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Abstract

Workflow Management Systems (WFMSs) contribute towards the automation of
business processes by reducing execution time, improving resource utilization, and
enhancing service quality. The distribution of data together with legal regulations,
the increasing demand for flexibility, and the massive scale of today’s business
processes, however, impose new challenges for WFMSs. Addressing them requires a
paradigm shift in process modeling and corresponding system support. In this spirit,

this work presents three approaches towards mitigating the described problems.

This entails the formalization of a foundation for the safe distribution and parallel
execution of data-centric workflows over the publish/subscribe (pub/sub) abstraction
to support geographical constraints on process data. We present a novel representation
of data-centric workflows, modeled as Business Artifacts with Guard-Stage-Milestone
(GSM) lifecycles, to exploit the loosely-coupled and distributed nature of pub/sub
systems. GSM forms an abstraction of flexible business processes and we enable
a workflow mapping by redefining key pub/sub constructs. As a result, once the
workflow is mapped into the pub/sub abstraction, it inherits the loosely-coupled

benefits of pub/sub while provably guaranteeing the original execution semantics.

In addition, we design a fully-distributed geo-scale WFMS to automatically execute
geographically scattered GSM processes, while supporting locality of process- and
data fragments. Our system is based on Workflow Units (WFUs), which form a
unit of distribution, communicate over pub/sub, and manage individual process-
or data fragments. We present two mapping implementations of GSM into WFUs:
the baseline mapping (BLM) directly stemming from the pub/sub formalization,
and the optimized context-aware mapping (CAM), which considers external event
information to reduce the computational overhead and network communication. Our

experiments show that both mappings are scalable but CAM outperforms BLM.

The horizontal scaling of WEMSs that are integrated over pub/sub requires replication
of the workflow engine and instance dispatching, which comprises several pub/sub
operations. To this end, we present an approach for multi-client transactions in
distributed pub/sub systems. We formalize a pub/sub transaction as a sequence

of pub/sub operations that are to be atomically processed but isolated from any



concurrent transaction, and where publications by one client can trigger further
operations by other clients. Based on the a priori knowledge of a transaction
coordinator (TXC), we present two implementations of our model: D-TX assumes
no prior knowledge on operations providing sequential consistency and serializability.
S-TX assumes full knowledge and manages isolation at the application level. Our
experiments show that isolation and uncertainty about operations renders D-TX

costly and suitable only for smaller configurations, in contrast to S-TX.
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Zusammenfassung

Workflow Management Systeme (WFMS) tragen zur Automatisierung von Ge-
schéaftsprozessen bei, indem sie Ausfiihrungszeiten reduzieren, die Ressourcenaus-
lastung erhohen, sowie die Servicequalitat verbessern. Datenverteilung und daran
gebundene gesetzliche Bestimmungen, steigende Flexibilitdtsanforderungen und die
enormen Ausmafle heutiger Geschéftsprozesse stellen jedoch neue Herausforderungen
fir WFMSs dar. Diesen entgegenzutreten erfordert einen Paradigmenwechsel in der
Modellierung von Geschéftsprozessen und entsprechende Systemunterstiitzung. In die-
sem Zusammenhang stellt die vorliegende Arbeit drei Ansétze vor, die beschriebenen

Probleme zu adressieren.

Zunachst wird die theoretische Grundlage formuliert, um datenzentrische Wokflows
auf Basis der Publish/Subscribe (Pub/Sub) Kommunikationsabstraktion sicher ver-
teilen und parallel ausfithren zu kénnen, und gleichzeitig geographische Rahmenbedin-
gungen mitzuberiicksichtigen. Um die lose Koppelung von Pub/Sub Systemen nutzen
zu konnen, wird eine neuartige Darstellung datenzentrischer Workflows, modelliert
als Geschéaftsartefakte mit Guard-Stage-Milestone (GSM) Lebenszyklen, vorgestellt.
GSM stellt eine Abstraktion flexibler Geschéftsprozesse dar; die Transformation eines
Workflows wird dabei durch die Neuformulierung von Kern-Pub/Sub Konstrukten
erreicht. Als Resultat erbt ein transformierter Workflow sdmtlich Vorteile, die sich aus
der losen Kopplung eines Pub/Sub Systems ergeben, und behélt dennoch nachweislich

seine urspriingliche Ausfithrungssemantik.

