before Delegation from WorkspaceA to WorkspaceB.

(4) It remains to show thatH 0
2 � E � H2 � C � E. H 0

2 is the restriction ofH2 to operations
op(H2) n op(M). SinceM is the minimal unit of compensation forU , C is the compensation
sequence forU , andH2 is legal, it follows by Theorem 3 thatH2 �C is legal andH 0

2 � H2 �C.
Using Proposition 1 it follows thatH 0

2 � E � H2 � C � E andH2 � C � E legal. 2

3.5.4.2 Example: COACT at Work

In this section, we illustrate how the merge algorithm works and how the COACT exchange
meta-operations are used by co-workers within a cooperative activity. In the following, we
assume two cooperating authors, Alice and Bob, acting in workspacesA andB within a coop-
erative activity of the SEPIACAT (cf. Section 3.4.2). The cooperative authoring activity starts
with an empty document, i.e, the initial stateSinit of both private workspaces and the common
workspace is the empty document, i.e.,Sinit = S?.

Alice, acting in workspaceA, performs the operations[o1; o2; o3; o4] as shown in the left part
of Figure 3.16. After the creation of content and position nodesN1, N2, andN3 (operations
o1; o2; o3), the content nodes are connected by a reference linkL1 (operationo4). The result-
ing states and histories of the workspacesA andB are depicted in Figure 3.16 (the common
workspace is not shown).

Example 45 (Delegation from workspaceA to workspaceB) Alice decides todelegate the
link L1 to workspaceB in order to stimulate contributions from her co-worker Bob. The set of
selected operationsS isfo4g. In Step 2 of the merge algorithm, the minimally closed subhistory
of HA underS is computed resulting in the exchange historyI = [o1; o2; o4]. The exchange
historyI cannot be further partitioned, i.e.,I represents the only exchange partitionI1 2 P.
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Figure 3.17: Situation after Delegation from WorkspaceA to WorkspaceB.

Afterwards, the exchange partitionI1 is sent to workspaceB where Bob controls the in-
tegration ofI1 into his workspaceB. First, the relevant forward conflicts betweenHB andI1
are computed. Due to the fact, thatHB = [], no conflicts occur, i.e.,U1 = ;. Therefore, Bob
can integrateI1 into workspaceB, i.e. P = fo1; o2; o4g. In Step 5 of the algorithm, the min-
imal unit of compensation is computed first. SinceU = U1 = ;, the compensation sequence
is C = []. BecauseHB is empty,HB andP do not contain identical operations. Thus, the
re-execution sequenceE is [o1; o2; o4].

To perform the actual integration, the operations inC andE are sequentially re-executed in
workspaceB. Afterwards, the workspace historyHB is set to[o1; o2; o4]. The resulting histories
of the private workspaces and their states are depicted in Figure 3.17. Note, the re-executed
operations are now “replicated” among the workspacesA andB. 2

Let us assume both users have continued their work in isolation, resulting in the workspace
histories presented in Figure 3.18. By means of operationo5 Alice has added some content
to the nodeN1, which can be a descriptive text. At the same time, Bob has put his own
description to his “version” of node N1 (operationp1). Alice has deleted both linkL1 and node
N2 (operationso6, o7) because they did not fit with her plans. With operationo8, she changed
the name of nodeN1 to “Alice”. Meanwhile, Bob has created a new content nodeN4 which
he has linked to nodeN2 (operationsp2 andp3) and renamed nodeN1 to “Bob” (operationp4).
Figure 3.18 shows the resulting workspace states and histories ofA andB.

Both users have now changed the document content in conflicting ways, and we will explore
the different merge alternatives in the next example.

Example 46 (Import from workspaceB into workspaceA) Alice plans to import the re-
sults of her co-worker and looks up (the history of) workspaceB. Assume she wants to im-
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Figure 3.18: Situation before Import from WorkspaceB into WorkspaceA.

port all newly added links and nodes and name changes. Therefore, she (or the system)
selects operationsS = fp2; p3; p4g. The merge algorithm computes the exchange history
I = [o1; o2; p2; p3; p4]. I contains two independent closed subhistories. Thus,I can be par-
titioned into exchange partitionsI1 = [o1; p4] andI2 = [o2; p2; p3], which can be processed
separately in order to increase the flexibility during the merge process.

We start withI1. Operationo1 is already present inHA. Hence, no forward commutativity
checking is required. Operationp4 is processed next. It conflicts forward witho8. This yields
U1 = fo8g. Now, Alice has to decide either to compensateo8 or to abandon the integration of
I1. In our example, she sticks too8 and the integration of theI1 is “aborted”. Therefore, the
system setsU1 andP1 to ;.

The algorithm continues in Step 4 with exchange partitionI2. Operationo2 is already con-
tained in workspaceA and can be ignored. Operationp2 commutes forward with the operations
in HA and can be merged withHA without undoing operations inHA. Operationp3 (creation
of the link betweenN2 andN4) conflicts forward witho7 representing the deletion ofN2. Thus,
U2 = fo7g. Again, the controlling user (or decision module) has the choice between compen-
satingo7 (and all dependent operations inHA) in order to incorporateI2 or to abandon the
integration ofI2. We assume that the decision is to compensateo7.

The algorithm continues in Step 5 withP = fo2; p2; p3g andU = fo7g. The minimal unit
of compensation forU in HA is M = [o7]. The compensation sequenceC = [comp(o7)] with
comp(o7) = createNode(Content; “CNode2 ”):N2. Afterwards, the re-execution sequence
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Figure 3.19: Situation after Import from WorkspaceB into WorkspaceA.

is computed. SinceHA \ P = fo2g, this results in the re-execution sequenceE = [p2; p3].
The resulting merged history isH 0

A = [o1; o2; o3; o4; o5; o6; o8; p2; p3] which is equivalent to
HA � C � E.

In Step 6 of the algorithm, the merge is installed in workspaceA. First,comp(o7) is executed
in A. Thenp2 andp3 are re-executed. The history of workspaceA is set toH 0

A. The resulting
state of workspaceA and its history are depicted in Figure 3.19. WorkspaceB is not affected
by the merge. 2

The next example shows that correctly merged histories need not be serializable (cf. dis-
cussion on page 109 and Example 40).

Example 47 (Non-serializable correctly merged histories)Suppose, Alice creates aRefers-
To link from nodeN1 to nodeN4, and adds content to nodeN4. Figure 3.20 shows historyHA

and the state of workspaceA after Alice has executed operationso9 ando10.
The resulting workspace historyHA of Alice is not (conflict-)serializable with respect to

“personal work units”, i.e., the operations generated by Alice and Bob. LetTA denote the se-
quence of operations inHA generated by Alice, i.e.,[o1; o2; o3; o4; o5; o6; o8; o9; o10]. TB denotes
the subhistory ofHB restricted to operations originally invoked by Bob, i.e.,[p2; p3]. Looking
at “transactions”TA andTB, we see that there exists a cycleTA  TB  TA in the dependency
graph (cf. Section 3.5.2). The backward conflictso2  p3, p2  o9, andp3  o10 that caused
the cycle are shown as “thick” arrows in Figure 3.20. It follows thatHA is not serializable
with respect toTA andTB. However, the historyHA is correctly merged and, hence, legal by
Theorem 2. 2

This example shows that the merge algorithm is able to producenon-serializable, but still
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semantically correct, i.e., legal, histories. Thus, the isolation property is relaxed, but consis-
tency of all workspaces is guaranteed.

The next examples illustrates the usage of the common workspace and of thesave and
import exchange meta-operations in the COACT model.

Example 48 (Saving to and importing from the common workspace)Alice wants to leave
her office. To make her results publicly available, shesaves her workspace (history) to the
common workspace. Since the common workspace still is empty, i.e.,HCWS = [], the merge
algorithm determines thatHA can simply be re-executed in the common workspace. Thus,
HCWS = HA after thesave. The state of the common workspace is now the same as that of
Alice's workspace as indicated in Figure 3.20.

Suppose, Bob is notified about Alice'ssave exchange meta-operation. He looks up the
common workspace and decides to import all operations inHCWS succeeding the last operation
in HCWS generated by him, i.e.,S = fo9; o10g. The merge algorithm determines the exchange
historyI = [p2; o9; o10] as the only exchange partition. Sincep2 is already included inHB and
o9 ando10 commute forward with all other operations inHB not contained inHCWS , U = ;

andP = fp2; o9; o10g. The compensation sequence isC = [] and the re-execution sequence
E = [o9; o10]. The state and history of workspaceB after installing the merge are depicted in
Figure 3.21.

As in the last example, the resulting merged history is non-serializable with respect to
TA = [o1; o2; o4; o9; o10] andTB = [p1; p2; p3; p4; p5] as indicated by the “thick” arrows in
Figure 3.21. 2
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Other examples that illustrate the deployment of the COACT cooperative transaction model
in the multi-user software development domain and for a cooperative calendar management
application can be found in [WK96, WAN98] and [Kar98], respectively.

3.5.4.3 Optimization and Refinements of the Merge Algorithm

The merge algorithm described on page 117 provides a basis for the implementation of a num-
ber of variants of merge algorithms and exchange meta-operations. For example, it is possible
to adapt the basic algorithm to dedicated environments, exploiting their special characteristics.
In this section, we discuss some optimizations and refinements of the basic merge algorithm.

3.5.4.3.1 Modified Merge Algorithm. The basic merge algorithm does not make strong
assumptions on access to the histories during its execution. The algorithm can be decomposed
into two independent parts. The first part, consisting of steps 1 and 2, can be executed solely
with access to the source history. The second part of the algorithm, consisting of steps 4, 5, and
6, accesses only the target history. The exchange history is the glue between the two parts of the
algorithm. Thus, the basic algorithm allows a distributed implementation, where workspaces
and workspace histories are stored in a decentralized way. For mobile environments, this might
be the only way to implement the merge module (see Section 4).

In a more centralized environment (like the TRANSCOOP system, cf. Section 5.1), the
workspaces and their histories can be stored in a central database. Since a merge module then
has permanent access to both the source and the target history, there is a potential to optimize
the basic algorithm. In the following, we outline a modified merge algorithm that can yield
better performance. The basic idea of the optimization is to eliminate as many operations as
early as possible during the merge process. We assume that the restrictions of histories can be
computed in an efficient way.
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M ODIFIED M ERGE ALGORITHM

1. SelectS from the source historyH1.

Then, remove all operations fromS that are already contained in the target historyH2,
i.e.,S 0 = S n op(H2).

2. CalculateH 0
1 as the restriction ofH1 to operations inop(H1) n op(H2).

Then, compute the minimally closed subhistoryI 0 of H 0
1 underS 0.

3. Compute the exchange partitionsI 0k of I 0 (analogous to the basic algorithm).

4. CalculateH 00
2 as the restriction ofH2 to operations inop(H2) n op(H1).

For eachI 0k, computeU 0
k := fo 2 H 00

2 j 9 p 2 I
0
k : (o; p) 62 fcg.

The rest of Step 4 is analogous to the basic algorithm.

5. Compute the minimal unit of compensationM 0 in H 00
2 for U 0 :=

Sk=n
k=1 U

0
k and the com-

pensation sequenceC 0 in H 00
2 for U 0.

The re-execution sequenceE 0 is the restriction ofI 0 to operations inP 0 :=
Sk=n

k=1 op(I
0
k).

6. Execute the compensation sequenceC 0 and the re-execution sequenceE 0 of the target
workspace.

The history of the target workspace is set toH 0
2 � E

0, whereH 0
2 is the restriction ofH 00

2

to operationsop(H2) n op(M 0).

Like the basic merge algorithm, the modified merge algorithm computes a correctly merged
historyH 0

2�E
0 � H2�C 0�E 0 but makes use of the following observation. Since some operations

in S may be already present inH2, they need not be considered for the merge. Therefore, in
the first step, we eliminate all operations fromS that are contained inH2. Based on the same
argument, all other operations inH1 that are already contained inH2 need not be exchanged.
Also, operations inH2 already contained inH1 need not be compensated nor re-executed. The
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modified algorithm therefore operates on the modified historiesH 0
1 andH 0

2 which contain less
operations thanH1 andH2, in case the historiesH1 andH2 are not disjoint.

In the following, we briefly compare both merge algorithms. SinceS 0 � S, op(H 0
1) �

op(H1), the computation of the closed subhistoryI 0 becomes more efficient. The exchange
history I 0 usually contains fewer operations thanI, i.e., P 0 � P . Therefore, partitioning
is less expensive. In Step 4,H 00

2 andP 0
k are disjoint. Sinceop(I 0) � op(I), less forward

conflict checks have to be executed. Generally, the resulting setU 0 is smaller thanU since
op(I 0) � op(I). Becauseop(H 00

2 ) � op(H2) andU 0 � U , the computation ofM 0 and the
compensation sequenceC 0 become more efficient. The elimination of duplicates in Step 5 can
be omitted sinceP 0 \ op(H2) = ;, whereas in the original algorithmP andop(H2) need not
be disjoint.

It is easy to see that the performance gain offered by the modified algorithm is greater,
the larger the overlap ofH1 andH2 is. For example, ifS � op(H2), the modified algorithm
determines already in Step 1 that nothing has to be done. The original algorithm recognizes
this in Step 5 during the elimination of duplicate operations fromP .

To further optimize Step 5 of the modified algorithm, the re-execution sequenceE 0 can
be directly set toIk1 � : : : � Ikn wherek1; : : : ; kn is a permutation of1; : : : ; n. Thus, we do
not need to compute the restriction ofI 0 to P 0. This changes the order of the operations re-
executed (compared to the order inH1) but does not affect the correctness of the algorithm
since Proposition 2 yields thatE 0 � Ik1 � : : : � Ikn.

3.5.4.3.2 Modified Partitioning Step. The (optional) partitioning step in both merge al-
gorithms can be further refined to yield a larger number of atomic exchange partitions. This
enables a finer granularity of conflict resolution.

Example 49 (Sub-partitioning) Consider the workspace historyHA as shown in Figure 3.22.
Assume, the set of selected operations isS = fo4; o5g. In the basic merge algorithm, the
minimally closed subhistory ofHA underS is I = [o1; o2; o4; o5]. Step 3 yieldsI1 = I as the
only exchange partition. If only one ofo4 ando5 has a relevant forward conflicting operation in
the target history, it is not possible to merge only the non-conflicting operations ofS (and their
relevant predecessors inI) into the target history. The reason is that we consider the merge of
an exchange partition as atomic, i.e., either all operations of the exchange partition are included
in the target history or none of them.

However,I1 can be further decomposed intonon-disjointsub-partitionsI11 = [o1; o2; o4]

andI21 = [o1; o5] as depicted in Figure 3.22. Sub-partitions can then be merged independently
into the target history. For example, ifo5 has a relevant forward conflict, it is still possible to
includeo4 into the target history. Note that each sub-partition includes at least one operation
s 2 S. 2

In the following, we outline how the partitioning step can be refined by adding sub-partit-
ioning. If an exchange partitionIk contains more than one operation ofS, i.e.,jop(Ik)\Sj > 1,
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AWorkspace History H

createNode(Content, "CNode1"):N1

createNode(Content, "CNode2"):N2

O1

O2

O3 createNode(Position, "PNode1"):N3

createLink(RefersTo, N1, N2):L1O4

O5 setName(N1,"Alice"):"CNode1"

O1

O5O4

O2

Figure 3.22: Sub-Partitioning of Exchange Partitions.

thenIk is a candidate for sub-partitioning. If there exist two operationss; t 2 (op(Ik)\S) such
that s <Ik t, but s is not in the minimally closed subhistory ofIk underftg, thenIk can
be sub-partitioned. A naive approach for sub-partitioningIk is to compute for all operations
ol 2 (op(Ik)\S) the minimally closed subhistoriesI lk of Ik underfolg. These minimally closed
subhistories form the setQIk of all possible sub-partitions ofIk. If there existI lk; I

m
k 2 QIk

with op(I lk) � op(Imk ), thenI lk is removed fromQIk .

The remaining sub-partitions are then merged with the target history. However, care has to
be taken since sub-partitions are no longer disjoint. This is no problem in the described merge
algorithms, since, in Step 5, the re-execution sequenceE is computed using the exchange
historyI. Thus, no operation can appear twice inE.

How an even finer merge granularity can be achieved is described in [KTW96b, KTWK98].
There, we allow merges of arbitrary prefixes of exchange partitionsIk with the target history.
This may result in situations in which some prefixI 0k of Ik is incorporated into the target history,
but none of the selected operationss 2 (op(Ik) \ S). Because the user explicitly requested the
merge of operationss 2 S with the target history, it appears to be meaningless to include
operations ofIk into the target history if the operationss 2 (op(Ik) \ S) are not included, too.
Therefore, in this thesis we treat exchange (sub-)partition as thesmallest atomic unit of work
in COACT.

3.5.4.3.3 Optimization of Compensation and Re-execution.To optimize the compensa-
tion and re-execution process, we can utilize the concepts oftransparentoperations [MRKN92,
LMWF94, WK96]. Transparency is the essential property of “read” accesses, reflecting the fact
that a workspace state is not altered in anessential way. We say that an operation is transpar-
ent if for any historyH whereo is legal the state directly beforeo is equivalent to the state
resulting from the execution ofo. Thus, a transparent operation does not affect the behavior
of subsequent operations in a history. A special case of transparent operations areread-only
operations.
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DEFINITION 45 (TRANSPARENT AND READ-ONLY OPERATIONS)
An operationo is transparentiff 8 historiesH : H � o legal) H � H � o. An operationo is
read-only iff 8 historiesH : H � o legal) H(S?) = (H � o)(S?).

L EMMA 19 Suppose, operationo is read-only. Then,o is transparent.

Proof (Lemma 19): The lemma follows immediately from Lemma 2 (page 58). 2

Notice that this definition applies to operations rather than to operation types (or opera-
tion invocations). Operation types (or operation invocations) may only sometimes modify the
workspace state in an observable way. For example, adebit from a bank account can modify
the balance of the account but a return value offalse indicates that the account was not debited.
Definition 45 can be easily extended to operation types (or operation invocations) if we require
that all possible instantiations of operation types (or operation invocations) are transparent or
read-only, respectively.

The next lemmas show the relationship of transparent operations and commutativity.

L EMMA 20 LetH � o andH � p be legal histories ando andp transparent operations. Then,
(o; p) 2 bc and(o; p) 2 fc.

Proof (Lemma 20):Sinceo andp are transparent it follows thatH �o � H �p � H. It follows
thatH � o � p andH � p� o are also legal (Proposition 1 on page 59). SinceH � o � H � p � H

it follows thatH � o � p � H � p � o � H. Hence(o; p) 2 bc and(o; p) 2 fc. 2

L EMMA 21 Suppose,H �o andH �p are legal histories ando is a transparent operation. Then,
(o; p) 2 lfc.

Proof (Lemma 20):The proof follows directly from the fact thatH �o � H and historiesH �o
andH � p are legal. Thus,H � o � p legal andH � o � p � H � p � o. This yields(o; p) 2 lfc. 2

These two lemmas can be helpful for the specification of the commutativity tables of a
cooperative activity type. Another important observation about transparency is that the com-
pensating operation for transparent operations is thenoop operation. Thenoop operation is
defined to be legal in any state, and its before-state is always equivalent to its after-state.

DEFINITION 46 (NOOP OPERATIONS)
Thenoop operation is defined as follows:8 legal historiesH : H�noop legal^ H�noop � H.

L EMMA 22 Let o be a transparent operation. Thenocomp = noop.