Um geographisch verteilte GSM Prozesse automatisch auszufithren und gleichzeitig
die Lokalitat von Daten- und Prozessfragmenten sicherzustellen, wird ein vollstédndig
verteiltes und geographisch skalierendes WEFMS entwickelt. Das System basiert auf
Workflow Units (WFUs), welche als Verteilungseinheit fungieren, mittels Pub/Sub
kommunizieren und dabei einzelne Daten- und Prozessfragmente verwalten. Insge-
samt werden zwei Abbildungen von GSM in die WFU-Représentation vorgestellt:
Eine Baseline-Abbildung (BLM), welche direkt von der theoretischen Pub/Sub
Formalisierung abstammt, und eine optimierte kontextbewusste Abbildung (CAM),
welche Eventinformationen dazu benutzt, um den Berechnungsaufwand und die
Netzwerkkommunikation zu reduzieren. Eine experimentelle Studie zeigt, dass beide
Abbildungen skalieren, CAM jedoch BLM in jeder Hinsicht tibertrifft.

vii



Die horizontale Skalierung von Pub/Sub-basierten WEMSs erfordert eine Replizierung
der Workflowengine und eine entsprechende Verteilung der Prozessinstanzen, was
wiederum mehrere Pub/Sub Operationen umfasst. Aus diesem Grund wird ein Ansatz
zur Transaktionsverwaltung in verteilten Pub/Sub Systemen vorgestellte, welcher
Operationen von mehrere Nutzer unterstiitzt. Eine Pub/Sub Transaktion wird als
Menge einzelner Pub/Sub Operationen definiert, welche atomar und isoliert von
anderen Transaktionen ausgefithrt werden sollen, wobei Events einzelner Nutzer
Operationen anderer Nutzer auslosen konnen. Ausgehend von dem Vorwissen, das
ein Transaktionskoordinator iiber die Transaktion besitzt, werden zwei Implemen-
tierungen des Modells vorgeschlagen: D-TX erwartet keinerlei Vorabwissen iiber
einzelne Operationen und bietet sequenzielle Konsistenz sowie Serialisierbarkeit.
S-TX erwartet vollstandiges Transaktionswissen und verwaltet die Isolation auf
Anwendungsebene. Eine experimentelle Studie verdeutlicht, dass die strikte Isolation
und die Ungewissheit iiber Operationen D-TX, im Gegensatz zu S-TX, teuer und

lediglich fiir kleinerer Systemkonfigurationen brauchbar machen.
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CHAPTER 1

Introduction

Business Process Management (BPM) has emerged as a discipline that combines
knowledge from information technology and management sciences, and applies it
to operational business processes. The main intension of BPM is to understand
such business processes and optimize them with respect to execution time, resource
commitment, and service quality — in other words, to increase efficiency of the
underlying business. Consequently, the scope of BPM in research and practice is
rather broad and includes, among others, operations management, techniques for
modeling, simulation, and analysis of business processes, as well as technologies for

business process automation and workflow management [95].

A business process is a chain of events, activities, and decisions that happen within
or among a set of organizations to generate value [25]. The structure of these
elements and their relationship within a given process are used to classify the
business processes [26]. For instance, in tightly-structured business processes, like in
product manufacturing or sales, all possible activities and events, as well as their
order can be determined a priori. This knowledge facilitates the formulation of
decisions that have to be taken during process enactment and enables a precise
description of the complete business process, which can be expressed in a model. A
business process model represents at least a control-flow blueprint of the process,

which every single process instance is supposed to follow (e.g., the disposition of a



particular product on an e-commerce platform). Well-established modeling languages
for tightly-structured business processes are Petri nets, event-driven process chains
(EPC), or the Business Process Model and Notation (BPMN) [72]. However, due to

a lack of a priori process knowledge, not all processes can be described so rigorously.

Over the past decade, industrialized societies have faced a tipping point in the way
work is carried out by people. The amount of routine work and, thereby, the number
of tightly-structured processes like the ones mentioned above is declining compared
to the amount of knowledge-intense work, which is ever increasing [93]. Knowledge
work occurs in many domains such as health-care, insurance, science and engineering,
project management, and governmental processes [61]. Here, business processes are
loosely-structured and must support flexibility as often not all activities or events
can be foreseen. We also refer to such processes as flexible business processes. A
concrete set of activities and their order might differ from instance to instance
depending on the current situation and the process context. Thus, decisions have
to be made by human experts, a.k.a. knowledge workers, that are involved in the
process. In this regard, the term Case has been coined to describe flexible and
loosely-structured processes, and Case Management (CM) established as a new area
of research within BPM. As one result, the Case Management Model and Notation
standard (CMMN) [73] was recently published to provide adequate modeling support.
To facilitate the situative character of flexible business processes, CMMN relies on a
data-centric process formulation. The main advantage of data-centric models is that
they include a data model to represent application-specific process information and
support knowledge workers in their decision making (e.g., patient data in healthcare
management). This allows for the flexible and fine-grained expression of control-flow
decisions based on rules to evaluate the current data state of a process instance to

evolve it to a subsequent state [23].

Business process models serve a twofold purpose: On the one hand, they provide a
documentation and form the basis for discussion among business experts including
process analysis, verification, and optimization. On the other hand, process models
are frequently used to feed Process-aware Information Systems (PAIS)[95]. Common
to PAIS is that they have an explicit process notion, know the process they support,

and manage process data accordingly. Examples of PAIS are Enterprise Resource
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Planning systems (ERP), Customer Relationship Management systems (CRM), or
Workflow Management Systems (WFMS).

Workflows offer a technical perspective on business processes and enable their
automated execution. A WFMS is configured with a model of the workflow; then,
the WEFMS controls the execution of a workflow instance by receiving events from
the business environment and deciding which activities need to be executed next.
Although, business process models and workflow models are quite similar, there is an
important difference: workflow models must include sufficient information to process
events and trigger activities, which are typically executed by external resources (e.g.,
knowledge-workers, web services, or actuator devices). This requires a technical
description of possible event types and the communication endpoints of activities.
Because of their event-based communication character with the business environment
many WFMSs are realized using message-oriented middleware platforms [31]. Since
WEFMSs frequently need to manage huge amounts of concurrent and sometimes
long-running instances, also distributed implementations have been considered for

scalability reasons [28, 55].

In this work, we addresses the problem of workflow execution for supporting globally
distributed and flexible business processes at scale. We investigate data-centric
workflows, an abstraction of loosely-structured flexible business processes, which
provide sufficient information for execution. Following the data-centric paradigm,
we analyze strategies and techniques to distribute workflow execution using the
publish /subscribe communication paradigm. Publish/subscribe enables decoupling
of individual components, and provides scalable and reliable messaging. Our goals are
twofold: on the one hand, we aim at providing locality and privacy of data, especially,
in multi-organizational process settings, by distributing the complete workflow logic
across a set of components. On the other hand, we want to scale workflow execution
by distributing individual process instances across a set of components. For both
directions, we investigate distributed content-based publish/subscribe middleware as

integration platform to design, implement, and evaluate suitable solutions.




1.1. MOTIVATION

1.1 Motivation

Globalization of businesses, the technological advance, and the shift towards knowledge-
intense work impose new challenges for workflow management in practice. These
parameters are of particular relevance when considering the scale of today’s business
processes in terms of concurrent instances, the number of services to be coordinated,
and the amount of data that needs to be managed in accordance with legal or

organizational policies [34, 39, 93].

1.1.1 Multi-organizational business processes

The advance in information and communication technology is the main driver for
many organizations to optimize their collaborative business processes with other
organizations in order to unleash the potential for mutual benefits. Typically,
workflows support these (globally) distributed business processes involving data and
participants from disparate organizations and geographical locations. However, in
such environments, for instance, in global corporations, business-relevant data is
inherently distributed across data-centers and it is not uncommon that huge amounts
of data need to be regularly moved across the globe, resulting in delayed decisions,

decreased efficiency, and monetary loss.