Proof (Lemma 22): AssumeH � o is a legal history. ThenH � o � noop is legal sincenoop
is legal in any state. BecauseH � o � H, it holds thatH � o � noop � H � noop. Since
H � noop � H, we get thatH � o � noop � H. 2



132 Chapter 3. The Cooperative Activity Model

From Lemma 22 follows that, in Step 6 of the merge algorithm, transparent operations
contained in the minimal unit of compensationM never have be compensated. Thus, their
compensation operations need not to be included in the compensation sequenceC.

Furthermore, it is possible to ignore transparent operations already while computing the
minimal unit of compensation, as the next example shows.

Example 50 (Transparent operations in selective compensation)Suppose,H = [o1; o2; o3]

is a legal history, witho1 = debit(a; 100):true, o2 = balance(a):200, o3 = debit(a; 100):true.
The minimal unit of compensation offo1g in H is [o1; o2; o3], since(o1; o2) 62 bc and(o2; o3) 62
bc. However, in the restrictionH 0 = [o1; o3] of H to non-transparent operations, the minimal
unit of compensation foro1 is [o1], since(o1; o3) 2 bc.

In the former case, the transparent operationo2 induces a dependency amongo1 ando3,
whereaso1 ando3 are independent inH 0. Thus, by ignoring transparent operations, the com-
pensation sequence[ocomp

3 ; o
comp
2 ; o

comp
1 ] could be reduced to[ocomp

1 ]. 2

The ignoration of transparent operationsT in the target historyH2 already during the com-
putation of minimal units of compensationM reduces the size of the compensation sequence
C. This results in compensating fewer operations in the target history, in case merge conflicts
occur. Note that, in order to guarantee the correctness of the merge algorithm, the new tar-
get history needs then to be set in Step 6(c) toH 0

2 � E, whereH 0
2 is the restriction ofH2 to

operations inop(H2) n (M [ T ) (instead ofop(H2) nM ).
Transparency can also be used to optimize the re-execution process in the target workspace

in certain cases. Since transparent operations do not change the workspace state in an essential
way, they need not be re-executed in Step 6 of the merge algorithm to construct the new state
of the target workspace. This approach is motivated by the following lemma.

L EMMA 23 Let H be a legal history andH 0 be the restriction ofH to operations that are not
transparent. ThenH 0 is legal andH � H 0.

Proof (Lemma 23): The lemma follows directly from the successive application of Definition
45 and Proposition 1. 2

Observe that operations in a history record their output parameter values. Thus, we need not
computethe output parameter values of transparent operations during the re-execution process.
Hence, in Step 6(b) of the merge algorithms, the re-execution process ofE = [o1; : : : ; on] can
be re(de)fined as follows. Fori = 1; : : : ; n: If oi( ~ini): ~outi is a transparent operation simply
take ~outi as the output parameter values, without executingoi. Otherwise, re-executeoi, i.e.,
invokeoi( ~ini), to reflect the state chances ofoi in the target workspace and return the result.
Note that in Step 6(c) the new target history still is set toH 0

2 � E, i.e.,all operations inE are
included in the target workspace history.

In the following, we outline optimization possibilities applicable for cooperative applica-
tions that are only interested in the consistency of workspace states after a merge, but not in the
return values of re-executed operations.
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One optimization is to ignore all transparent operations in the re-execution phase. Thus, we
can first compute the restrictionE 0 of E to non-transparent operations and then re-execute the
shortened re-execution sequenceE 0 instead ofE.

A more radical approach that might be viable for certain classes of cooperative applications
is to ignore transparent operations in general during the merge process. This means that trans-
parent operations are not logged in the histories of the workspaces. Thus, they are not taken
into account during a merge process. Obviously, transparent operations then do not need to
be considered in the specification of the merging relationsM and the compensation function
comp of a cooperative activity typeCAT .

Further optimizations of the compensation and re-execution process are possible. For in-
stance, we can utilize the concept ofmaskingoperations [WK96, Rak97, LMWF94]. Infor-
mally, a (non-transparent) operationp masks an operationo if, wheneverH � o � p is legal,
H � o � p � H � p andH � p is legal, too. Therefore, operations in the target history that are
masked by operations in the re-execution sequenceE need not necessarily be compensated.
Moreover, operations in the re-execution sequenceE masked by subsequent operations inE

need not necessarily be re-executed.

Example 51 (Masked operations)Consider a legal target historyH2 = I � o � J with o =

setName(N1; “Alice” ). Suppose, the compensation sequenceC is [ocomp] and the re-execution
sequenceE is [p; q], wherep = setName(N1; “Bob”) and q = setName(N1; “Charlie”).
Sinceq masks bothp ando, it is not necessary to executeocomp andp—only q needs to be
re-executed to construct the new state of the target workspace. The resulting historyH2 � q is
equivalent toH2 � o

comp � E andI � J � E. 2

However, care must be taken in this optimization, since in a historyI �o�J �p the operation
o may influence the behavior of operations inJ , i.e., despiteo is masked byp. Only if all
operations inJ commute (right) backward with operationo, we can be sure thatI � o � J � p �
I � J � p.

3.5.4.3.4 Compaction of Histories. If a cooperative activity is long-lived, the workspace
histories can grow rather large. It is easy to see that the merge algorithm performs better if the
workspace histories can be shortened.

Since the basic COACT model allows each co-worker to maintain his own private “view”
on the cooperative activityCA in his private workspace throughout the lifetime ofCA, it is
difficult to shorten the workspace histories without affecting the correctness of history merging.
This is different to optimistic concurrency control where, at some point in time, intention lists
for committed transactions can be discarded [HW88]. There, a committed transaction can be
forgotten when it is sufficiently old by appending its intention list to the common prefix which
is represented compactly as a materialized version.

One possible approach to shorten histories is to log only non-transparent operations in the
workspace histories (cf. the discussion in Section 3.5.4.3.3 on page 132).
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Another approach is to introduce specialsynchronization pointsin the COACT model. The
basic idea is that synchronization points in workspace histories mark equivalent prefixes of the
histories. These equivalent prefixes can be ignored during history merging, since they identify
equivalent states.

The usage of synchronization points seems most appropriate if there is a coordination pro-
tocol implemented that regularly synchronizes the workspace histories using our merge al-
gorithms andpre-defined rulesfor conflict resolution. Examples of cooperative applications
that use such coordination protocols are distributed real-time groupware systems that regularly
multicast modifications from one site to the other sites (cf. Section 2.3.8.1).

Example 52 (Synchronization points)Consider the following two histories of workspacesA
andB including a synchronization pointsync1: HA = I � sync1 � J andHB = I 0 � sync1 �K.
The synchronization pointsync1 in the histories identifies thatI � I 0. If some operations from
J are merged intoHB, we only have to consider the subhistoriesJ andK in the merge process,
since we know that the states of workspacesA andB were equivalent at the synchronization
point. 2

The introduction of synchronization points has the potential to significantly improve the
performance of the merge algorithms. On the other hand, additional coordination protocols
(like the coordination model COCOA, cf. Section 3.6.1) are required to enforce the synchro-
nization of two or all workspace histories in a cooperative activity. Additionally, it must be
ensured that no operation before a synchronization point can be compensated (e.g., due to
user-initiated selective undo), since then the synchronization point becomes invalid.

If every workspace history in a cooperative activity contains the same synchronization
points and, hence, equivalent prefixes, it is possible to discard the prefixes of the workspace
histories identified by the synchronization point. Like in [HW88], the prefix is then represented
as a permanent version of the workspace states.

3.5.5 Asymmetric Relations in the Context of COACT

In this section, we present a generalized definition of correctly merged histories that uses the
asymmetric commutativity relationsrbc andlfc.

3.5.5.1 Generalization of History Merging

In Section 3.5.2, we have described how two workspace histories can be merged correctly,
using the symmetricbc andfc relations (cf. Definition 38 on page 106).

In the following, we present a generalized condition for correctly merged histories that
makes use of the asymmetric commutativity relationsrbc andlfc. At the same time, we extend
the definition of correctly merged histories such that an arbitrary number of histories can be
merged at once.
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DEFINITION 47 (GENERALIZED CORRECTLY M ERGED HISTORY )
A legal historyH = [o1; : : : ; on], whereoi 2 view(oi+1); i = 1; : : : ; n � 1, is ageneralized
correctly merged history.

LetHi, i = 1; : : : ; n, be mergeable and generalized correctly merged histories. A merged his-
toryM , consisting of operationsop(M) �

Si=n
i=1 op(Hi), is considered asgeneralized correctly

mergedif the following conditions are satisfied:

1. 8 p 2 M : (9 historyHi : o; p 2 Hi ^ o <Hi
p ^ (o; p) 62 rbc ^ o 2 view(p)) )

o 2M ^ o <M p

2. 8 o; p 2M : (o <M p ^ @ historyHi : o; p 2 Hi)) (o; p) 2 lfc

3. 8 o; p 2 M : (9 historyHi : o; p 2 Hi ^ o <Hi
p ^ o 62 view(p) ^ p 62 view(o) ^

(p; o) 62 lfc)) o <M p

The first condition is a generalization of Conditions 1 and 2 in Definition 38. It states that
if an operationp appears in the merged history, all other preceding right backward conflicting
operations in its source history, that are in the view ofp, must precedep in the merged history
(cf. Proposition 4 on page 71).

The second condition is a generalization of Condition 3 in Definition 38. It states that two
operations contained in the merged history but not originating from the same source history
must commute left forward, in the order they appear in the merged history.

The third condition states that the order of operations that are in a deferred-update relation-
ship have to be preserved in the merged history if both operations do not commute left forward
in the opposite order. This condition does not occur in Definition 38, since it is not needed if
we consider the symmetric forward commutativity relationfc, instead oflfc. Conditions 2 and
3 together ensure that Proposition 6 (page 78) is applicable.

THEOREM 5
A generalized correctly merged history satisfying Definition 47 is legal. All generalized cor-
rectly merged histories consisting of the same operations are equivalent.

Proof (Theorem 5):The proof of the theorem is analogous to the proof of Theorem 2. Assume
the correctly merged historyM was constructed from the legal historiesHi, i = 1; : : : ; n. Let
O\ = (op(M) \

Ti=n
i=1 op(Hi)). Let K denote the restriction ofM to operations inO\, Ii

denote the restriction ofHi to operations inop(M) nO\, andJi denote the restriction ofHi to
operations inop(Hi) n op(M). It follows thatop(M) = O\ [

Si=n
i=1 op(Ii), since operations in

Ji are not contained in the merged historyM .
(1) We show that the reorderingLi = K � Ii � Ji of Hi is legal,Hi � Li, andK � Ii

legal. It is easy to see thatop(Li) = op(Hi). For all operations that appear in a different order
in Hi andLi, i.e., p <Hi

o ^ o <Li p, it is ensured by Condition 1 in Definition 47 that
(o; p) 2 rbc _ o 62 view(p). Condition 3 ensures that in caseo andp are in a deferred-update
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relationship(o; p) 2 lfc holds ((p; o) 2 lfc holds sinceHi is legal). Thus, by Proposition 4 it
follows thatLi is legal andLi � Hi. SinceK � Ii is a prefix ofLi, K � Ii is legal, too.

(2) Let G be a history withop(G) = P n O\ =
S
op(Ii) and<G � (� [

Si=n
i=1 <Ii),

where�= f(o; p)j 9 o 2 Ii; p 2 Ij; i 6= j : (o; p) 2 lfc ^ (p; o) 62 lfcg. Since Condition 2
in Definition 47 ensures(o; p) 2 lfc for all operation pairs(o; p) with o 2 Hi, p 2 Hj, i 6= j,
o <M p, Proposition 6 yields that all historiesM 0 = K �G are legal and equivalent.

(3) The last step is to show that the correctly merged historyM (and any other correctly
merged history with the same operations asM ) is legal and equivalent toM 0 = K � G. It is
easy to see thatM 0 consists of the same operations asM . Conditions 1 and 3 in Definition 47
ensure thatM is legal andM � M 0 (analogous to above). The same holds for any correctly
merged history with the same operations asM . 2

Theorem 5 holds for any binary relationsuip � rbc � 
 � 
 anddu � lfc � 
 � 
. A
special case are the symmetric relationsbc � rbc andfc � lfc. If more restrictive relations than
rbc or lfc are used, more intra-workspace dependencies and more inter-workspace conflicts are
observed. This restricts the merged histories that are considered as correctly merged but does
not affect the legality of the resulting merged histories.

Using Definition 47 and Theorem 5, several merge algorithms can be constructed, based on
the merge algorithms and optimization described in Section 3.5.4, that exploit the asymmetric
commutativity relations and allow more correctly merged histories than those using symmetric
commutativity relations. To that extent, it is useful to re(de)fine our notion of consistent units
of work as follows:

� A subhistoryI of a historyH is closed iff8 o 2 H; p 2 I : o <H p ^ o 2 view(p) ^

(o; p) 62 rbc) o 2 I.

This is the refinement of Definition 33 (page 96) for the asymmetricrbc relation.

� A subhistoryI of a legal historyH is closed underQ � op(H) iff I is closed and
Q � op(I) (cf. Definition 33).

� A closed subhistoryI of H is minimally closed underQ � op(H) iff 8 o 2 I : (o 2

Q) _ (9 p 2 I : o <I p ^ o 2 view(p) ^ (o; p) 62 rbc)

This is the refinement of Definition 34 (page 98) for the asymmetricrbc relation.

It turns out that a closed subhistoryI (as defined above) of a legal historyH is legal (cf.
Theorem 1, page 96). The proof is analogous to the proof of Theorem 1, using Proposition 4
instead of Proposition 2.

For the resolution of conflicts, our notion of compensation can be re(de)fined as follows:

� A subhistoryI of historyH is a unit of compensation iff8 o 2 H; p 2 I; p <H o : p 2

view(o) ^ (p; o) 62 rbc) o 2 I.

This is the refinement of Definition 42 (page 114) for the asymmetricrbc relation.
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� A subhistoryI of H is a unit of compensation forQ � op(H) iff I is a unit of compen-
sation andQ � op(I) (cf. Definition 42).

� A subhistoryI of H is a minimal unit of compensation forQ � op(H) iff it is a unit of
compensation forQ and8 o 2 I : (o 2 Q) _ (9 p 2 I : p <I o ^ p 2 view(o) ^ (p; o) 62

rbc).

This is the refinement of Definition 43 (page 115) for the asymmetricrbc relation.

� The compensation sequence is defined as in Definition 44 (page 115).

It turns out that Theorem 3 (page 115) holds with the re(de)fined definitions above. The
proof is analogous to that of Theorem 3, but uses Proposition 4 instead of Proposition 2.

3.5.5.2 Other Relations than Commutativity in the Context of CoAct

In [KTW96b, KTWK98], we examined the usage of weaker semantic relationships than com-
mutativity for history merging, namelyrecoverability (rcv )16 [BR92] and ignores (ign)17

[KTW96b]. In contrast to commutativity relations,rcv and ign do not require that the
workspace states resulting from different execution orders of a pair of operations are equiv-
alent.

The recoverabilityrelation considers whether an operation is independent of a previous
operation, i.e., the previous operation is not needed to guarantee a legal execution.

DEFINITION 48 (RECOVERABILITY RELATION )
8o; p 2 
 : (o; p) 2 rcv iff 8 historiesH1; H2 : H1 �H2 is legal ^ H1 � o �H2 � p is legal)
H1 �H2 � p is legal.

The ignoresrelation describes whether an operation becomes illegal if another operation is
executed previously.

DEFINITION 49 (IGNORES RELATION )
8o; p 2 
 : (o; p) 2 ign iff 8 historiesH1; H2 : H1 � o �H2 is legal ^ H1 �H2 � p is legal)
H1 � o �H2 � p is legal.

In particular, we investigated the usage of recoverability in [KTW96b, KTWK98] to iden-
tify consistent units of work within a single workspace history, and the use of theign relations
to reduce the number of relevant conflicts and, hence, the amount of operations that have to
be discarded during a merge. Sincercv considers the removement of operations from histories
andign their insertion, thercv relation may be used to compute closed subhistories and units

16The recoverability relation is introduced in [BR92] to decrease the delay involved in processing non-
commuting operations of different transactions, while still avoiding cascading aborts.

17The ignores relation is the complement of the invalidated-by relation introduced in [Her86, Her90]. Invali-
dated-by is a serial dependency relation [Her86, Her90] that can be used in the context of optimistic concurrency
control to define legal histories and serializability of ACID transactions.
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of compensation (replacebc or rbc) and theign relation may be used to determine conflicts
between operations generated in different workspaces (replacefc or lfc).

Unfortunately, it turned out from our analysis that both relations suffer from severe anoma-
lies that may occur during history merging [KTW96b, KTWK98]. For this reason, we think
that the usage of (right) backward commutativity and (left) forward commutativity is the best
choice for our model. These relations limit the number of conflicts (e.g., they introduce less
conflicts than state-independent commutativity), while on the other hand preserving the cor-
rectness of history merging.

3.6 Discussion

In this chapter, we have presented a formal description of the COACT model and its history
merging mechanism. The COACT cooperative transaction model provides a flexible framework
to support cooperation in interactive, multi-user environments.

As mentioned in the introduction, COACT focusses on transactional aspects of cooperative
activities. It is only concerned with the correctness of sharing and exchange of persistent data
among cooperating users. Organizational aspects of cooperative activities were addressed in the
TRANSCOOP project by the COCOA coordination model (cf. Section 1.3). COCOA allows to
specify application-dependent constraints that describe the organizational structure and control
flow within cooperative activities.

In the following, we briefly describe the building blocks of COCOA, and outline how the
COCOA coordination model is integrated with the COACT cooperative transaction model. Af-
terwards, we asses the COACT model with respect to the requirements of cooperative applica-
tions described in Section 2.2 and compare it to the advanced transaction models presented in
Section 2.3.

3.6.1 Organizing the Work Process: The COCOA Coordination Model

The COCOA coordination model [FEdB96, FEdBA97, FEdB98], developed at the University
of Twente, offers a rich set of primitives to describe the organizational structure of a cooperative
activity. COCOA stands forCoordinated Cooperation Agendas.

COCOA is designed on top of the formal specification language LOTOS/TM [EFdB96,
EF94, dBEV95], which in turn is based on the ISO standard LOTOS [BB89, vEVD89] and the
TM database specification language and design tools, developed at the University of Twente
[BBdB+96, vKSA+95, FvKS94, BdBZ93]. The main concepts of COCOA are described in the
following.

3.6.1.1 Specifying Organizational Aspects of Cooperative Activities

Broadly speaking, the organizational aspects in a COCOA specification determine who is al-
lowed to do what at which state of the cooperative activity execution.
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Figure 3.23: Graphical Representation of the Sample COCOA ScenarioWriteProposal .

The key primitive in the COCOA coordination model is astep. Intuitively, a step represents
an organizational unit of work within a cooperative activity. It describes which actors can be
active in a step and defines which actions can be performed by these actors.

A COCOA scenario may consist of a single step, but more commonly, multiple steps are
involved. Steps can be combined in various ways to form the organizational structure of the
work process. The constructs to group steps range from sequential and repetitive execution of
steps to nested and parallel steps. Note that COCOA's concept of steps is much broader than
that found in traditional workflow applications. A single step can deal with more than one user,
and each user can be involved in more than one step at the same time.

The set of actions that are controlled by a step include data operations, COACT's exchange
meta-operations, as well as so-calledcommunications. Communications are used to initiate
step transitions, to terminate steps, and to dynamically instantiate parameterized sub-steps.
Any action has to be explicitlyenabledbefore a user that is active in this step can execute it. If
two steps are active at the same time, this leads to an accumulation of the enabled actions for the
actors involved. The step concept and the enabling mechanism of COCOA are complemented
by the possibility to specifyuser roles.

In the following, we introduce a simple cooperative authoring example (WritePro-

posal ) to illustrate the concepts of COCOA introduced above. It illustrates a simple sequence
of two steps (PrepareProposal andReviewProposal ), which can be activated several
times. The graphical representation of the example is given in Figure 3.23; Figure 3.24 sketches
the corresponding COCOA scenario specification18.

First, the possible user roles in the COCOA scenario are specified. In the example in Figure
3.24, four user roles are declared:actor , author , reviewer , andeditor . Note that
user roles can be hierarchically structured. For example, aneditor is also anauthor .

18Please note that, for the sake of clarity, the sample specification in Figure 3.24 includes only those statements
that are necessary to understand the main concepts of COCOA, described in this section. Moreover, the syntax
has been slightly changed. An executable COCOA specification for a SEPIA cooperative authoring activity can
be found in [WEF+96]. Other extensive COCOA examples are given in [FEdB96, FEdBA97, FEdB98].
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1 SCENARIO WriteProposal INCLUDES SepiaSchema
2

3 USER ROLES
4 actor,
5 author ISA actor,
6 editor ISA author,
7 reviewer ISA actor
8

9 COMMUNICATIONS
10 ProposalFinished(), ProposalAcctepted(),
11 ProposalRejected(), ReviseProposal()
12

13 PROCEDURE(reviewer, editor, author)[IN start OUT accepted, rejected]
14

15 STEP PrepareProposal[IN start, revise OUT done]
16 ON start, revise ENABLE
17 author:
18 // enabled data operations:
19 createNode, removeNode, createLink, ...
20 // enabled exchange meta-operations:
21 IMPORT FROM author, DELEGATE TO author
22 IMPORT FROM CWS, SAVE TO CWS
23 // enabled communications:
24 WHEN editor ISSUES ProposalFinished() DO done
25 ENDON
26 END//Step
27

28 STEP ReviewProposal[IN start OUT accept, reject]
29 ON start ENABLE
30 reviewer: ...
31 WHEN reviewer ISSUES ProposalAccepted() DO accept
32 WHEN reviewer ISSUES ProposalRejected() DO reject
33 WHEN reviewer ISSUES ReviseProposal() DO revise
34 ENDON
35 END//Step
36

37 // transition rules:
38 ON start DO PrepareProposal.start
39 ON PrepareProposal.done DO ReviewProposal.start
40 ON ReviewProposal.accept DO accepted
41 ON ReviewProposal.reject DO rejected
42 ON ReviewProposal.revise DO PrepareProposal.revise
43

44 END//Procedure
45

46 HISTORY RULES
47

48 CONFLICT
49 createNode(ntype,name):node
50 createLink(ltype,fnode,tnode):node
51 BACKWARD node <> fnode AND node <> tnode
52 FORWARD true
53

54 ...
55

56 END//WriteProposal

Figure 3.24: Sketch of a Sample COCOA Specification for Cooperative Authoring.
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Afterwards, the possible communications are declared in the COCOA specification.

The procedure definitionlists a number of steps and a number oftransition rules. The
latter describe how the former are chained together, and define the coarse-grained control flow
within a cooperative activity. Each step definition defines, among others, its entry and exit
interaction points at which interactions with other steps can take place. For example, the step
PrepareProposal has two entry points (start andend ) and a single exit point (done );
these are declared in square brackets in Figure 3.24. Entry interactions activate the step; exit
interactions deactivate it. The procedure definition itself has an entry point and at least one
exit point. In our example, the COCOA scenario can terminate with two possible outcomes:
accepted andrejected .

The allowed interactions among steps are defined in the transition rules (line 38-42 in Figure
3.24). The transition rules govern which state transitions are allowed in the COCOA scenario.
In particular, they specify how the interaction points of the steps relate to each other (see also
Figure 3.23).

At the beginning of a cooperative activity, all steps are inactive. When the cooperative
activity is initiated, the entry point of the procedure definition is enabled. In our example, this
is thestart entry point. The transition rule in line 38 of the example specifies that the entry
point start of the stepPrepareProposal is triggered in this case. This results in the
activation of stepPrepareProposal .

A step specification defines which data operations, exchange meta-operations, and com-
munications are enabled for the user roles in an active step. Data operations and exchange
meta-operations are enabled inside a step for a specific user role. The enabled operations can
be invoked by the respective actors any number of times, and in any given order. The enabling
takes place only when the required interaction takes place, as defined in the step. When a step
terminates all permissions issued are withdrawn. Only by invoking (enabled) communications,
one or more other steps can become activated or deactivated.

Consider, thePrepareProposal step in Figure 3.24. If thestart or therevise entry
point is triggered, users of roleauthor are allowed (1) to invoke the listed data operations and
(2) to execute the following exchange meta-operations:delegate or import work to/from co-
authors andsave or import work to/from the common workspace.

Only a user that fills theeditor role is allowed to execute theProposalFinished()

communication. If this communication is issued, it results in the deactivation of the step
PrepareProposal , since it triggers the exit interaction point of this step (line 24 in Fig-
ure 3.24). The transition rule in line 39 is then triggered, which results in the activation of step
ReviewProposal .

Note that in most transactional workflow models, step-like structures serve also to define
transactional boundaries. This is not the case in COCOA, where steps only help to organize the
work in smaller units. In other words, the deactivation of a step does not imply any “commits”
or “aborts” of data operations invoked while the step was active.
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3.6.1.2 Constraints on Single Workspaces

Steps are used to describe the division of the work within a cooperative activity, but COCOA
provides additional means to detail what is and what is not allowed in a cooperative activity.

With regard to single workspaces the application designer can specify a set ofexecution
order rules[FEdB96, FEdBA97, FEdB98]. These rules pose workflow-like restrictions on the
order and existence of operations in a workspace history. Execution order rules can also be
used to definetermination constraintsto further constrain the enabling of communications.

In COCOA, a language-based specification mechanism for the execution order rules is used.
The application designer specifies certain grammars, by means of extended regular expressions
on operation invocation pattern. The allowed sequences of operations within workspaces are
equal to the words in the generated language. To specify this language multiple grammars can
be used. Their combination results in the desired restrictions on sequences of operations that
are allowed in the workspaces. In contrast to [Ska89, NRZ92], our mechanism avoids dead
ends caused by interdependencies of different grammars [KTW+96d, FEdB96].

Execution order rules have to be enforced for each private workspace and the common
workspace separately [RKT+95a, KTW+96d, FEdB96]. This allows the enforcement of ex-
ecution order rules even for those applications, where the workspaces are not permanently
connected, e.g., in mobile environments [KTW97b, KTW97a]. For more details on execution
order rules, see [FEdB96, FEdBA97, FEdB98, KTW+96d].

3.6.1.3 Integration of the COACT Cooperative Transaction Model with COCOA

Within the TRANSCOOP project, we have integrated the COACT model into the COCOA spec-
ification language.

COCOA offers language constructs to specify the input for the COACT cooperative trans-
action model, i.e., a cooperative activity type. A COCOA specification refers to a database
schema (SepiaSchema in our example). The invocable operation types of a COACT cooper-
ative activity type, which are a subset of the operation types available in the database schema,
are declared by theDATA OPERATIONSsection in a COCOA specification (not shown in
Figure 3.24). The merging relations, i.e., backward and forward commutativity among the in-
vocable operations, are specified in theHISTORY RULESsection in a COCOA specification.
Figure 3.24 shows the specification of the (complement of the) backward and forward commu-
tativity relations betweencreateNode andcreateLink operations of the sample SEPIA
cooperative activity type (cf. Section 3.4.2).

Additionally, the invocation of data operations and COACT's exchange meta-operations in
a cooperative activity can be constrained using COCOA's step mechanism and user roles. Data
operations and exchange meta-operations have to be explicitly enabled in the steps before they
can be invoked by a user. COCOA also provides a mechanism for the specification of queries
over workspace histories to select data operations for COACT's exchange meta-operations.

Moreover, COCOA allows to specify dynamic consistency constraints on data operation
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invocations by means of the execution order rules. Termination constraints can be used to link
the state of execution order rules to the step transitions in a COCOA procedure definition.

This integration of transactional aspects with organizational aspects within a single spec-
ification language enables the specification of application-dependent execution constraints at
different system layers, e.g., organizational constraints concerning the coordination of work
and transactional constraints on the workspace level. It makes COCOA suitable for specifying
free forms of cooperation, as found in cooperative authoring, while still being able to specify
more restrictive forms of cooperation found in workflow applications [FEdBA97].

For a comprehensive overview of the COCOA coordination model, its concepts, and its
specification language, we refer the reader to [FEdB96, FEdBA97, FEdB98].

3.6.2 Requirements Revisited

In the following, we discuss how COACT fulfills the requirements for a cooperative transaction
model as described in Section 2.2.

Support for private and shared data (requirement D) is addressed in COACT by introducing
a common workspace and a private workspace for each participant in a cooperative activity.
Each private workspace contains private “versions” of data objects and constitutes a consistent
configuration of the data. Workspaces can be realized by a dynamic replication scheme. How
our model can support mobile users is described in Chapter 4.2.

Support for the exchange of (tentative) results (requirement C) is realized by the history
merging mechanism. By exploiting the backward commutativity relation, we make sure that
only consistent units of work are exchanged among workspaces. By exploiting the forward
commutativity relation, we ensure that no inconsistencies are introduced, when operations are
re-executed in another workspace. The concept of identical operations enables us to establish
a close cooperation among co-workers because certain conflicts in the cooperation can be ig-
nored. We have shown that correctly merged histories remain legal, i.e., workspaces are always
consistent, although we allow non-serializable histories. Cooperation primitives are realized
by means of theimport , export , andsave exchange meta-operations in COACT.

Requirement A (relaxed atomicity) is addressed in our model by providing durability of
workspaces. Durability of workspaces is an orthogonal issue to the other COACT concepts and
is not required by history merging. Recovery of failures can easily be addressed in our model
with traditional database recovery concepts. Before an operation is executed in a workspace,
the corresponding history entry is written to durable storage (write-ahead-logging) (cf. Section
5). If a failure occurs in the private workspace, its most recent state can be reconstructed
using the workspace history (forward recovery). This process can be optimized by periodically
checkpointing the modified objects. Note that a failure within a single private workspace never
affects other workspaces.

To support requirement B (retraction of decisions), we have introduced a flexible undo
mechanism in COACT. By exploiting the intra-workspace dependencies between operations
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induced by backward conflicts in a workspace history, it is possible to selectively undo, i.e.,
compensate, operations. The system computes the minimal compensation sequence for the
selected operations in the history and then executes the compensation sequence to re-construct
the workspace state.

Coordination of individual and joint work (requirement E) is not directly supported by CO-
ACT, since in the TRANSCOOPproject we have decided to separate transactional and organiza-
tional aspects. COACT focusses on the transactional aspects, whereas the COCOA coordination
model addresses the organizational aspects within cooperative activities.

Other requirements like support for mutual awareness of co-workers and additional com-
munication facilities like e-mail or audio/video connections required for direct negotiation of
co-workers are not covered by COACT, since it aims at synchronizing the cooperative access to
shared persistent data. Nevertheless, the COACT model provides an application-independent
nucleus to realize a wide spectrum of cooperative applications.

In COACT, we achieve cooperation by means of exchanging operations among workspaces
(instead of data objects). One may argue that the exchange of results in terms of data or docu-
ments, respectively, is more natural from a user's viewpoint. However, the exchange of data ob-
jects can be mapped to the exchange of a respective set of operations contained in a workspace
history, e.g., using appropriate graphical user interfaces or the history querying facilities of CO-
COA. On the other side, the usage of operations and the exploitation of their semantics enable
a higher degree of cooperation than only exchanging data objects (and, hence, going back to a
read/write model).

Due to the fact that the COACT model allows to identify consistent units of work dynam-
ically at runtime, it is well-suited for cooperative environments in which the occurrence of
conflicts cannot be determined at specification time, e.g., highly interactive and creative design
processes like cooperative authoring.

3.6.3 Related Transaction Models

The COACT model shares some ideas with the advanced transaction models described in Sec-
tion 2.3. Figure 3.25 illustrates these relationships. In the following, we discuss the relation-
ships of the COACT cooperative transaction model to other advanced transaction models.

Like in semantic concurrency control [Kor83, GM83, SS84, Wei88a, Wei89a, RC97], we
exploit the semantics of operations defined on data objects. We use the backward commu-
tativity relation to determine intra-workspace dependencies. Unlike conventional transaction
models, this allows us to dynamically determine operation sequences, that can be considered as
consistent units of work, i.e., “transactions”, and that can be exchanged independently among
workspaces. In this respect, our approach is similar to the one found in the operating system
Gutenberg [VRS86] where action dependencies (which result from interprocess communica-
tion between kernel objects and shared use of capability directories) are used to define recov-
erable computations.

The idea of using views of operations is similar to causal precedence in Lamport clocks
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[Lam78]. There a “happens before” relation is employed that is used to define dependent
and concurrent operations. In [Lam78], two events that are in a “happens before” relation
are always considered as dependent (this is similar to the assumption in real-time cooperative
editing systems [SE98b]). The same definition of causality is used in the virtual time approach
and its implementation, the Time Warp mechanism [Jef85]. The Time Warp mechanism has
been first proposed for controlling sequences of events in distributed simulation and was later
extended to other application domains such as concurrency control in DBMS [JM86, GRL94].

In the COACT cooperative transaction model, an operationp is considered as dependent on
o only if o is in the view ofp andp does not commute (right) backward witho. In [LAA93], a
similar approach that exploits the message semantics is used to reduce the amount of rollback
in Time Warp. Interestingly, Time Warp's notion of global virtual time [Jef85] seems to be
applicable to COACT. The global virtual time corresponds to a moving commitment horizon
and may be used to define synchronization points in COACT to compact workspace histories
(cf. Section 3.5.4.3.4).

To check whether the exchange of operation sequences among different workspaces main-
tains consistency of workspaces, we apply the forward commutativity relation. In this respect,
our approach is similar to semantics-based optimistic concurrency control [Her86, Her90], with
the difference that we work on multiple copies of data objects in different workspaces. In con-
trast to conventional transaction models, we do not assume that different histories (of transac-
tions) are disjoint. Thus, more histories are legal in COACT than in [Her86, Her90], which
enforces isolation and atomicity properties of transactions. We have illustrated in this chapter
that the more two histories overlap, the better the merge process works.

To resolve conflicts that might occur during history merging, we apply the concept of com-
pensation. This is similar to SAGAs [GMS87, GMGK+91, CR92] and the open-nested transac-
tion model [WS92, MRKN92, MRW+93, WDSS93, MR93, Wei91] where (partial) rollback is
implemented by executing compensating subtransactions for all subtransactions executed after
the one to be compensated. Our approach to compensation is more flexible. We use the back-
ward commutativity relation to determine minimal units of compensation and compensation
sequences. This ensures that only operations are compensated that are dependent on the one to
be compensated, thus minimizing loss of work.

Realtime group editors (like GROVE and REDUCE [EG89, SYZC97]) use a technique
called operational transformation to resolve conflicts among independent conflicting operations
[EG89, SYZC97, SE98b]). The basic idea is to include both conflicting operations in the his-
tory instead of only one of them. This is possible if an (application-dependent) transformation
function can be found that transforms the effects of the successor operation in such a way that its
effects are integrated in the workspace without interfering with the predecessor operations. For
cooperative text editing such functions are known [SE98b]. For example, consider the insertion
of a character into a stringstr = “There will be student here!”. Ifo = insert(str; 14; “a t ”)
andp = insert(str; 21; “s”) and both operations are in a deferred-update relationship, they
conflict forward since they modify the same string. However, it is possible to integrate both op-
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Figure 3.25: Relationship of the COACT Model to Selected Advanced Transaction Models.

erations into a workspace, e.g., in the ordero < p0, wherep0 denotes the transformed operation
p0 = insert(str; 23; “s”). The resulting string is “There will be a students here!”, which is con-
sidered as syntactically correct in [SYZC97, SE98b] but is obviously not semantically correct.
In our opinion, it is better to flag a conflict that has to be explicitly resolved than to introduce
inconsistencies at the semantic level. Moreover, such operation transformation functions exist
only for simple cooperative text editing systems.

With respect to the workspace concept our approach is close to the check-out/check-in
models [Roc75, KW84, Tic85, Kat90, KBGW91, Kai95, KF87, Hon88, KPS89]. In the basic
check-out/check-in model, checked-out objects are reserved for exclusive access until a later
check-in. This may result in blocking of objects over long periods of time. In COACT, we avoid
this behavior by providing each user with his own (implicit) consistent configuration in his
private workspace. Approaches which combine the check-out mechanism with versioning go
into a similar direction but they suffer from the fact that their support for the required merging
of different versions is only limited. Most merge mechanisms provided by versioning schemes
force the user to choose one of the generated versions and drop the others. Otherwise, the user
has to perform the cumbersome task of integrating the different versions manually. In contrast
to this, COACT is able to merge the work of different users automatically by using the provided
operation semantics. Only in cases, where users have done irreconcilable work, interference is
necessary. Even in this case, our merge algorithm can propose the user different alternatives,
which minimize the amount of lost work. Another drawback of check-out approaches is that all
objects and subobjects have to be checked-out explicitly whereas in COACT this is transparent
for the users.

Like the split/join transaction model [PKH88, KP92], we support the explicit exchange of
operations among transactions. The split/join model is, in contrast to COACT, restricted to
serializable executions. This limits the possibility to exchange operations between transactions
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by means of the provided split and join primitives. Since the model supports only single data
copies, access to these data items has to be synchronized, e.g., by a locking protocol, which
limits the availability of data. In addition to this, by splitting or joining a transaction the former
owner of the operations looses control over these operations. In contrast, in COACT both users
can continue their work based on the exchanged results. Another limitation of the split/join
model is the lack of higher level operation semantics. The basic split/join transaction model
considers only read and write operations. Hence, it can be extended using our merge criteria to
be more powerful and flexible in splitting and joining, e.g., merging ongoing transactions, using
the semantics of operations and, thus, enabling a closer cooperation between transactions.

The concept of delegation can also be found in ACTA [CR90, CR91, CR92]. Delegation
in ACTA means that the responsibility for committing or aborting actions can be delegated
from one transaction to another to broaden the visibility of the delegatee and to tailor the re-
covery properties of a transaction model [CR93, CR94]. How delegation in ACTA can be
implemented is described in [MR97]. In COACT both the delegating user as well as the dele-
gatee keep separate responsibilities for the delegated actions. This is possible since our model
assumes isolated workspaces where copies of objects reside.

The participant transaction model [Kai90, BK91, Kai95] defines each transaction as a par-
ticipant in a specified domain. The domain represents the set of user transactions controlled
by users collaborating on a common task. Participant transactions in the same domain need
not be serializable (only transactions of different domains have to be serializable). Because
the participant transaction model is based on read/write accesses to data and no concurrency
control applies to a domain, this can lead to inconsistencies of data accessed in a domain (e,g.,
updates based on data that is no longer valid) and unintuitive behaviour of the system from the
user's viewpoint. In COACT, we guarantee that all operation in the history remains legal by
exploiting their semantics. The system detects if the exchange of operations would introduce
inconsistencies and proposes alternative sets of operations that guarantee consistency of data.