Furthermore, compliance with legal regulations as the protection of business-relevant
data, or other constraints that are imposed by individual organizations or even
governments are hard to address. For example, the eighth Data Protection Principle
of the Data Protection Act (DPA) in the United Kingdom requires that personal data
(e.g., customer information) must not be transferred outside the European Economic
Area unless the country or territory to which the data are to be transferred provides
an adequate level of protection for personal data [29]. Similarly, the EU-U.S. Privacy
Shield [27], successor of the Safe Harbor Agreement, requires that data transfers
to third parties may only occur to such organizations that follow adequate data

protection principles.
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A domain that is subject to even stricter regulations on data exchange is healthcare
and, in particular, the patient care sector. Usually, patient care involves many
participants such as general practitioner (GP), hospitals, specialists, and recuperative
care services, which need to coordinate their activities in order to treat a patient
effectively. Often, these participants are independently organized businesses running
their own processes and data management. Yet, the coordination of individual
activities requires the referral of a patient from one organization to another including
the exchange of relevant data (summarized as a patient record) [93]. This scenario
is depicted in Figure 1.1.1. Patient data, however, is highly sensitive and must be

processed were it is collected, unless a patient explicitly permits data exchange [8].

Secondary
Care (acute
hospital)

Specialist
(radiologist)

Primary
Care (GP)

Figure 1.1.1: Referral chain in patient care business processes (adapted from [93]).

Despite their multi-organizational nature, it is not uncommon that a single global
model is used to describe such processes. This global model is either agreed on before
local processes are implemented at the participating organizations, or is imposed by
the leading organization, which forces the other organizations to adapt their local
processes. For instance, the supply chain management at Walmart defines a reference

model that integrates the marketing processes and core data of their suppliers [99].

In summary, distributed processes require an adequate level of data protection to
meet organizational and legal policies. At the same time, the amount of data that

needs to be exchanged is a major hurdle in process execution.




1.1. MOTIVATION

1.1.2 Flexible business processes

The increase in knowledge-intense work, the acceleration of production cycles, and
frequently changing business environments have re-shaped the character of business
processes in various domains and demand for more flexibility in process modeling

and execution.

In knowledge-intense processes, for instance, it is hard, and sometimes even im-
possible, to strictly model all necessary activities and their dependencies before
actually executing the corresponding workflow. Traditional modeling techniques
like BPMN [72] or BPEL [70] are inherently activity-centric and explicitly specify
every possible control-flow decision. As a result, every single process instance is
supposed to follow this rigid lifecycle. However, in flexible business processes, rarely
two instances follow the same lifecycle and the lifcycle, in general, might be only

loosely definable.

An example of a knowledge-intense and flexible business process occurs in health-
care [93]. A high-level overview of the typical patient care process is depicted in
Figure 1.1.2. It is staged into five phases: registration, assessment, treatment planing,
treatment delivery, and review. Two aspects are particularly noteworthy: First, each
phase only represents a high-level summary of the associated activities. Especially,
the stages assessment, treatment planing, and treatment delivery require expert
knowledge and involve thousands of possible activities. Assessment, for instance,
might include radiological, pathological, and all kinds of other methods. Only a
physician with sufficient expertise is able to choose the appropriate methods and
arrange them in a meaningful manner to generate a complete picture of the physical
constitution of a particular patient. This decision process heavily depends on the
patient itself, its history, and its symptoms—which, makes the process ad-hoc. In
addition, it is hard to capture a complete set of all possible assessment methods,
which requires ad-hoc adaptation of the set of available tools. Second, even the order
of stages in this high-level example is hard to determine. In general, a patient can
be discharged at any time. More interesting, however, is that the stages assessment,
treatment planing, and treatment delivery can change from one to another at almost

any time, always depending on the expert decisions of the medical personnel involved.

6
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Treatment
Delivery

Treatment
Planning

LDiscorge v | v | i !

Figure 1.1.2: High-level overview of patient care business processes (adapted from [93]).

In summary, flexibility requires ad-hoc decision making and adaptation of the business
process by domain experts at runtime, which activity-centric modeling and execution
approaches do not support. For decision making, domain experts usually apply their
knowledge to an individual case in a particular situation, e.g., the patient and its
condition. Support systems and modeling approaches for flexible business processes
therefore need to put a particular focus on the relevant information and include a
corresponding model of the associated process data [39, 73, 23, 60, 62].