Cooperation in transactional workflow approaches like [ARSS93, SR93, RB94, GH94,
GH94, RS95b, TV95, GHM96, PTV97, WR92] is typically characterized by passing results
between workflow tasks in a predefined manner. There is no flexibility in passing results back
and forth between co-workers. This is essential in non-workflow scenarios, e.g., cooperative
authoring and software development processes. In the TRANSCOOP approach, we distinguish
between transactional and organizational aspects of a cooperative activity. The former is mainly
concerned with consistency of data sharing and exchange and is the focus of the COACT coop-
erative transaction model. The latter is mainly concerned with the workflow-like coordination
of users within a joint effort. The coordination model COCOA deals with both organizational
and transactional aspects in a single language without tightly coupling them like in transactional
workflows which assign transactional properties to single steps in a workflow. This approach
enables more flexible forms of cooperation.

Group-oriented transaction approaches like [KSUW85, FZ89, ELMB92] structure the over-
all work process by means of a transaction hierarchy and defining application-specific correct-
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ness criteria. The cooperative transaction hierarchy approach [NZ90, NRZ92] uses grammars
(patterns and conflicts) to define which concurrent executions of sibling transactions are correct
from an application's viewpoint. Within COCOA, one can specify a set of execution rules for
workspaces in a cooperative activity. These rules pose restrictions on the order and existence of
operations in a workspace history and define termination states. As opposed to [NZ90, NRZ92],
we apply these rules only to enforce application-specific correctness of operation sequences
within a single workspace and not to define cooperative behavior among workspaces. More-
over, in contrast to [Ska89, NRZ92], the COCOA execution order rules avoid dead ends caused
by interdependencies of different grammars [KTW96b, AKT+96, WAN98].



Chapter 4

Support of Mobile Users in COACT

In this chapter, we show how the COACT model can be utilized to support cooperation among
users in mobile computing systems [KTW97a, KTW97b, KTW97c, W¨as96]. We extend CO-
ACT's system architecture (cf. Section 3.1) in order to adapt it to the special characteristics of
mobile environments.

The extensions address new information exchange options, caching of data objects at mo-
bile computers, working in disconnected operation mode, and re-integration of work into the
stationary system. We discuss specific problems induced by the possibility of disconnection,
and outline how these problems are solved in a mobile COACT system, thus enabling “discon-
nected cooperation” among mobile co-workers.

4.1 Mobile Computing

The rapidly expanding technology of cellular communication, wireless local area networks
(LAN), and satellite services will make information accessible anywhere and at any time. In
the near future, tens of millions of people will carry a personal digital assistant or a portable
palmtop or laptop computer. Regardless of size, most of these mobile devices will be equipped
with a wireless, modem, or Ethernet connection to the fixed part of the network, and, perhaps, to
other mobile computers [IB94, IK95, IK96b]. Moreover, portable computers are now capacious
enough to hold “large” databases and provide computational power comparable to a desktop
computer, i.e., portable computers can execute general applications such as wordprocessors,
spreadsheets, and complex database operations [IK96a, AK93, IB94].

The resulting computing environment, which is referred to asmobile computing1, no longer
requires users to maintain a fixed and universally known position in the network and enables
nearly unrestricted user's mobility [Sat93, IB94, FZ94, Kat94, IK96b]. Wireless network tech-

1Sometimes, the termsnomadiccomputing orwirelesscomputing are used instead in literature. “Nomadic”
emphasizes the fact that users travel around and connect only part-time to the system, whereas “wireless” stresses
the fact that radio or infrared technology is used for communication. Since the term mobile computing is more
common, we use this term in the following.
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nology permits the new generation of mobile computers to act as an integral part of extended
distributed computing environments.

4.1.1 Architecture and Characteristics of Mobile Systems

The general, abstract view of a mobile system consists of mobile computers interacting with
the fixed network via dedicated mobile support stations. Figure 4.1 shows the existing and
widely accepted architectural model of a system that supports mobile computing [IB94, Kat94,
WC95, WC97, PS98].
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Figure 4.1: General Architecture of Mobile Computing Systems.

The model consists of stationary and mobile components. Amobile unitis a mobile com-
puter that is capable of connecting to the fixed network via a wireless link, dial-up, or plug-in
connection. Stationary computers are connected via a fixed high-speed backbone network.
Some stationary computers act asmobile support stations. These computers are equipped with
a wireless interface (transceivers) and are capable of connecting with mobile units.

Each mobile support station is in charge of a wirelesscell. Cells' size can range from
picocells (approximately hundred meters in diameter) up to macrocells or even global satellite
cells. The mobile unit can communicate with other computers, mobile or stationary, through
the mobile support station of the cell in which it resides. Additionally, the mobile support
stations may support dial-up connectivity of mobile units, e.g., using analog telephone lines
and modems. Current cellular radio technology offers a limited bandwidth of up to 20 Kb/s,
whereas current wireless LAN technology offers a bandwidth in the order of 20 Mb/s [PS98,
IB94, Kat94].



4.1 Mobile Computing 151

Table 4.1: Characteristics of Mobile Environments.

Characteristics of wireless communication

Frequent disconnections

Relatively unreliable

Varying and relatively low bandwidth

Asymmetric bandwidth

Monetarily expensive (charges)

Physical support for broadcast

Characteristics of mobile units

Part-time switch off and disconnection

Relatively unreliable

Limited battery power/life

Frequent location updates

Subject to loss or theft

Small user interface

Such a mobile computing environment has different characteristics compared to a stationary
distributed system, namely mobility itself, narrow and varying bandwidth, voluntary/involun-
tary disconnections, and limited battery power. For example, mobile units must operate under
a much broader range of network conditions. Mobile units are more prone to loss, destruction,
and subversion than static elements. Table 4.1 is based on [PS98] and summarizes the most im-
portant characteristics of the mobile units and wireless media with respect to data management.
For detailed discussions on these issues, we refer to [IB94, FZ94, IK96a, PS98].

We further elaborate on network disconnections, since they occur frequently in mobile com-
puting and constitute an important issue that has to be addressed in supporting cooperative work
among mobile users. Disconnections can be categorized in various ways [IB93, AK93, IB94,
Kis96, PS98]. First, disconnections may bevoluntary, e.g., when the user deliberately avoids
network access to reduce cost, power consumption, or bandwidth usage orinvoluntary, e.g.,
when the mobile unit enters a region where there is no wireless network coverage. Second,
disconnections, may bepredictableor sudden. For instance, voluntary disconnections are pre-
dictable. Other predictable disconnections include those that can be detected by predicting the
battery lifetime or changes in the signal strength. Third, disconnections can be categorized
based on theirduration. Very short disconnections, such as those resulting from crossing cell
boundaries (hand-offs), can be masked by hardware or low-level software. Other disconnec-
tions may either be handled at various levels, e.g., by the file system or an application program,
or may be made visible to the user. Fourth, various degrees of connection (or disconnection)
can be distinguished: total disconnection,weak (dis)connection(over a low bandwidth channel
or an unreliable connection) and strong connection (e.g., using a wireless LAN or plugging into
the fixed network). Figure 4.2 illustrates these different kinds of connectivity and the transitions
between the different modes.

Of course, disconnections in mobile environments have to be handled differently from net-
work failures that occur in traditional distributed systems. Since disconnections are very com-
mon, supportingdisconnected operationmode, i.e., allowing the mobile unit to operate even
when disconnected from the fixed network, is a central design goal in mobile computing. For
example, predictable, long-term disconnections can be prepared ahead of time as part of the dis-
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Figure 4.2: Different Kinds of Connectivity in Mobile Environments.

connection protocol. There is a broad consensus that disconnected operation is a key enabling
technology of mobile computing [IB93, AK93, IK95, Sat96, Kis96, PS98].

4.1.2 Cooperative Work in Mobile Environments

In recent years, there has been some effort towards eliminating the office and replacing it by
a mobile “office”. It appears that progress towards an office-less work environment in a more
general setting requires research not only in mobile computing but also in such areas as group-
ware and workflow [IK95]. Unfortunately, in the past, research in providing computer support
for cooperative work has focused only on fixed computer environments with permanent net-
work connections.

Most approaches in the CSCW area have neglected the special characteristics of mobile
environments like limited bandwidth or voluntary/involuntary disconnection. Realtime group-
ware like [EG89, SYZC97, SE98b] and multicast systems like [BC91, BSS91] are only appli-
cable when computers are permanently connected via a fixed high-speed network.

Also in the workflow area, there has been little emphasis on supporting mobile users (no-
table exceptions are the Exotica/FDMC extension [AGK+96] of IBM's FlowMark system and
the Information Carriers (INCAs) approach [BMR96]). Supporting disconnected operation
in workflow management systems appears to be an intricate task, since workflow execution
and disconnected operations have somehow contradictory goals. The execution of workflows
involves the coordination of many users, while disconnected operation is geared towards sup-
porting users working (part-time) in isolation.

Especially asynchronous cooperative applications are suitable for being used in mobile en-
vironments [KTW97a, KTW97b]. This kind of applications already have to deal with part-time
disconnection, one of the central issue in mobile computing. The ability to part-time work in
disconnected mode can even be useful when connectivity is available. For example, discon-
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nected operation can extend battery life by avoiding transmission of data. Moreover, it can
reduce network charges enormously and improves the response-time because operations can
be executed locally.

The COACT model provides a framework for long-duration cooperative activities in in-
teractive, multi-user environments. It is well suited for building asynchronous cooperative
applications on top of it. COACT uses an “optimistic replication” approach where each user
is assigned her own private workspace where copies of the data objects reside. Operations
executed by different co-workers do not affect data objects in other workspaces. In order to
see the work performed by others, a user explicitly incorporates the operations executed by
co-workers into her workspace. This process can be regarded as a (partial) synchronization of
different views on the data to re-establish a common view of (parts of) the data. The correctness
of the information exchange is ensured by the history merging paradigm.

Optimistic replication is well suited for disconnected operation because it provides much
higher availability of data [IB93, AK93, KS92, Kis96]. To avoid locking is of special concern
in case of extended disconnections because the possession of locks by disconnected clients
would preclude writing and/or reading of other replicas. On the other hand, we have to cope
with conflicts caused by concurrent access to different replicas [IB93, AK93, KS92, Kis96].

Conventional approaches to disconnected operation like Coda [KS92, SKM+96a, Kis96]
use optimistic replication, too, but are based on the assumption that virtually no conflicts occur.
Hence, they offer hardly any support for resolving conflicts. This assumption is not valid in
cooperative applications which are focusing on sharing data. Thus, it is difficult to apply these
approaches to support multi-user cooperation in mobile environments.

In contrast to this, COACT offers a sophisticated merge algorithm. This algorithm reduces
the number of conflicts by exploiting the type-specific semantics of operations, thus, reducing
the frequency of manual repairs. Additionally, if a conflict cannot be avoided the merger offers
different consistent sets of operations. Among these alternatives, the user just has to choose
one.

4.2 Mobile CoAct Architecture

In the following, we extend our work on COACT to support disconnected operation mode in
mobile environments [KTW97a, KTW97b]. To enable cooperation among mobile users and
among stationary and mobile users, we instantiate the COACT system architecture (cf. Figure
3.1) as described below. An overview of the mobile COACT architecture is shown in Figure
4.3. The most important aspect of this architecture is that the private workspace of a mobile
user is split into two parts: a stationary one and another part residing on the mobile unit.

The stationary part of the mobile architecture consists of the common workspace of the
cooperative activity and onestationary private workspace(SPWS) per participating user in
a cooperative activity. The stationary workspaces are connected via the fixed network. This
stationary part of the architecture is similar to the COACT architecture as described in Section
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Figure 4.3: Extended COACT Architecture and Information Exchange Options.

3.1. Additionally, we assign each mobile user amobile private workspace(MPWS) that resides
at the user's mobile computer. We assume that the mobile computers can part-time connect to
the stationary system, e.g., by plugging in the mobile computer into the fixed network, by using
a dial-up connection, or by using a wireless link.

According to [PS98], the presented COACT architecture can be classified as a Client/-
Intercept/Server model that exploits a messaging and queueing infrastructure for communi-
cations of the MPWS with the SPWS. The stationary private workspace is a proxy of the mo-
bile private workspace on the fixed network. From the view of the mobile client, the mobile
private workspace appears as the local SPWS surrogate or cache that is co-resident with the
cooperative application at the mobile unit.

This architecture alleviates the impact of varying and limited bandwidth, poor reliability,
and the possibility of disconnection. For example, the MPWS can be used to satisfy the client's
data requirements at disconnection. Similarly, information exchange requests sent to the dis-
connected mobile user can be queued at the SPWS side and transferred to the client at re-
connection. In particular, having both a stationary and a mobile private workspace per user has
the following advantages:

� As mentioned, mobile computers have limited resources and not all data objects of a
private workspace can be uploaded to the mobile computer. Cache misses (in the MPWS)
can be easily handled (if the mobile computer is connected) because the stationary private
workspace contains the correct versions of the data objects needed.

� The stationary private workspace is utilized to achieve durability of the modifications to
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the workspace stateandworkspace history. Data in the mobile private workspace needs
to be persistent (because the mobile unit can be switched off in disconnected mode), but
because of the increased risk of a crash and the possibility of theft and loss of the mobile
device, data on the mobile computer cannot be considered durable.

� The stationary private workspace serves as a proxy of the mobile private workspace. This
enables other users (both stationary and connected mobile ones) to exchange information,
i.e., importing and delegating, while the mobile user is disconnected. The importing user
may see in the SPWS information not up-to-date, since the user from whom the work is
imported is disconnected. Note that in case of adelegate, the delegation is queued and
the SPWS of a disconnected delegatee is first updated when the delegatee re-connects
and initiates the merge.

The initial state of the common workspace, i.e., the state at the beginning of the cooperative
activity, is replicated in all stationary private workspaces. For the stationary user the complete
content of the workspace, i.e., the data and the workspace history, is reflected in the stationary
private workspace. The stationary user can alter the stationary private workspace directly. For
the mobile user two questions have to be answered: (1) Where are the data objects? and (2)
Where is the workspace history located?

Where are the data objects? The stationary private workspace contains all data objects. All
modifications made by those operations which have already been propagated to the stationary
system (see below) are reflected in the data objects there, i.e., in the state of the SPWS.

Mobile users execute their operations at the mobile private workspace. This implies that
the data objects that are accessed by an operation have to be present in the mobile private
workspace. Hence, the user (or the system) firstprefetchessome of the data objects into her
mobile private workspace. Due to the limited resources of the mobile computer, only parts of
the stationary private workspace may be cached at the mobile private workspace.

A situation where data objects are needed that are not in the MPWS, is called acache miss.
While being connected to the stationary system, a cache miss can be easily handled by fetching
the required data objects from the stationary private workspace.

How to prefetch the right data objects into the MPWS and how to deal with cache misses
in case of disconnection is described in Section 4.4.1 and 4.4.2, respectively.

Where is the workspace history? As described above, a mobile user executes operations
only in her mobile private workspace. This applies to both operations directly invoked by the
user and operations re-executed due to an information exchange, i.e., a merge of histories. This
implies that all history entries are generated at the mobile private workspace.

To keep the proxy of the MPWS at the stationary private workspace up to date and minimize
the risk of lost data, we propagate all history entries to the stationary private workspace as soon
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as possible and re-execute the operations at the SPWS to achieve equivalent states in both
representations of the user's workspace.

In case of connection to the stationary system this can be done immediately. For a discon-
nected user this is done after re-connection. In case of weak connection, different propagation
strategies are possible, e.g., periodically or when the network traffic is low. For details of the
re-integration mechanism see Section 4.4.3.

At the stationary private workspace all history entries are stored until the end of the coop-
erative activity. The storage of history entries at the mobile private workspace can be handled
in a more flexible way and depends on the disk space and the autonomy requirements of the
mobile user.

To participate in an information exchange while being disconnected, the mobile user needs
the complete history of her workspace. This is necessary to compute consistent units of work
or to detect all relevant merge conflicts. To undo parts of her work by means of compensation
at least all operations succeeding the ones to be compensated have to be available.

If the user needs these facilities only during connection, the history entries at the mobile
unit can be dropped after they have been propagated to the stationary system to save disk space
on the mobile unit.

4.3 Information Exchange in Presence of Mobile Users

As described in Section 3.1, the COACT cooperative transaction model offers three types of
information exchange meta-operations, namelyimport, delegate, andsave. There exist two
options for exchanging information among workspaces of co-workers: (1) co-workers can di-
rectly exchange working results among their workspaces by means ofimportanddelegateand
(2) users can exchange information through the common workspace by means ofsaveand
delegate.

In the presence of mobile users, we have new options for the information exchange. In the
following we describe characteristic examples in detail.

1. Import or delegatebetween a stationary user and the mobile workspace of a connected
mobile user (cf. exchange option 1 in Figure 4.3).

If parts of the history of the mobile user are delegated to or imported by the station-
ary user, the necessary operations are taken from the history of the stationary private
workspace (not from the MPWS). Since the mobile unit is connected, we can assume
that its MPWS history has been entirely propagated to the stationary private workspace.

In the other direction, delegation to the mobile user takes place by making available the
respective subhistory at the SPWS of the delegatee. Since the mobile user is in connected
mode, she is immediately notified of this delegation and can integrate the corresponding
operations into her workspace. A cache miss that might occur while re-executing these
operations can be relieved by fetching the object from the stationary private workspace
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of the delegatee. Animport exchange meta-operation of the mobile user is handled in a
similar way, without the notification, because the mobile user is the active part.

An analogous approach is used for information exchange between two connected mobile
users.

2. Importor delegatebetween a connected mobile user and the stationary private workspace
of a disconnected (or weakly connected) mobile user (cf. option (2) in Figure 4.3).

Although one of the users is disconnected (or weakly connected) and not reachable, it
is nevertheless possible to import from her workspace history. As mentioned above, we
use in this case the corresponding SPWS as a proxy of the MPWS. Delegation to the
disconnected client is handled similarly as in (1), with the difference that the delegated
operations are queued while the delegatee is disconnected (the SPWS of the delegatee
is not changed). When the mobile user re-connects, she is notified about the delegation
and can then integrate the delegated operations into her private workspace, i.e., merge
the histories.

An analogous approach is used when a stationary user instead of a connected mobile user
is involved in the information exchange.

3. Direct importor delegatebetween two mobile users, both not connected to the stationary
system but connected to each other (mobile workgroup [TDP+94b]). The direct con-
nection among the mobile units can be established, e.g., using infra-red connection or
cellular phones (cf. exchange option 3 in Figure 4.3).

To perform an exchange meta-operation both clients must have access to their complete
workspace history, i.e., each client must either be connected to the stationary system
or have cached the (entire) workspace history. This is necessary to calculate consistent
units of work on the sending client where the source history is located and to detect merge
conflicts on the side of the receiving client.

When re-executing or compensating operations during the merge, a cache miss might
occur. This situation is similar to cache misses caused by operations directly invoked
by a mobile user. If the cache miss cannot be served due to disconnection, the user
can decide to interrupt the merge process and confine himself to integrating only those
operations that precede the operation causing the cache miss or that are independent of
this operation. Another possibility is to abort the merge and integrate no operation at all.

4.4 Disconnected Cooperative Work in COACT

The idea underlying the support for disconnected (co-)operation in COACT is as follows. Prior
to a (total or weak) disconnection, the mobile unit is in thedata cachingor hoarding state
[KS92]. In this state, data objects are (pre-)fetched into the mobile private workspace (cf.
Figure 4.4). Caching and prefetching is described in Section 4.4.1.
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Figure 4.4: Modes of Operation in the Mobile COACT Architecture.

Upon total disconnection, the mobile unit enters thedisconnected operationstate (cf. Sec-
tion 4.4.2). While disconnected, the mobile unit can use only local data objects available in the
MPWS. In contrast to total disconnection, inweakly connected state(e.g., due to slow or ex-
pensive networks), cache misses can be selectively served if desired. In both states, updates at
the mobile private workspace are logged at the mobile unit's stable storage, i.e., the workspace
history.

Upon re-connection, the mobile unit enters there-integration state(cf. Section 4.4.3). Re-
integration of updates is performed by re-executing the new operations of the MPWS history
in the stationary workspace. Propagation of history entries from the MPWS to the SPWS is
also possible in weakly connected state. Note, when all operations are re-integrated into the
stationary workspace and the mobile unit is connected, both caching and re-integration take
place simultaneously since we propagate all operations on the MPWS directly to the stationary
workspace.

4.4.1 Caching and Prefetching on the Mobile Unit

To work on the mobile unit, the data objects that are needed to perform the required task have
to be in the cache, i.e., the MPWS. While connected to the stationary system, cache misses can
be easily handled by fetching the missing data objects from the stationary private workspace
(cf. Table 4.2). In weakly connected mode, cache misses can be selectively served if desired.

To minimize cache misses while disconnected or weakly connected, it is crucial to fill the
cache with those data objects that are most likely to be needed in the near future. As proposed
for the Coda file system [KS92, SKM+96a, Kis96], the desired cache content is determined
by a mixture of two strategies, namely (1) keeping those data objects in the MPWS the user
is currently working with, i.e., applying usual LRU caching, and (2) prefetching certain user-
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Table 4.2: Serving Cache Misses and Update Propagation in Different Operation Modes.

Connected Disconnected Weakly connected

Cache miss Serviced
Non-blocking: raise
an “exception”

Different strategies
(e.g., serviced, selectively
serviced, or not serviced)

Propagation of updates Immediate Upon re-connection

Different propagation strategies
(e.g., periodic, when network
traffic is low, or upon
re-connection)

specified data sets, i.e., fetching data objects the user expects to work with in the future. To
sustain un-predictable disconnections, prefetching needs to be deployed on a regular basis, e.g.,
periodically.

With respect to the displacement strategy, we can make use of the behavior-based approach
of the COACT model, i.e., we do not need to distinguish between updated and clean data objects
in the MPWS. The data objects themselves areneverwritten back to the SPWS. Modifications
of data objects or the creation of new data objects are communicated to the stationary system
by transferring the history entries representing the modifying operations. Therefore, we can
remove data objects from the MPWS although they are modified and not yet written back to
the stationary private workspace.

A caching strategy for hypermedia authoring. As mentioned, our current demonstrator ap-
plication for the COACT system is the hypermedia authoring system SEPIA [SHH+92, WA95,
BWAH96, WA97] (cf. Sections 3.4.2 and 5.3). In the following, we propose an application-
specific caching strategy for hypermedia structures in SEPIA.

For the purpose of caching we define a relevance metric on the hierarchical hypermedia net-
work. The relevance of one node to another is determined by their distance in the hypermedia
graph, i.e., the number of links or nesting levels that are between both nodes. Nodes that are
closer together are considered to be more relevant to each other. The relevance is defined hori-
zontally, i.e., it considers nodes and links within the same authoring space, as well as vertically,
i.e., it considers nodes which are contained within other composite nodes.

This relevance metric is used for both LRU caching and user-defined data hoarding. For
LRU caching we use the metric to perform prefetching. In case of a cache miss we can fetch not
only the required data object but also all other data objects that have a relevance for the missing
object above a certain threshold. The value of the threshold is dependent on the current cache
contents. At the beginning of the cooperative activity when the MPWS is nearly empty, the
value is low, enabling a quick loading of useful data objects into the MPWS. When the cache
is filled later on, the threshold is increased. A similar behavior can be used to provide the user
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with a simple specification of the data objects she wants to have in the MPWS. She can do this
by clicking on certain hypermedia objects. The caching algorithm then determines all other
data objects which are relevant to the selected ones.

After determining in this way all hypermedia nodes to be cached, the caching algorithm
fetches the connected subgraph containing these nodes, i.e., all links connecting the respective
nodes are added. To further optimize the management of disk space on the mobile unit, the user
can specify whether she wants to cache voluminous multi-media contents, e.g., audio, video or
graphics, that can be contained in atomic nodes of the hypermedia document.

4.4.2 Working in Disconnected Mode

In this section, we describe specific problems that may occur due to disconnection. After
fetching the objects from the stationary workspace into the MPWS, the mobile user can work
autonomously in disconnected mode. Operations executed on the mobile workspace are logged
in the local workspace history of the MPWS.

It is important to recognize that aspects of concurrency control of disconnected mobile
clients needno special consideration in COACT (as opposed to all other known approaches).
It is inherent in the COACT model that conflicts that may occur during disconnected work are
resolved later by history merging. This feature of COACT already meets the requirements of
multi-user cooperation in mobile environments.

Two major problems have to be addressed in the context of disconnected operation: (1)
handling cache misses occurring during disconnection or weak connection, and (2) ensuring
uniqueness of operation identifiers and object identifiers within the whole cooperative activity.

While being disconnected, the mobile user can only access data objects that reside within
her mobile private workspace. A cache miss occurs when a disconnected user requests the
execution of an operation that accesses data objects that have not been prefetched. Cache
misses are handled in a non-blocking way in our model. If it is for some reason not possible
nor desired to connect to the stationary system, the execution of the operation is aborted and
the user is informed about the cache miss. It is up to the user to continue with another task or
to re-connect to the stationary system if possible. The same holds if, during weak connection,
it is not desired to serve the cache miss.

In case a connection can be established, the cache miss can be handled transparently for
the user by sending a request to the corresponding stationary private workspace and fetching
the missing data objects (cf. Section 4.4.1). It should be noted that the missing data objects
are always available in the SPWS in the required version, because during disconnection no
operations are performed in the stationary workspace.

The assignment of operation identifiers to operations requires special treatment in mobile
environments. In a COACT architecture which is limited to permanently connected workspaces,
uniqueness of operation identifiers can be ensured by a central instance. During disconnected
operation it is not possible to obtain a unique operation identifier from the stationary host man-
aging the common workspace.
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To ensure the uniqueness of operation identifiers also in case of disconnection, the fol-
lowing approach is taken: Each pair of SPWS and the corresponding MPWS in a cooperative
activity is assigned a unique workspace identifier. This workspace identifier is dynamically
generated by the stationary system and assigned to SPWS and MPWS when a user joins the
cooperative activity (which of course requires a connection to the stationary system). In ad-
dition to the workspace identifier each pair of mobile and stationary workspaces maintains a
monotonically increasing local operation counter. To ensure uniqueness of operation identi-
fiers among all workspaces, the resulting operation identifier consists of two components: the
workspace identifier and the current value of the local operation counter. A similar approach is
pursued to generate unique object identifiers (OID) for objects created in a private workspace.

4.4.3 Re-Integration of Work

If a mobile user re-connects to the stationary system, the modifications made in her mobile
workspace during disconnection are propagated to the stationary workspace. Note that we
always try to keep the SPWS up to date, because it serves as a proxy of the MPWS during
disconnection.

Re-integration of work in the COACT model is based on the re-execution of operations in
the SPWS to update its workspace state. Hence, in contrast to other models, it is the history
of the operations executed on the mobile workspace that has to be transferred instead of the
updated data objects. This can reduce the network bandwidth required for re-integration. The
propagation of the MPWS history can be done asynchronously (in the background even in case
of weak connections like in [MES95]) and is transparent for the mobile user. Re-execution of
the operations on the stationary workspace can be done asynchronously, too, and even if the
mobile user is disconnected again.

Propagation of operations to the stationary systemcannotlead to conflicts because we do
not have to merge the histories of the SPWS and the MPWS. The reason is that the MPWS
history generated at the mobile unit during disconnection is acontinuationof the history al-
ready reflected at the SPWS and the mobile workspace serves only as a cache of the stationary
workspace. If some data objects are newly created in the MPWS during disconnection, their
(re-)creation in the SPWS is covered by re-executing the operation that created the object in the
mobile workspace. Therefore, we only need to append the MPWS history entries to the history
of the SPWS and to re-execute the operations on the objects in the stationary workspace to
reflect the modifications done during the period of disconnection.

Propagation of changes to the associated SPWS corresponds to saving the changes on
durable storage and can be considered as the default way of re-integration. If, for some reason,
propagation to the stationary system is not possible, e.g., due to a network failure on the fixed
network or because the machine hosting the SPWS is down, the model still allows to apply the
COACT information exchange meta-operations in order to make results visible to cooperating
users (see exchange option (3) in Figure 4.3). In critical situations, this can be an alternative
to the re-integration described above. This opportunity allows to distribute changes carried out
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during disconnection to other participants of the cooperative activity before they are installed
in respective SPWS. Although re-integration into the SPWS is necessary in any case, the re-
sults achieved in the MPWS can become earlier visible to co-workers, e.g., in case of mobile
workgroups, which increases the flexibility of the model.

Optimizations to reduce the size of the history to be transferred during re-integration are
possible. If an operation has been compensated due to a prior merge conflict or explicitly
by a user, both the original operation and its compensating operation can be eliminated from
the history. The reason is that they semantically correspond to a null operation. Moreover,
optimizations to the re-execution process are possible (cf. Section 3.5.4.3). For instance, as for
merging histories, it is not required to (transfer and) re-execute transparent operations at the
SPWS.

4.4.4 Failure-Resilience

The diversity introduced by mobile computing brings new challenges to failure-resilience.
Types of failures that are very rare in fixed environments are more likely in mobile environ-
ments, e.g., physical damage becomes more probable. Mobile computers can be lost or stolen.
Failures due to power problems can be frequent events.

Failures on a mobile computer can be classified in two categories [NF97]: (1) permanent
failures that cannot be repaired autonomously by the mobile computer and (2) transient failures
that temporarily affects the functionality of the mobile device.

In our model, recovery of transient failures is addressed with traditional database recov-
ery concepts. Before an operation is executed, the corresponding history entry is written to
persistent storage (write-ahead-logging) at the mobile unit. Furthermore, the initially cached
workspace state is stored on disk at the mobile unit (checkpoint). In case of a transient failure
the last state of the mobile private workspace can be recovered by re-executing the logged op-
erations on the checkpointed workspace state. This process can be optimized by periodically
checkpointing the modified data objects on stable storage of the mobile unit.

Permanent failures are handled using the stationary workspace as a reliable backup of the
corresponding mobile workspace. Recoverability of the stationary workspace is achieved in the
same way as for the mobile private workspace. Operations executed on the mobile unit during
disconnection are immediately propagated to the stationary workspace if possible. Thus, the
state of the mobile workspace can be recovered, and, hence, is durable up to the last propagated
operation.

4.5 Comparison with Related Work

Up to now, most research with respect to disconnected operation has been done in the area of
distributed file systems. Coda [KS92, SKM+96a, Kis96] which is based on the Andrew File
System (AFS) is the first implementation of a file system explicitly supporting disconnected
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operation. The system uses an optimistic replication policy. Before a mobile client disconnects,
it hoards useful data in its cache based on a LRU policy and hoard profiles. A disconnected
client can continue to work by using any data in the local cache. If a cache miss occurs, the
operation fails and an error code is returned. When the client re-connects, the updates are
integrated. In case of conflicting file updates, the user manually has to resolve the conflict.
Support for weak connectivity in Coda is described in [MES95].

The approach of LittleWork [HH93] which adds disconnected operation to AFS is similar
to that used in Coda. During disconnection the mobile client can perform local operations
whereas network operations are logged. If a connection appears, the log is transferred to the
stationary system and replayed.

Ficus [HPGP92] is a replicated file system supporting disconnected access, too. Ficus
adopts a primary copy approach to replication control. Only a site with a write token can modify
the file. Thus, a disconnected client has to have the write token (primary copy) to modify the
file. At re-connection, communication to the secondary copies has to be established.

All these systems suffer from several problems: One big problem is that they have only a
poor notion of dependencies among multiple data objects and user interactions, i.e., the oper-
ations executed on the data. In traditional file systems, such dependencies are generally not
recorded, and appropriate compensation operations are not explicitly specified. For example,
Coda and Ficus deal only with write/write conflicts. The problem of read/write conflicts be-
tween files is partially addressed by so-called isolation-only transactions [LS94]. However, it
is not clear how a transaction reacts in case of a cache miss. Even in case of a connection, the
missing file might have been modified by another client and the right version of this file is no
longer available to resolve the cache miss.

Moreover, all of the systems mentioned above do not consider type-specific semantics of
operations executed during disconnection (with an exception of the directory operations in
Coda), thus, the probability of conflicts is high. Therefore, these systems can only be used
when the degree of data sharing is very low which is obviously not true in cooperative work
environments. One exception is Rover [JdT+95, JTK97]. In this approach operation semantics
is used to reduce conflicts. However, this model sacrifices the independence of the merge
functionality and the application. In Rover the information about operation semantics and the
algorithms for the integration of changes are realized within the cooperative application. This
increases the specification overhead and makes it impossible to use pre-existing applications
which cannot be modified.

Less work has been done in the field of database systems to support disconnected clients.
One exception is the proposed extension of Thor [GKLS94] to support disconnected mobile
clients. Thor is a client/server object-oriented DBMS, where each client caches copies of the
persistent data objects residing at the server site. In comparison to the file systems described
above, special emphasis has to be put on the caching of data objects before disconnection
because data objects in object-oriented DBMS are smaller than files and might be heavily
interconnected. Additionally, computations in a DBMS have to run within ACID transactions.
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The authors of [GKLS94] propose to use the high-level semantics of data objects to decrease
the number of conflicts and, thus, the number of transaction aborts at re-connect. This is
similar to our approach. However, as serializability is used as the correctness criteria in Thor,
cooperative multi-user activities are not supported. Instead, it was proposed that data sharing
among multiple users is controlled by the application itself, i.e., outside the database system.

The problem of disconnected cooperation among multiple users is addressed in [SK93] for
the special case of software engineering environments. The system described is based on a file
repository which includes additional control mechanisms. In contrast to the approaches de-
scribed so far, it uses a check-outout/check-in model where files have to be locked before being
cached at the mobile clients. Two new lock modes are introduced: dirty-read and generated-
exclusive. The first mode allows users to read inconsistent data, whereas the latter is used
for files like executables that can be re-generated by special tools, e.g., “make”. Generated-
exclusive files are treated differently than exclusively locked files during the re-integration
process. The reason is that they can be re-generated in their newest version from other files.
This approach seems to be useful for this particular application domain, but obviously, it is not
applicable in the general case.

The Bayou system [DPS+94, TDP+94b, TDP+94a, TTP+95] aims at supporting data shar-
ing among mobile users. Bayou is based on replication of data on several servers. Each client
requires at least access to one server to perform useful work. Bayou servers propagate writes
among themselves during pair-wise contacts, called anti-entropy sessions. This corresponds to
a read-any/write-any replication model. Application-specific conflict detection is accomplished
through the use of dependency checks. Each write operation in Bayou includes a dependency
check consisting of an application-supplied query and its expected result. In case of conflicts,
i.e., the actual and the expected results differ, an application-defined merge procedure is in-
voked. Although Bayou allows application-specific conflict resolution strategies, the specifi-
cation effort required is enormous. For each write operation application-specific dependency
checks and merge procedures have to be specified which are difficult to validate against the
application semantics. In contrast to that, COACT gives the opportunity to specify exactly the
application semantics required for conflict detection and resolution in the merge relations.

In some other systems, techniques for semantic-based conflict detection and resolution
have been proposed, too. As mentioned above, Coda provides extended mechanisms to re-
solve conflicting directory operations. An extension of Coda to resolve file system conflicts by
application-specific resolvers was proposed in [KS95c]. This approach suffers from the same
problems as the Bayou system. Oracle's symmetric replication product [Dow95] also includes
the notion of application-selected resolvers for relational databases. Other systems, like Lotus
Notes [Lot96, Lot97] do not supply application-specific mechanisms to handle conflicts, but
rather create multiple versions of data objects when conflicts arise.



Chapter 5

Prototype Implementation of COACT

In this chapter, we describe the prototype implementation of the COACT cooperative transac-
tion model within the context of the TRANSCOOP demonstrator system [dBLP+96, WEF+96,
KE98]. As proposed by the TRANSCOOP reference architecture [dBLP+95b, dBLP+95a,
LdBTW98], the demonstrator consists of a specification environment, providing means for
the specification and verification of cooperative activities, and a runtime environment, offering
transactional support for cooperative applications.

The TRANSCOOP runtime environment is implemented as an extension of the object-
oriented DBMS VODAK [DIM95] developed at GMD-IPSI, i.e., all cooperation facilities are
supported as DBMS services. The main module of the TRANSCOOP runtime environment is
the COACT cooperative transaction manager that implements the history merging mechanism
and COACT's exchange meta-operations. Other important extensions of VODAK with respect
to the COACT model address the realization of the workspace concept and the management of
workspace histories.

The remainder of this chapter is structured as follows. First, we give an overview of the
TRANSCOOP demonstrator system. Then, we present the VODAK system and the SEPIA hy-
permedia authoring application used for demonstration purposes. Afterwards, we describe the
prototypical implementation of the COACT model in more detail. We report on the experience
we made during the system design and describe how the new functionality is presented to the
users of the selected demonstrator application.

5.1 Overview of the TRANSCOOP Demonstrator System

For the implementation of the demonstrator system, we chose a subset of the concepts devel-
oped in the TRANSCOOP project, that was, on the one hand, powerful enough to demonstrate
our approach to cooperation, and on the other hand, allowed a reliable implementation within
the time frame of the project [dBLP+96]. The implemented parts include most of the tools of
the specification environment, the COACT transaction model, as well as an enforcement mech-
anism for step constraints of COCOA [WEF+96]. The resulting demonstrator system allows us

165
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Figure 5.1: Architecture of the TRANSCOOP Demonstrator System.

to show how cooperative activities are specified, validated, compiled for execution, and finally
executed [AEF+97].

Figure 5.1 shows the overall architecture of the demonstrator system [dBLP+96, WEF+96,
KE98]. The grey-shaded components in the figure indicate the software modules developed
and implemented in TRANSCOOP; the white components are pre-existing software modules.

According to the TRANSCOOPreference architecture [LdBTW98, dBLP+95b, dBLP+95a],
the demonstrator system consists of two major components: thespecification environmentand
the runtime environment[dBLP+96, WEF+96]. The specification environment provides all
tools needed by a designer to create specifications in the COCOA language (cf. Section 3.6.1).
The specification environment contains a graphical specification editor, a parser/type-checker,
tools for analyzing and simulating COCOA specifications, and two compilers that turn the
specifications into representations used by the runtime environment.

The demonstrator runtime environment has a transaction management support system as its
central component that enables the execution of cooperative activities described by a COCOA
specification. Remember that two different views of a cooperative activity come together in
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COCOA: the organizationalview and thetransactionalview. We decided to reflect these two
views in the demonstrator runtime structure. Thus, the transaction management support system
of the runtime environment has separate modules: (1) acooperation manager(CM) [dBLP+96,
WEF+96] that governs and coordinates the cooperation during an execution of a cooperative
activity and (2) acooperative transaction manager(CTM) [KTW96a, Sal96, WEF+96] that
ensures the transactional correctness of a cooperative activity. The CTM implements the full
functionality of the COACT cooperative transaction model.

The runtime environment also contains apersistent object storage system, which is used
to store compiled COCOA specifications, runtime status information for the CM and CTM,
VODAK-specific data, and application-specific data [dBLP+96, WEF+96]. The storage system
we use in the demonstrator is ObjectStore [LL91]. The extendedgraphical user interface
(EGUI) [WEF+96, Sar98] enables end-users to interact with the TRANSCOOP demonstrator
system.

In the following, we describe the overall functionality of the TRANSCOOP demonstrator
system by “walking through” its components to highlight their use and dependencies. For
more information about the TRANSCOOP specification environment, we refer the reader to
[EFdBP96, FEdB98, KE98, WEF+96, dBLP+96]. The runtime environment is described in
more detail in Section 5.4, with the focus on the implementation of the COACT model.

1. Specification Environment.

(a) Graphical Specification Editor: A designer uses the graphical editor to build and
structure a COCOA specification. The graphical specification editor is based on
a graphical modeling method called GRACOOP (Graphical Language for Coop-
erative Processes) [EFdBP96]. It allows the specifier to model the organizational
structure of a cooperative activity as a graph. Non-graphical information is specified
using dialog boxes and editing windows; this information annotates the graphical
elements of the step diagram. There is also amatrix toolsupporting the specifica-
tion of commutativity relations.

The graphical editor has been implemented using the MetaEdit+ Method Work-
bench, which supports the development of graphical modeling methods and tools
[Met96]. A back-end to the graphical editor generates a textual representation of
the specification, which is stored in the file system, where it can be accessed in later
stages of development.

(b) Static Analysis Tool: This tool performs static analysis checks on the COCOA spec-
ifications stored in the file system. At its core lies a parser/type-checker. The tool
checks a number of context-sensitive requirements related to the definition and use
of data operations and communications within a COCOA specification.

The COCOA static analysis tool is implemented in C++; the software extends an
already existing parser/type-checker for TM [BBdB+96]. The static analysis tool
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implements several back-end output generators. The back-ends include two com-
pilers to the runtime environment, and a mapping to a TM schema [BBdB+96]
suitable for simulation using the dynamic analysis tool.

(c) Dynamic Analysis Tool: This tool is used to simulate the organizational behavior of
a COCOA specification using theTM Abstract Machine[FB96]. It offers facilities
for the study of the execution properties of a COCOA specification. To do this, the
specification is mapped to a TM schema [BBdB+96] that defines data structures
and operations for storing and manipulating meta-information about the dynamic
state of the cooperative activity. During simulation, the activity states are displayed
using thedaVinci Graph Visualization Tool[FW94b, FW94a].

(d) COCOA to CM Compiler: This compiler maps the organizational aspects of a CO-
COA specification into a data structure that is used by the cooperation manager of
the runtime environment to manage the organizational constraints within the coop-
erative activity. These data structures take the form of anobject network, which
captures the organizational aspects of a COCOA specification.

The compiler retrieves the COCOA sources from the file system and stores the
object network in thespecification database[dBLP+96, WEF+96] for later inter-
pretation by the cooperation manager. The COCOA to CM compiler is described in
detail in [WEF+96].

(e) COCOA to COACT Compiler: This compiler maps those parts of a COCOA speci-
fication that are needed by the COACT transaction model into input specifications
for the cooperative transaction manager.

The compiler retrieves the COCOA sources from the file system and generates two
output files for a given specification: one contains the conflict definitions among
invocable operations, the other contains the specification of the compensation func-
tion. These files are inserted into theextended VODAK data dictionaryand are
used by the cooperative transaction manager during the execution of a cooperative
activity.

2. Run-time Environment.

(a) Specification Database: The specification database [dBLP+96, WEF+96] contains
the compiled version of the organizational aspects of a COCOA specification. It is
implemented using the object-oriented DBMS ObjectStore [LL91].

(b) Status Database: The status database [dBLP+96, WEF+96] stores administrative
information to support an execution of a cooperative activity, such as the workspace
histories of the users participating in the cooperative activity and the runtime struc-
ture of the step specification. The status database is implemented using the object-
oriented DBMS ObjectStore [LL91].
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(c) Cooperative Transaction Manager(CTM): The CTM implements the basic func-
tionality of the COACT cooperative transaction model. It maintains workspace his-
tories, provides the information exchange facilities, computes dependencies and
conflicts between operations, and implements the history merging algorithms. The
cooperative transaction manager is described in more detail in Section 5.4.

(d) Cooperation Manager(CM): The CM monitors and enforces the organizational
aspects of a cooperative activity. It verifies that each requested data operation, in-
formation exchange meta-operation, or communication is in fact permitted by the
COCOA specification at the particular time when it is requested. For details on
the implementation of the cooperation manager, we refer the reader to [WEF+96,
dBLP+96].

(e) Extended Graphical User Interface(EGUI): To support user interaction in the ex-
change of results, this interface extends the SEPIA graphical user interface with
facilities for viewing and manipulating workspace histories, such as selecting op-
erations for exchange and resolving merge conflicts. The extended graphical user
interface is described in more detail in Section 5.4.5.

5.2 The VODAK Object-Oriented DBMS

As the VODAK object-oriented DBMS [DIM95] developed at GMD-IPSI provides the basic
platform for both the prototype implementation of the COACT transaction model and for our
demonstrator application, its relevant concepts are introduced briefly in the following.

The VODAK system comprises an object-oriented data model, an object-oriented model-
ing and programming language (VML) [DIM95, KAN94], an object-oriented query language
(VQL) [AF95], multimedia database extensions [RNL95, Bol95, BKL96, TK96], as well as
sophisticated transaction management [MRW+93] and distribution facilities [KFM+96].

5.2.1 VODAK's Data Model

From the data modeling viewpoint, VODAK includes not only standard features of object-
oriented DBMS (such as object identity, encapsulation, complex data types, inheritance and
polymorphism), but also advanced modeling concepts that have been designed to provide bet-
ter support for the integration of heterogeneous information resources [KFM+96, KAN94,
KFA94]. These are (1) strictseparation of types and classes[GPN91] to clearly distinguish ex-
tensional from intensional aspects and (2)meta-modelingcapabilities [KS95a]. Meta-modeling
allows to extend the data model with new data modeling constructs, like semantic relationships,
which are usually hard-coded into database management systems.

The VODAK Modeling Language (VML) consists of a DDL part which is used to de-
fine database schemas, and a procedural, computationally complete DML part for the im-
plementation of database schemas. A comprehensive presentation of VML can be found in
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[DIM95, KAN94]. A concise characterization of VML is as follows. VML distinguishes be-
tweendata valuesandobjects. Each data value is out of a domain determined by itsdata type.
Each object belongs to a domain constituted by aclass. Objects exist persistently, i.e., they
exist independently of the scope of an application program, whereas data values are transient.
Objects are identified through unique logicalobject identifiers(OID), whereas values of data
types have no identifier.

All instance objects of a class share the description of theirinterface, the structure of the
object'sstate, and theirimplementation. This description constitutes the type of an object and
is defined throughobject typedefinitions. The interface consists of a set of methods, more
precisely a set ofmethod signatures. The state of an object is constituted by a tuple of data
values according to the property definitions of the object type. Properties of objects may be of
primitive or complex data type, or may contain object references (OID values). Access to the
object's state is possible only via the execution of methods in the interface.Class definitions
determine the domain for the classes. They refer to object types and define class objects that
model the containers of objects, i.e., theextensionsof the classes. Adatabase schemaconsists
of class definitions, data type declarations, and object type declarations.

In VODAK, classes are first-class objects, i.e., objects themselves. They are instances of
classes which are calledmetaclasses. Metaclasses are used in VODAK to describe the common
behavior ofapplication classesand their instances, thus, tailoring the VODAK data model to
the needs of particular application domains like hypermedia document storage [BA94, WA95,
BAN95, WA97]. VODAK's meta-modeling capabilities were heavily used in the implementa-
tion of the SEPIA database schema (cf. Section 5.3.2).

5.2.2 Architecture of the VODAK System

The VODAK system has a standard client-server architecture [DIM95], where the VODAK
server can rely on different storage managers. The version of VODAK we used was based on
the C++-based object-oriented DBMS ObjectStore [LL91]. Client applications to VODAK are
written in a programming language for which an application programming interface is available
(currently C++ [LBL95] and Java [BW96]).

In the following, we give a brief overview of the internals of VODAK Version 4.1. VO-
DAK provides a complete database management system kernel including a data dictionary, a
message handler, a query optimizer and executor, an object manager, a shared object buffer,
and a transaction manager responsible for concurrency control and recovery. Figure 5.2 illus-
trates the internal architecture of VODAK. Note that the grey shaded modules in Figure 5.2 run
within a single operating system process (one process per concurrent user). The single VO-
DAK processes are themselves clients to the ObjectStore system. Multi-user mode in VODAK
is realized using a shared object buffer (implemented as UNIX shared memory segments) that
is shared among all processes of a VODAK server instance. In the following, we describe the
different components of the VODAK system.
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Figure 5.2: Simplified Architecture of the VODAK Object-Oriented DBMS.

� VODAK Compiler: The VODAK compiler performs syntactic and semantic analysis of
database schemas written in VML. It generates codes for methods and inserts schema
information into the data dictionary.

� Data Dictionary: The data dictionary provides a complete description of VML sche-
mas expressed within the VODAK data model. Since the data dictionary is a VODAK
database itself, the schema information is accessible through VML method calls and
VQL.

� VODAK Server API: The server application programming interface is responsible for
connection handling and communication with application programs implemented on top
of one of the VODAK client APIs.

� Message Handler: The message handler provides the call-level interface for the server
API to VODAK databases. The message handler receives method calls consisting of the
name of the method to be executed, the receiver object's OID, and the arguments of the
method call. Its main task is to resolve and dispatch these method calls at runtime, and
to execute the compiled code.

� Query Processor: VQL queries are algebraically optimized by a rule-based query op-
timizer. The resulting physical query execution plans are processed by the VQL query
executor.

� Object Manager and Shared Object Buffer: The task of the object manager is to handle
accesses to VML objects, i.e., dynamically load objects from the storage system into the
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shared object buffer, replace objects in the shared object buffer and write them back to
the storage system when necessary.

� Transaction Manager: The transaction manager implements different strategies for trans-
action management, including the open nested transaction model [WS92, MRW+93,
MR93]. In flat transaction mode, transactional commands are simply forwarded to the
storage system.

5.3 The Demonstrator Application: SEPIA

In this section, we describe the implementation of the hypermedia authoring system SEPIA
that was used as our demonstrator application.

In our overview of the SEPIA system, we focus on the implementation variant that is based
on VODAK. Basically, this means that the SEPIA system is modeled as a VML database
schema. Modeling the operation types available in SEPIA within a VML schema allows to
exploit their high-level semantics within the COACT cooperative transaction model. In our de-
scription, we abstract from the implementation details of the VML schema and limit ourselves
to a general description of the system functionality and its architecture.

5.3.1 Overview of the SEPIA Hypermedia Authoring System

A hypermedia document in SEPIA consists of nodes and connecting links, which enable au-
thors to create and present associative reference structures within and between documents. The
nodes can contain multimedia information, e.g., plain text, graphics, pictures, and audio. The
basic functionality of SEPIA is provided via the concept of activity spaces that support the
different activities of the hypermedia authoring process, i.e., planning, content acquisition, de-
velopment of an argumentation structure, and preparation of the final document [SHT89] (see
also Section 3.4.2).

The original SEPIA system and its user interface were implemented in SmallTalk-80
[SHT89]. Because the demonstrator system is based on VODAK, we have chosen the VODAK-
based implementation of the SEPIA system [WA95, BWAH96, BLW96, WA97] as the demon-
strator application.

Figure 5.3 illustrates the overall client-server architecture of this system. TheSEPIA back-
end is implemented as an extension of VODAK and is responsible for the persistent manage-
ment of SEPIA hypermedia structures. TheSEPIA frontendprovides the functionality of the
SEPIA backend to the user via a graphical user interface. The SEPIA frontend is implemented
in Java [AG98].
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Figure 5.3: Client-Server Architecture of the VODAK-Based SEPIA Implementation.

5.3.2 The VODAK-Based SEPIA Backend

Hypermedia applications need generic support for creation, persistent storage, manipulation,
composition, and retrieval of hypermedia documents. Such generic functionality can be pro-
vided by an extended DBMS, usually called aHypermedia Engine[WA95, WA97, BWAH96].
In the HYPERSTORM project, we implemented such a hypermedia engine based on VODAK,
utilizing the extensible data model and the multimedia extensions of VODAK.

To that end, first a basic set of hypermedia document modeling primitives, including atomic
content objects, composite objects, different kinds of hypertext links, and activity spaces, were
developed using the meta-modeling approach of VODAK. The result was a set of VML meta-
classes implementing a generic hypermedia document model [WA95, WA97, BWAH96]. Fig-
ure 5.4 sketches some methods available forHMENode MC, the generic metaclass for nodes.
A subset of the methods implemented for the hypermedia metaclasses constitute the invocable
operation types of the SEPIACAT outlined in Section 3.4.2.

This modeling approach allowed to move a substantial part of the hypermedia application
semantics into the VODAK system. Having the operation semantics available within the VML
database schema was an important prerequisite for enabling cooperation by the COACT model
at the level of complex operations.

Using these hypermedia modeling primitives the SEPIA document model was instantiated.
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DATATYPE CHANGE_INFO_ACONTENTS = [composite: OID, inComposite: OID];
DATATYPE CHANGE_INFO_NAME = [inComposite: OID, oldName: STRING];
DATATYPE CHANGE_INFO_POSITION = [inComposite: OID, oldPos: POINT];

CLASS HME_Node_MC METACLASS Metaclass
INSTTYPE HME_Node_InstType
INSTINSTTYPE HME_Node_InstInstType

END;

OBJECTTYPE HME_Node_InstInstType
...
INTERFACE

METHODS
changePosition(pos: POINT): CHANGE_INFO_POSITION;
changeName(aName: STRING): CHANGE_INFO_NAME;
createAtomicContent(aClass: OID, name: STRING): CHANGE_INFO_ACONTENTS;
removeAtomicContent(atomicContent: OID): OID;
openAtomicContent(atomicContent: OID): BYTESTRING READONLY;

...
END;

Figure 5.4: Sample Interface of the MetaclassHMENode MC.

This was done by declaring several VML applications classes (specific to SEPIA) as instances
of the generic hypermedia metaclasses. These application classes represent the different node
and link types (including their constraints) available in SEPIA. Figure 5.5 sketches some of
these application classes. For example, theArgumentationSpace can contain nodes of
the classesDatum andClaim and links of the classSupports which are allowed to connect
instances ofDatum with Claim , Claim with Claim , but notClaim with Datum. For more
details on the implementation of the VML database schema for SEPIA, we refer the reader to
[WA95, BWAH96, WA97, WEF+96, dBLP+96, Sar98].

5.3.3 The SEPIA Frontend

To provide the end-user authors with access to the hypermedia data, a graphical user interface
(GUI) to the SEPIA backend has been implemented. This SEPIA frontend visualizes the hy-
permedia data as stored in the database and allows the user to navigate through and modify the
SEPIA hypermedia documents.

To give the reader an impression of the functionality of the SEPIA system available to
authors, we describe in the following the graphical user interface of the SEPIA system (cf.
Figure 5.6). SEPIA supports the hierarchical structuring of documents. The top level consists
of (logical) databases. Each database is divided into authoring projects that consist of four
authoring-specific activity spaces. These are made available to the user via the small windows
shown on the left side in Figure 5.6.

SEPIA activity spaces are represented by separate windows for different tasks within each
authoring project. For example, the right part of Figure 5.6 shows the space browser visualizing
the planning space of the authoring project “DemoProject ”. Task-specific node types, link
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CLASS ArgumentationSpace METACLASS HME_CompositeContent_MC
INIT

//Nodes:
ArgumentationSpace->addSubGroupClass(Datum);
ArgumentationSpace->addSubGroupClass(Claim);
...
//Links:
ArgumentationSpace->addSubGroupClass(Supports);
...

END;

CLASS Datum METACLASS HME_Node_MC
INIT

Datum->addElementClass(TextContent);
Datum->addElementClass(ImageContent);
...

END;

CLASS Claim METACLASS HME_Node_MC
INIT

Datum->addElementClass(TextContent);
Datum->addElementClass(ImageContent);
...

END;

CLASS Supports METACLASS HME_DirectedLink_MC
INIT

Supports->addLinkReference(Datum, Claim);
Supports->addLinkReference(Claim, Claim);
...

END;

Figure 5.5: Sample Application Classes of the VML Database Schema for SEPIA.

types, and content types are available within these activity spaces. These types are implemented
in the database schema as different application classes. The available node and link types in
a specific activity space are displayed in a palette on the left-hand side of the browser. The
palette is also used to create new nodes and links.

Depending on their type, nodes have different menus to create and access their contents.
Nodes in SEPIA can be either composite or atomic. Composite nodes of the hypermedia data
model represent subspaces similar to the activity spaces mentioned above. These are visualized
as a separate space browser in the GUI. For atomic nodes, different content types (text, audio,
etc.) can be created, depending on the content types defined for the respective node type, as
specified in the database schema.

The operations offered by the SEPIA database schema are invoked by the GUI using the
call-level interface of the Java Client API to VODAK [BW96]. For example, if a user requests
to open a composite node (by selecting an “open ” command from the node's pop-up menu) a
corresponding method call is sent to the SEPIA backend and executed there. The SEPIA back-
end then returns information about the contents of the composite node. Using the information
returned, the GUI can present the contents of the opened composite node in a browser to enable
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Figure 5.6: The Graphical User Interface of the SEPIA Frontend.

the user to access and manipulate the data. Further details on the implementation of the SEPIA
frontend can be found in [Sar98, BLW96].

5.3.4 Extensions of the VML Database Schema Needed for COACT

As described in Section 3.4.1, a COACT cooperative activity type consists of the invocable
operation types, a compensation function that specifies the compensation operation for every
invocable operation, and the commutativity relations among the invocable operations of the
CAT .

In our demonstrator application, we consider all VML methods (of the hypermedia meta-
classes) that can be invoked by the SEPIA graphical user interface to be invocable opera-
tion types. These operations are explicitely specified in the COCOA specification for SEPIA
[WEF+96]. The commutativity relations and the compensation function are specified in this
COCOA specification, too. Their compiled versions are used at runtime by the cooperative
transaction manager to ensure the correctness of history merging. Note that in our demonstrator
application, commutativity relations and the compensation function need only to be provided
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CLASS HME_Node_MC METACLASS Metaclass
INSTTYPE HME_Node_InstType
INSTINSTTYPE HME_Node_InstInstType

END;

OBJECTTYPE HME_Node_InstInstType
...
INTERFACE

METHODS
changePosition(pos: POINT): CHANGE_INFO_POSITION;
...
// added for CoAct cooperative transaction model:
comp_changePosition(pos: POINT, returnValue: CHANGE_INFO_POSITION);
comp_changeName(aName: STRING, returnValue: CHANGE_INFO_NAME);
comp_createAtomicContent(aClass:OID,name:STRING,

returnValue: CHANGE_INFO_ACONTENTS);
comp_removeAtomicContent(atomicContent: OID, returnValue: OID);

...
END;

Figure 5.7: Sample Metaclass Extended with VML Methods for Compensation.

for the methods of the generic hypermedia metaclasses, not for each application class sepa-
rately. This was achieved by a careful application design and has decreased the specification
overhead enormously.

In our prototype, the VML methods for compensation must be explicitly specified in the
VML database schema. The cooperative transaction manager invokes these methods in case
compensation is required according to the compensation functions specified in the COCOA
specification. Thus, we extended the generic hypermedia metaclasses by VML methods for
compensation. Figure 5.7 sketches some of the methods added for this purpose.

An alternative would be to specify the compensation function directly in the VML database
schema, using theUNDOclause offered by the implementation of the open nested transaction
model within VODAK [DIM95, KFM+96]. However, this assignment would be rather static,
and the compensation function could not be analyzed and used for simulation purposes in the
TRANSCOOP specification environment. Therefore, we decided to include the compensation
function in the COCOA specification and to implement only the methods for compensation
within the VML schema.

5.4 Implementation of the COACT Model within the
TRANSCOOP Run-Time System

This section describes the implementation of the COACT cooperative transaction model as
part of the TRANSCOOP runtime system. The runtime environment forms an application-
independent nucleus to build cooperative applications on top of it and is implemented as an
extension of the object-oriented DBMS VODAK, i.e., all cooperation facilities are supported
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Figure 5.8: The Runtime Architecture of the TRANSCOOP Demonstrator System.

as DBMS services [WEF+96, dBLP+96]. The overall architecture of the TRANSCOOPruntime
system is shown in Figure 5.8.

The design of the runtime environment required an extension of the centralized VODAK ar-
chitecture in order to meet the architectural and conceptual requirements posed by the COACT

cooperative transaction model. Each workspace is realized by means of a separate application
database as well as a separate operating system process consisting of a modified VODAK sys-
tem, the cooperative transaction manager (CTM), containing the merge functionality, and the
cooperation manager (CM) governing the execution of steps as specified in a COCOA specifi-
cation. The status database and the specification database are implemented as additional Ob-
jectStore databases which are shared among all workspaces. On top of each private workspace,
an extended SEPIA graphical user interface is located.

Users can join and leave an ongoing cooperative activity before it is finished. If a user
joins again, the user can decide to start with the initial state of the cooperative activity or to
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continue with the previous state of the private workspace (as it was at the time the user last left
the cooperative activity). The latter possibility corresponds to a suspend and resume facility.
The termination of the cooperative activity is possible if a termination state is reached which
is evaluated within the step mechanism of COCOA. On termination, all private application
databases are removed and the application database of the common workspace represents the
final result.

The cooperative transaction manager offers functions to preview the progress of co-workers
by means of querying their histories in the status database, and provides operations for both the
calculation of possible merge alternatives and the enforcement of a particular exchange by
merging workspace histories according to the users selection.

Most of the COACT-specific functionality of the runtime system is realized on top of VO-
DAK, e.g., within the CTM or CM. This makes the implementation less dependent on the
VODAK system. In addition, it reduces the complexity of the system as the interface to ex-
isting components can be small. On the other hand, functionality that is closely related to the
existing components of VODAK is realized as extensions of existing VODAK modules. This
is the case for the management of the different workspaces and their object versions.

Some of the design decisions taken in the VODAK architecture turned out to be quite favor-
able for the implementation of the COACT model. This holds for the logical object identifica-
tion, the object management, the dynamic method handling, and the extensible data dictionary.
In the remainder of this section, we describe the different components in more detail. We focus
on the cooperative transaction manager, since it implements most of the functionality of the
COACT model, which is the main contribution of this thesis.

5.4.1 Realization of the Workspace Concept

The desired workspace functionality of COACT requires the maintenance of multiple private
versions of a data object, instead of a single shared version. Rather than implementing a spe-
cial purpose version management strategy, we decided to revise the memory architecture of
VODAK.

In the original VODAK system, all users share the same object buffer, thus, sharing all data
objects contained in an application database. In the TRANSCOOP system, we assign to each
workspace a non-shared object buffer containing the private object versions of the respective
user. Since the object buffer is then private, we can bypass the VODAK transaction manager
and fully rely on the ObjectStore transaction management.

The replication of the VODAK system (including its private object buffer) as well as the
application database makes sure that the data objects of different workspaces are isolated. The
application database is replicated at the start of a cooperative activity and an additional copy
is generated when a new user joins the cooperative activity. Moreover, a new workspace, i.e.,
operating system process, is started for this user which manages the newly created application
database. How object identifiers are handled is described on page 181 in Section 5.4.4.

When a user wants to access a data object, it is loaded from the private application database
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to the private object buffer that belongs to this workspace. Modifications are written back only
to the private application database associated with the workspace. The different workspaces
can be located on the same machine or be distributed among different machines. At the end of
a cooperative activity all private application databases are removed and the application database
of the common workspace represents the final result.

5.4.2 The Status Database

The history merging algorithm we have implemented uses the histories of different workspaces
at the same time. To provide efficient access toall workspace histories of an ongoing cooper-
ative activity, we decided to store all the workspace histories at a central place, i.e., the status
database.

Moreover, the status database contains the runtime structure of the COCOA step specifica-
tion and provides general administrative information among different workspaces such as the
current participants of the cooperative activity or the operations enabled by the current step.

The workspace histories are realized as double-linked lists within the central status databa-
se. When a data operation is invoked in a workspace, the corresponding history entry is first
written by the CTM to the status database (write-ahead logging). Since the status database
resides within the ObjectStore DBMS, we can make use of the ObjectStore transaction man-
agement for multi-user access and recovery of runtime data structures.

This design requires permanent availability of the central status database, but in case of a
failure within the workspace, it allows forward recovery of the workspaces by re-executing the
logged operations as well as forward recovery of the status of the cooperative activity.

However, for different application domains like mobile environments, which are outside the
scope of the prototype implementation, other realizations are more appropriate. For example,
local storage of workspace histories would increase the independence of the central storage sys-
tem [KTW97b, KTW97a]. In the implementation of the cooperative calendar manager [Kar98]
based on the COACT model the histories are stored locally at each workspace.

5.4.3 Cooperation Manager

The cooperation manager (CM) is the module of the runtime system which makes sure that the
work proceeds in line with the organizational constraints of the COCOA specification. This
means that the CM has to maintain the organizational step structure and to check whether the
requested operations are allowed by the currently active steps. To perform this task, the CM is
located in the architecture of the TRANSCOOP runtime system between the extended VODAK
server API and the CTM (cf. Figure 5.9). All user requests pass the CM before they can be
executed.

Possible operations that have to be checked by the CM include the ordinary data operations,
exchange meta-operations, and communications initiating step transitions. Every time one of
these operations is requested, the CM checks whether the requested operation is enabled. This
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check depends on the parameters of the operation, on the role of the user who wants to execute
it, and on the current state of the cooperative activity.

Data operations and exchange meta-operations are passed to the CTM if they are enabled
(cf. Figure 5.9), communications are processed within the CM itself (cf. Figure 5.9). Com-
munications change the internal state of the CM (persistently stored in the status database) as
they trigger a step transition. Operations which are not enabled by one of the active steps are
rejected by the CM.

In addition to checking operations when they are requested by the user, the CM also pro-
vides facilities to inform the user about the currently active steps and the enabled operations.
This gives the user the possibility of preplanning his future activities.

The CM makes use of both the specification database and the status database. The specifi-
cation database is used to store the organizational part of a COCOA specification in an internal
format. The status database holds the dynamic runtime data structures.

For more information on the implementation of the cooperation manager, we refer the
reader to [WEF+96, dBLP+96].

5.4.4 Cooperative Transaction Manager

The cooperative transaction manager (CTM) is the module that implements the history merging
functionality of COACT and forms the core component of the demonstrator system.

A major task of the CTM is to generate and maintain the workspace histories. To make
sure that each data operation executed in a workspace is recorded in the workspace history, all
requests to execute an operation that are sent to the VODAK message handler are intercepted
by the CTM (cf. Figure 5.9). The CTM uses the information contained in the operation call to
generate an entry in the workspace history, which is persistently stored in the status database.
Once a history entry is generated it will never be removed from the history. We made this
implementation decision to allow for further extensions to analyze the working process after
the end of a cooperative activity. If a history entry has to be logically removed from the history,
i.e., it is compensated, both the compensated history entry and its compensating operation are
marked as invalid in the history. This implies that they are ignored by the CTM for future
checks for dependencies or conflicts.

To initiate an exchange meta-operation, the CTM provides the possibility of querying the
workspace histories of all participants, e.g., his own workspace history and the history of a co-
worker in case of animport exchange meta-operation. A user can request the whole workspace
history or restrict the search to operations of certain types or specific receiver objects. The CTM
offers the functionrequest work for this purpose.

To perform a merge, the CTM offers two functions. The first functioncheck merge al-
lows the user to check for possible merge conflicts. By means of the graphical user interface,
the user selects a set of operations to be merged from a source history into a destination history.
The functioncheck merge then returns those operations of the destination history which
need to be compensated to integrate the selected operations. The operations to be compensated
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Figure 5.9: Interaction of the Different Components in the Runtime System.

are grouped by the operations selected by the user. Hence, the user can see what implications
the merge of each operation has (for details on the visualization, see Section 5.4.5). The func-
tion check merge detects not only direct conflicts, i.e., operations in the destination history
which do not commute forward with one of the selected operations, but also indirect conflicts.
For example, for each selected operation the minimal closed subhistory is calculated and all
operations in the destination history transitively conflicting with one of these operations are
detected (minimal units of compensation).

To perform the actual integration task the CTM provides the functionforce merge . This
function has similar input ascheck merge . It compensates and re-executes operations in the
destination workspace, as necessary, using the commutativity specification and compensation
function stored in the extended VODAK data dictionary (cf. Figure 5.9). Merge conflicts
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are resolved by compensating all conflicting operations and their dependent operations in the
destination history.

To illustrate the use of these CTM functions, let us look at the typical sequence of function
calls to the CTM to perform animport . The user first browses the workspace histories of other
users (or the common workspace) by means of calls to the CTM functionrequest work .
After choosing certain operations of a co-worker (or the common workspace), the user calls
check merge to get information about work which might be discarded in his workspace due
to this merge. The information obtained this way might lead to the decision not to import
certain operations. If the user has finally decided to import a certain set of operations which
either have no merge conflicts or only those which the user is willing to tolerate, the user calls
force merge to complete the merge. The realization of thesave exchange meta-operation is
similar to import , with the difference that the saving user performs the merge in the common
workspace, instead of in his private workspace.

In contrast toimport andsave, in a delegate exchange meta-operations the user who ini-
tiates the exchange meta-operation is different from the user who integrates the delegated data
operations into the destination workspace. Therefore, the delegation operation is executed in
two steps. In the first step, the delegator selects the operations to be exchanged in the history
of his own workspace. This exchange history is then stored in a dedicated location of the status
database. After that, the delegatee is notified of this delegation. From there the delegatee can
retrieve, on demand, the exchange history and integrate it into his private workspace similar to
the case ofimport .

Another important functionality offered by the CTM is the selective undo facility. The
functioncheck undo computes the minimal unit of compensation for a set of selected op-
erations. The functionforce undo executes the compensation sequence for the computed
minimal unit of compensation.

Special care has to be taken for the re-execution of operations that create new data objects.
Remember that in the COACT model the information exchange is performed by exchanging
operations instead of data objects. Therefore, newly created data objects are made available to
co-workers by exchanging the operation that creates the objects. When an object is created in
VODAK, it is assigned a unique object identifier (OID). This OID can by viewed as a system
generated input parameter to the operation. To make sure that the re-execution of the creat-
ing operation behaves analogously to the original operation execution and that all subsequent
operations refer to the same object, we have to assign the same OID during re-execution. In
VODAK, there is a counter which denotes the next OID that will be generated. To enable the
correct OID generation for the re-execution, we store the value of this counter prior to the initial
execution of the operation in the corresponding history entry. For the re-execution, we set the
counter used for OID generation temporarily to the stored value. Since the merge algorithm
guarantees that the re-execution behaves like the original execution, we know that the same ob-
jects will be generated in the same order. Hence, at the time of each OID generation the counter
has the same value as that before the initial execution. This ensures that the OIDs generated
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during re-execution are the same as those during the initial execution of the operation. After
the re-execution of the operation, the counter is reseted to its original value.

For more information on the implementation of the cooperative transaction manager and its
full set of functions offered, we refer the reader to [KTW96a, Sal96, WEF+96, dBLP+96].

5.4.5 Extended Graphical User Interface

The graphical user interface of SEPIA (cf. Section 5.3.3) has been extended to make the func-
tionality provided by the CM and the CTM available to users. Because user interface design
was beyond the scope of the TRANSCOOP project, work on the extended graphical user inter-
face (EGUI) has been minimal. We have only implemented the functionality that is necessary
to demonstrate the applicability and usability of the TRANSCOOP concepts, in particular the
COACT cooperative transaction model.

Figure 5.10: Pull-Down Menus for Cooperation Functionality.
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Figure 5.11: Selecting Operations for Import.

The functionality of the EGUI can be accessed by different pull-down menus which have
been added to the SEPIA user interface (cf. Figure 5.10). One menu (titled “Merge ” in Figure
5.10) allows to execute exchange meta-operations. It has menu entries to initiate animport ,
delegate, or save exchange meta-operation as well as to receive a delegation. Another pull-
down menu (titled “CoAct ” in Figure 5.10) allows to query workspace histories, to check for
consistent units of work and potential merge conflicts, and to selectively undo operations in
the own private workspace (via the “Check Undo ” entry). A third pull-down menu (titled
“CM” in Figure 5.10) is used to query the organizational status of the cooperative activity and
to initiate step transitions (see below).

In the following, we explain how to import information into a private workspace in more
detail. When initiating animport meta-operation, the user can first decide by means of a sub-
menu whether to import from the workspace of a co-worker or from the common workspace.
After selecting one option, a window with three “columns” is presented (cf. Figure 5.11).

If the private workspace of a co-worker has been selected as the source of the merge, all
co-workers that are actually active in the cooperative activity are listed in the frame titled
“Participants ”. The user can select a workspace by clicking on the entry for a co-worker.
In case of a merge from the common workspace, this choice is not necessary, as there is only
one unique common workspace per cooperative activity. In the list box titled “Methods ”
all invocable operation types are listed. By selecting only some of these operation types, the
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Figure 5.12: Analyzing Merge Conflicts.

user can constrain the subhistory to inspect. The button “Select All Methods ” selects
the whole history. By pressing the button “Request Work ”, the selected subhistory of the
source workspace is visualized in the list in the middle of the window. Clicking on an operation
gives more details on this operation in the right column of the window1. Using the mouse, the
user can now select the operations to be imported. Pressing the button “Select All ” selects
the whole subhistory for the import.

If the user has made a choice, he can press the button “Continue ”. This activates the
functioncheck merge of the CTM and opens another window (cf. Figure 5.12). The upper
left part of the window shows the selected history to be imported. Operations which have
conflicting operations in the destination history are marked by the tag “(Conflict) ” in the
list. Clicking on an operation shows the conflicting operations in the upper right part of the
window. The lower part of the window is used to provide details of selected operations. Having
seen the additional information about merge conflicts, the user can decide which operations to
import. The merge is completed when the user clicks on the button “Force Merge ” that
invokes the CTM functionforce merge . Pressing the “Abort ” button aborts the merge
process.

Besides the exchange meta-operations, the EGUI provides additional functionality related
to the CTM that can be accessed via the “CoAct ” pull-down menu (cf. Figure 5.10). On the

1For historical reasons, the unique operation identifier is called action identifier (AID) in the EGUI.
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Figure 5.13: Undoing Operations.

one hand, the user can access functions of the CTM which perform certain subtasks of the
merge process like showing the list of co-workers, browsing workspace histories, calculating
consistent units of work, or checking for merge conflicts. This can be used for debugging
purposes and to experiment with the system.

On the other hand, the user has access to additional functionality. The most important one
is to retract decisions by undoing parts of his own work. When the user selects operations to
be compensated (cf. Figure 5.13), he is informed about those operations that depend on the
operations to be compensated, i.e., the minimal unit of compensation (cf. Figure 5.13). If the
user confirms the undo, the dependent operations will be undone, too.

A separate pull-down menu is used to interact with the CM. The menu entries allow to
get information about the currently active steps, the enabled operations, i.e., data operations,
exchange meta-operations, and communications, and to initiate a communication. In the vi-
sualization of the data operations the user is informed about all enabled operation types and,
for each type, about possible restrictions on parameters. For the exchange meta-operations, all
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workspaces that can be used for exchange are listed together with the enabled types of oper-
ations on each workspace, i.e., import, delegate and save. The enabled communications are
visualized in the context of the steps to which they belong.

For detailed information on the implementation of the extended graphical user interface,
we refer the reader to [Sar98, WEF+96].

5.5 Comparison with the Original SEPIA System

In this chapter, we described the TRANSCOOP demonstrator system and, in particular, the im-
plementation of the COACT model as extension of the object-oriented DBMS VODAK. Using
this system, we implemented a demonstrator application that is based on the SEPIA hyper-
media authoring system. In the remainder of this chapter, we discuss how the interaction of
multiple users is handled in the original implementation of a SEPIA system [SHH+92, HW92]
and relate this to the concepts available in our SEPIA demonstrator that is based on the COACT

model.
The original cooperative SEPIA system is based on a client/server-like architecture. The

server is implemented in SmallTalk-80 and comprises a shared hypermedia object base im-
plemented using the binary object storage format of SmallTalk. The client is implemented in
SmallTalk-80, too, and gives users access to the shared object base via its graphical user in-
terface. A timestamp is associated with each data object that describes the point in time when
the data object was last modified. Objects modified at a client are immediately “checked-in”
into the shared hypermedia object base. If somebody else has modified these objects in the
meantime, the check-in is aborted. This is detected by the server using the timestamps of the
data objects. If there are no conflicting modifications, the modified objects are incorporated
into the shared object base and broadcasted to the other SEPIA clients, where they replace the
corresponding data objects.

The main difference between the two approaches is that the original SEPIA system does not
support the concept of different private workspaces—it maintains only a single global state, i.e.,
the shared hypermedia object base. Hence, in SEPIA each successful modification to the shared
object base must be immediately multicasted to all other co-workers.

In COACT, this corresponds to a behavior where each operation that modifies an object
is delegated immediately to all other co-workers. Therefore, the histories in all workspaces
would be equivalent if the same conflict resolution procedure were applied in each workspace.
However, in contrast to COACT, users of the original SEPIA system do not have the possibility
of performing individual work and to develop individual ideas without co-worker interference.
All modifications by other users working in the same activity space are visible immediately,
not on demand as in COACT.

In addition to this so-called “loosely coupled mode” in SEPIA, where only the content of
the activity space is updated according to the operations executed by co-workers, the users in
SEPIA can also decide to switch to the “tightly coupled mode”, during which scrolling and
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resizing events of the display are immediately broadcasted. Such a shared window mode is or-
thogonal to the COACT concepts. Therefore, it is not available in our demonstrator application.

Another issue is the treatment of dependencies and conflicts between operations. If, for
example, a user reads the text in an atomic hypermedia node and later writes back the modified
text, it has to be ensured that in-between these events, the text has not been changed by another
user. SEPIA handles this by implicitly grouping read and write operations on the same object.
In case of a timestamp conflict, only one of the users is able to execute the write operation (the
user that first writes the object back). When the other user wants to write back his modifications,
the user is informed that it is too late, and the work is inevitably lost.

In the COACT model, dependencies are recognized by commutativity relations. This allows
a more precise detection of dependencies. The same holds for conflicts between operations of
different users. They are reduced as the use of operations semantics results in fewer conflicting
operations, whereas the timestamp mechanism in the original SEPIA system considers only
write/write conflicts on data objects. In addition to this, conflicts that occur need not be resolved
immediately, because each user works in a private workspace. The users can decide on demand,
e.g., when they see the work in a broader context, which result should be in their workspace.

The history management facilities of the COACT-based SEPIA demonstrator provide addi-
tional functionality, opposed to the original SEPIA implementation. In COACT, all operations
executed by co-workers are logged in the workspace histories. This allows to query the progress
of the co-workers and to offer a selective undo mechanism to the users of the system. More-
over, the step mechanism implemented by the cooperation manager, together with COCOA's
user roles and enabling mechanism, provide means for the coordination of the work of multiple
co-workers.

Last, since COACT is implemented on top of a full-fledged DBMS, we can rely on database
functionality like a declarative query language and crash recovery that are not available in the
original implementation of the SEPIA hypermedia authoring system.
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Conclusions and Further Work

We conclude this work by presenting a short summary of the achievements of this thesis, dis-
cussing potential application areas of history merging, and describing open issues and direc-
tions of further research.

6.1 Achievements of the Dissertation

The main contribution of this dissertation is the development of a semantics-based coopera-
tive transaction model, called COACT. The theory and techniques developed for the COACT

model were preceded by a thorough analysis of requirements derived from diverse classes of
cooperative applications, ranging from cooperative authoring to workflow applications. The
COACT model focuses on their key requirements, i.e., interactive user control and retraction
of decisions, long duration activities and relaxed atomicity, and support for multi-user cooper-
ation on persistent data. The latter calls for the coexistence of private and shared data and for
the semantically correct exchange of both final and intermediate results among co-workers in a
cooperative activity.

The COACT model addresses these requirements by combining the use of private workspa-
ces with a new synchronization mechanism, called history merging. The workspace concept
allows individual participants to work independently without interfering with others or disrupt-
ing co-workers. The history merging mechanism enables co-workers to combine their work in
order to form a coherent whole. To provide this flexibility, we take an operation-oriented view
in COACT. The exchange of information among workspaces is accomplished by exchanging
operations, instead of the data objects themselves. The consistency of shared results is deter-
mined on the basis of the type-specific semantics of the operations.

The thesis contains a comprehensive discussion of different classes of commutativity re-
lations, together with important properties of these relations. Based on commutativity, we
introduced a new and original notion of correctness of concurrent executions using the history
merging paradigm. In particular, we guarantee in COACT that all workspace histories remain
legal, although information is exchanged. Legality is a novel formal concept beyond conflict
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serializability. This approach relaxes the isolation property of traditional transactions in a con-
trolled way and enables cooperation among users—at the same time it ensures consistency of
the workspaces.

Based on this notion of correctness, we developed basic algorithms for implementing his-
tory merging. These algorithms are characterized by the ability to dynamically identify con-
sistent units of work, to identify relevant conflicts, and to minimize the amount of work that
has to be undone in case of a conflict. Hence, the atomicity property of traditional transactions
is relaxed in a controlled way. Our approach to selective compensation can also be employed
as a selective undo mechanism for users, which is important for the interactive execution of
cooperative activities.

COACT's conceptual model in combination with history merging is well-suited to provide
the basis for the management of consistency among disconnected or mobile users who operate
independently and yet, must occasionally reconcile their work with each other or with the
stationary system. We have shown in Chapter 4 how to extend COACT's system architecture in
order to adapt it to the special characteristics of mobile environments.

The practical part of this thesis consists of the prototypical implementation of the COACT

cooperative transaction model. We have shown how the new cooperative transaction model can
be mapped into a cooperative transaction manager component for an object-oriented DBMS.
Upon this platform, we have re-implemented the SEPIA hypermedia authoring system as a
proof-of-concept demonstrator—extending it with the new cooperation facilities provided by
the COACT cooperative transaction model.

6.2 Other Application Areas of History Merging

We believe that history merging is a general synchronization mechanism that can be utilized in
application contexts other than asynchronous cooperation. History merging provides directions
for solving open research problems in related fields, like semi-automatic merging in versioning
systems, synchronization in synchronous cooperative applications, and (re-)integration support
in mobile environments and for asynchronous database replication.

Merging in Versioning Systems. One major problem in versioning systems and check-
out/check-in models is the merging of different versions of data objects into a new, combined
version [CW98, Kat90] (see also Section 2.3.4). Merging is a difficult process, certainly when
many interrelated data objects exist. Most of the existing merge techniques are state-based,
operate only on text files, and use application-specific policies. This limits their applicability
in the general case [CW98].

History merging proposes a more general technique for merging versions, namelyopera-
tion-based merging[LvO92, CW98]. Each materialized version keeps a history of operations,
that models the “delta” to its successor versions. These operation sequences, together with their
type-specific semantics, can then be used to guide the process of merging arbitrary versions in
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the version graph at a fine-grained level. The history merge algorithm combines them into a
single history, thereby proposing different alternatives for a consistent combined version, from
which the user can choose. Using our selective compensation approach, it is also possible to
go back and to re-construct “intermediate” versions, which can serve as the basis to construct
a new branch in the version graph (like in the Timewarp system [EM97]).

A similar approach to version merging was proposed in [LvO92], but this work suffers from
its vague definition of commutativity and the need to re-construct the new version beginning
from the common baseline, since no compensation operations are used.

It would be interesting to evaluate history merging for version merging in the context of
the versioned SEPIA hypermedia authoring system, described in [Haa96]. There, the problem
of merging different versions of hypermedia documents was not addressed (some ideas about
state-based merging for SEPIA hyperdocuments have been outlined in [HHH95]). Since our
demonstrator system is based on (a non-versioned variant of) the SEPIA system, this imple-
mentation seems to be straightforward.

Synchronization in Synchronous Cooperative Applications. Although the COACT model
focuses on asynchronous cooperation, its history merge mechanism can be utilized to con-
struct synchronization mechanisms for synchronous cooperative applications. These systems
are based on the WYSIWIS paradigm and usually have a fully replicated architecture (realtime
groupware systems, cf. Section 2.3.8.1)

An example of such a system is the cooperative meeting room environment DOLPHIN
[SGHH94], developed at GMD-IPSI. In DOLPHIN, each site replicates all data objects; there
exists no central component. This corresponds to a variant of COACT where only private
workspaces exist. If a sequence of operations is executed at one site by a user, it is imme-
diately multicasted toall other sites. These operation sequences are then re-executed there;
conflicts are immediately resolved. DOLPHIN uses a distributed optimistic concurrency algo-
rithm [Sch95, SKSH96], which is based on ORESTE [KBL93]. This algorithm suffers from
frequent undos and redos, caused by operations that are received out of order. Since no selective
compensation is applied, this may become expensive. Moreover, the algorithm is vulnerable to
network partitions or high-latency network connections.

Using history merging for synchronization in synchronous cooperative applications can
provide more flexibility. For instance, only the order of backward conflicting operations have to
be preserved. In case of conflicts among operations generated at different sites, history merging
tries to minimize the number of operations that need to be undone. Since history merging was
designed for asynchronous cooperation, it can tolerate failure situations better and can be used
to realize different “coupling modes” (e.g., immediate multicast, periodic multicast, multicast
on demand).

One issue we have to address for synchronous cooperative applications is how to enforce
that all sites converge to equivalent states in case of quiescence. One possibility is to employ
the same (pre-defined) conflict resolution policy at each site, e.g., by associating priorities to
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the sites and using timestamps for operations. Further optimization possibilities, like synchro-
nization points (cf. Section 3.5.4.3), can be used to adapt the history merge algorithm to the
special characteristics of synchronous groupware systems.

Re-integration Support in Mobile Computing and Asynchronous Replication. In Sec-
tion 4, we have described how to extend COACT's underlying system architecture in order to
support cooperation among users in mobile environments with frequent disconnections.

However, history merging seems also to be applicable for general (ACID) transaction pro-
cessing in mobile environments. During integration of mobile transactions into the stationary
system, it can reduce the number of conflicts, and, thus, the number of transactions that have to
be undone. As noted in [PS98], our history merging approach is a promising and well-founded
basis for merging operations and transactions executed at different (mobile and stationary) sites.

This feature can also be utilized for synchronization purposes in asynchronous database
replication. Asynchronous replication allows transactions to update one replica directly; the
update is propagated to other replicas later on. Since asynchronous updates from different
transactions can conflict, these replication conflicts have to be detected and resolved [BN97].
It seems possible to utilize techniques based on history merging to reduce the number of con-
flicts and manual repairs in asynchronous database replication. This is especially important for
symmetric peer-to-peer replication among several database servers, which is employed, e.g., in
Lotus Notes.

6.3 Further Research Topics

A number of issues are raised by this research, but could not be addressed in detail in this
thesis. In the following, we discuss some of these issues and point to potential areas of future
research based on this work.

Detailed Evaluation of COACT and History Merging in Different Application Contexts.
We have shown that history merging is a general synchronization mechanism that can be ap-
plied in a variety of different application domains. Although, we built two proof-of-concept
demonstrator systems for the COACT model (the cooperative SEPIA system described in Sec-
tion 5 and a cooperative calendar manager [Kar98]) that appeared to be successful, detailed
evaluations of COACT and its history merging mechanisms remain to be done. In particular,
no systematic analysis about the scalability and optimization possibilities for different kinds of
cooperative applications has been performed. Also, empirical evaluations about the usability
of the COACT model have not been carried out.

Additional Coordination Facilities for the C OACT model. In this thesis, we have focussed
on transactional aspects of cooperative activities, i.e., data consistency in the workspaces. Co-
ordination and organizational aspects are not directly addressed by the COACT model—in the
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TRANSCOOP project they are provided by the COCOA coordination model. Although in asyn-
chronous work environments the need for coordination and communication is less frequent
than in synchronous cooperation [EMP+97], it seems to be beneficial to integrate dedicated
coordination mechanisms into the COACT model.

One area of future research hereby is the support forautomatic conflict resolutionin CO-
ACT. If a system is able to mechanically deal with conflicts, we can relieve the users from
the burden of selecting manually one of the alternatives the COACT model offers in that case.
To be usable for a wide range of applications, the conflict resolution facilities must be able to
specify application-specific conflict resolution policies, e.g., based on user roles and authorities,
priorities, or measures about the quality and the overall benefit of different alternatives.

Additionally, the specification and enforcement of specialcooperation policiesthat define
when to exchange what information among whom can be of use within cooperative activi-
ties. Similar mechanisms are already available in the COCOA coordination model, but more
elaborated concepts will further enhance the usability of COACT. This can also improve the
performance of history merging, since compaction of histories is possible if synchronization
points are used.

Another area of future work is the integration ofdivergence controlinto the COACT model.
At the moment, COACT is rather optimistic in the sense that it allows users to work individually
and postpones conflict resolution until the actual merge of two workspaces takes place. More
pessimistic coordination may be useful to constrain the divergence of workspaces within a
cooperative activity. For example, access control mechanisms can be employed to reserve
some parts of workspaces for a period of time. Another possibility is to check for specific
conflicts among workspaces periodically. If conflicts occur, the respective users can be forced
to resolve them immediately. Also, enforcement of synchronization points can help to control
the divergence of workspaces within a cooperative activity.

Awareness Support and User Interfaces for the COACT model. Beyond support for co-
operation and coordination, further requirements are imposed on computer system support for
cooperative applications, which are not addressed by COACT, yet. For example, group or situ-
ation awareness can be essential in cooperative activities because it gives users an indication of
how to corelate and coordinate their work. To support awareness, some kind of session control
and notification mechanisms are needed. Additional communication facilities, like e-mail or
audio/video conferencing channels, may be required for direct negotiation of co-workers.

Special attention has to be paid in COACT to so-called asynchronous awareness [EM97],
which is concerned with what has happened in the past. Here, techniques proposed by Edwards
et al. [EM97], e.g., timeline graphs and magic lenses [BSP+93], can be used to query, filter,
visualize, and examine workspace histories, and to relate histories with each other. Providing
more information about histories to the users implies that we have to record more details about
the work activities of individual users, e.g., the time and the user that generated an operation.

Another issue that requires further work isvisualization and user interface support for
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merging. As user interface design was beyond the scope of this thesis, we have only imple-
mented the functionality necessary to demonstrate the usability of the COACT cooperative
transaction model. For instance, it may be more natural from the user's viewpoint to exchange
partial work results in terms of data or documents, rather than in terms of operations. Mech-
anisms to map the exchange of data objects to the exchange of a respective set of operations
have to be developed, e.g., by means of appropriate graphical user interfaces. These user inter-
faces should also provide advanced support for displaying, comparing, and selecting alternative
merges.

Specification of Commutativity and Compensation. An important question raised by this
research is the specification of cooperative activity types, in particular the specification of com-
mutativity relations and compensation functions. In the COACT model, we assume that the
designer of a cooperative activity type correctly specifies this input. However, we cannot guar-
antee the correctness of the specified commutativity relations and compensation functions1.
Any advanced transaction model that relies on commutativity or compensation suffers from
this problem.

Specification tools that compute or prove commutativity information as well as compensa-
tion functions will improve the practical applicability of our approach and advanced transaction
models in general. For example, Chrysanthis et al. describe in [CRR91] a methodology how to
extract semantic information from data objects and abstract data types.

A more formal approach is followed by the University of Twente in the COMA project
[SE98a, ES98, SE99], which is a follow-up to the verification efforts in TRANSCOOP. The
COMA project aims at automated analysis of commutativity and compensation properties of
object-oriented database schemas. The schema specifications are mapped by a schema trans-
lator to a formal model in higher-order logic. The reasoning component used is based on the
higher-order logic Isabelle theorem prover [Pau94].

A first result of COMA is a software tool that assists a schema designer in reasoning about
the semantic correctness of atomic operations in a database schema [SE99, SE98a]. This tool
has been used to successfully prove the correctness of the compensation function of the SEPIA
cooperative activity type (cf. Section 3.4.2) [ES98]. The next step is to extend the techniques
to support the verification of commutativity relations as well [ES98].

1This is similar to the assumption in traditional transaction management that the specified transactions obey
the consistency property.
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[Met96] MetaCase Consulting, Jyv¨askylä, Finland. MetaEdit+, Version 2.5 User's
Guide, first edition, November 1996.

[MGB+98] R. McClatchey, J.-M. Le Geoff, N. Baker, W. Harris, and Z. Kovacz. A dis-
tributed workflow and product data management application for the construction
of large scale scientific aparatus. In Dogac et al. [DÖBS98], pages 18–34.

[MHL +92] C. Mohan, D. Haderle, B. Lindsay, H. Pirahesh, and P. Schwarz. ARIES:
A transaction recovery method supporting fine–granularity locking and partial
rollbacks using write–ahead logging.ACM Transactions on Database Systems,
17(1), 1992.

[MHR96] B. Mitschang, T. H¨arder, and N. Ritter. Design management in CONCORD:
Combining transaction management, workflow management and cooperation
control. InProceedings of RIDE–Interoperability of Non-traditional Database
Systems, pages 160–168, New Orleans, Louisiana, February 1996.

[Mic98] Microsoft Cooperation.Deploying Microsoft Exchange Server. Microsoft Press,
1998.

[ML92] C. Mohan and F. Levine. ARIES/IM: An efficient and high concurrency index
management method using write-ahead logging. InProceedings of the ACM
SIGMOD International Conference on Management of Data, pages 371–380,
San Diego, California, June 1992.



BIBLIOGRAPHY 219

[MN82] D. Menasce and T. Nakanishi. Optimistic versus pessimistic concurrency control
mechanisms in database management systems.Information Systems, 7(1):13–
27, 1982.

[MO92] L. McGuffin and G. Olson. ShrEdit: A shared electronic workspace. Technical
Report 45, University of Michigan, Cognitive Sciences and Machine Intelligence
Laboratory, 1992.

[Moh96] C. Mohan. Concurrency control and recovery methods for B+-tree indexes:
ARIES/KVL and ARIES/IM. In Kumar [Kum96], pages 248–306.

[Moh98] C. Mohan. Recent trends in workflow management products, standards and re-
search. In Dogac et al. [D̈OBS98], pages 396–408.

[Mos82] J. Moss. Nested transactions and reliable distributed computing. InProceedings
of the IEEE Symposium on Reliability in Distributed Software and Database
Systems, 1982.

[Mos85] J. Moss.Nested Transactions: An Approach to Reliable Distributed Computing.
MIT Press, Cambridge, Massachusetts, 1985.

[Mos87] J. Moss. Nested transactions: An introduction. In B. Bhargava, editor,Concur-
rency Control and Reliable Distributed Computing, pages 395–425. Van Nostrad
Reinhold, New York, 1987.

[MPS91] K. Malcolm, S. Poltrock, and D. Schuler. Industrial strength hypermedia: Re-
quirements for large engineering enterprises. InProceedings of the ACM Con-
ference on Hypertext, pages 13–24, San Antonio, Texas, December 1991.

[MR93] P. Muth and T. Rakow. VODAK open nested transactions - Visualizing database
internals. InProceedings of the ACM SIGMOD International Conference on
Management of Data, pages 556–557, Washington DC., May 1993. Description
of Demonstration.

[MR97] C. P. Martin and K. Ramamritham. Delegation: Efficiently rewriting history. In
Proceedings of the IEEE International Conference on Data Engineering (ICDE),
pages 266–275, Birmingham, U.K., April 1997.

[MRKN92] P. Muth, T. Rakow, W. Klas, and E. J. Neuhold. A transaction model for an open
publication environment. In Elmagarmid [Elm92], chapter 6, pages 159–218.

[MRW+93] P. Muth, T. Rakow, G. Weikum, P. Br¨ossler, and C. Hasse. Semantic concurrency
control in object–oriented database systems. InProceedings of the 9th IEEE
International Conference on Data Engineering (ICDE), pages 233–242, Vienna,
Austria, April 1993.

[Mul89] S. Mullender, editor.Distributed Systems. ACM Press, 1989.



220 BIBLIOGRAPHY

[Mut94] P. Muth.Transaktionsverwaltung in heterogenen und autonomen Datenbanksys-
temen. PhD thesis, Darmstadt University of Technology, 1994.

[Nel81] T. Nelson.Literary Machines. Mindful Press, California, 1981.

[NF97] N. Neves and W. K. Fuchs. Adaptive recovery for mobile environments.Com-
munications of the ACM, 40(1):68–74, January 1997.

[NKCM90] C. M. Neuwirth, D. S. Kaufer, R. Chandhok, and J. H. Morris. Issues in the
design of computer support for co-authoring and commenting. InProceedings
of the ACM Conference on Computer-Supported Cooperative Work, pages 183–
195, Los Angeles, California, October 1990.

[NKCM92] C. Neuwirth, D. Kaufer, R. Chandhok, and J. Morris. Flexible diff-ing in a col-
laborative writing system. InProceedings of the ACM Conference on Computer-
Supported Cooperative Work, pages 147–162, Toronto, Ontario, November
1992.

[NKCM94] C. M. Neuwirth, D. S. Kaufer, R. Chandhok, and J. H. Morris. Computer support
for distributed collaborative writing: Defining parameters of interactions. In
Proceedings of the ACM Conference on Computer-Supported Cooperative Work,
pages 145–152, Chapel Hill, NC, October 1994.

[NRZ92] M. H. Nodine, S. Ramaswamy, and S. B. Zdonik. A cooperative transaction
model for design databases. In Elmagarmid [Elm92], chapter 3, pages 53–85.

[NSZ91] M. H. Nodine, A. H. Skarra, and S. B. Zdonik. Synchronisation and recovery in
cooperative transactions. InProceedings of the Fourth International Workshop
on Persistent Object Systems, pages 329–341, 1991.

[NZ90] M. H. Nodine and S. B. Zdonik. Cooperative transaction hierarchies: A trans-
action model to support design applications. InProceedings of the 16th Inter-
national Conference on Very Large Databases (VLDB), pages 83–94, Brisbane,
Australia, August 1990.

[NZ96] M. H. Nodine and S. B. Zdonik. The impact of transaction management on
object-oriented multidatabase views. In Bukhres and Elmagarmid [BE96], chap-
ter 3, pages 57–104.

[Obe82] R. Obermark. Distributed deadlock detection algorithms.ACM Transactions on
Database Systems, 7(2):187–210, June 1982.

[O' N86] P. E. O' Neil. The escrow transactional method.ACM Transactions on Database
Systems, 11(4):405–430, 1986.
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