1.1.3 Data-centric workflows

In recent years, there has been a growing interest in frameworks for specifying and
deploying workflows that combine both data and process as first-class citizens [2, 69,
79, 96, 23, 73, 52].

Data-centric workflows have a potential to address the problems described in
Sections 1.1.1 and 1.1.2. Process and associated data are tightly-coupled in a
sense that both are expressed in a single model without giving explicit favor to one of
them. This simplifies workflow distribution according to geographical, organizational,
and legal constraints as only a single model needs to be distributed. In addition,
flexibility is supported as process-relevant data is part of the process model. The
control-flow is modeled as declarative rules over the data model, which facilitates

ad-hoc decision making.

In this work, we consider one such data-centric BPM approach called Business

Artifacts (BA) [14, 20, 69] and a recent meta-model for modeling business artifacts

7



1.1. MOTIVATION

called Guard-Stage-Milestone (GSM) [37, 23, 38]. In the artifact-centric paradigm,
business processes are modeled as interactions of key business-relevant, conceptual
entities called Business Artifacts (or “artifacts”, for short). Artifacts are modeled
using an information model that includes attributes for storing all business-relevant
information about the artifact, and a lifecycle model that represents possible ways the
artifact might evolve over time. The artifact approach typically yields a high-level

factoring of business processes into a handful of interacting artifact types.

The recently introduced data-centric workflow model known as Business Artifacts
with Guard-Stage-Milestone Lifecycles meta-model [37, 38, 23] provides a declarative
approach for specifying artifact lifecycles. GSM supports parallelism and modularity,
with an operational semantics based on a variant of Event-Condition-Action (ECA)

rules. There are four key elements in the GSM meta-model:

(a) The information model, which captures all relevant process data including

application data as well as status information about the process itself.

(b) Milestones, which correspond to business-relevant operational objectives that are
achieved (and possibly invalidated) based on triggering events and/or conditions

over the information models of artifact instances.
(c) Stages, which correspond to clusters of activity intended to achieve milestones.

(d) Guards, which control when stages are opened or closed, respectively.

Multiple stages of an artifact instance may be active at the same time, which enables

parallelism. Hierarchical structuring of the stages supports a rich form of modularity.

The operational semantics of GSM is characterized by how a single event from the
business environment is incorporated into the current snapshot of the information
model of a GSM-based system [23]. This semantics extends the well-known Event-
Condition-Action (ECA) rule paradigm. It is centered around business steps (or
B-steps, for short) that focus on the full impact of incorporating incoming external
events. In particular, the focus is on what milestones (i.e., goals or objectives) are

achieved or invalidated and what stages (i.e., activities) are opened and closed, as a

8
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result of the incoming event. Changes in milestone and stage status are treated as
internal status events and can trigger further status changes in the B-step. Intuitively,
a B-step corresponds to the smallest unit of business-relevant change that can occur

to a data-centric workflow.

In this thesis, we rely on the incremental operational semantics introduced in [23],
which resembles the incremental application of ECA-like rules providing a natural

and direct approach for its implementation.

1.1.4 Scalable workflow execution

Workflow Management Systems (WFMS) are software systems, which are integrated
in an enterprise infrastructure or provided as a cloud service to enable automatic
workflow execution. A model of the workflow, either explicitly created by a domain
expert or derived from a corresponding business process, is passed to the WFMS,

which controls the execution of individual workflow instances.

A single instance of the workflow represents the concrete execution of all relevant
activities necessary to process the workflow for a given case or scenario. This can
be, for example, all treatments delivered to patient X who reported about constant
headache at his GP, or all steps involved in the disposal and delivery of a new iPhone
7 to customer Y at an online retailer. Workflow execution includes the invocation of
the individual activities and their mutual data exchanges. The communication with
the business environment is based on events received from or delivered to process
participants like human beings, e.g., customers and patients, or I'T support systems,

e.g., ERP systems, databases, actuator devices, web services, etc.

WFMSs typically comprise numerous components, reveal plenty of dependencies, and
show complex interaction patterns [55]. In addition, such systems are increasingly
dynamic and require adaptations or elastic provisioning [49]. Hence, components
must be added, removed, or adjusted ad-hoc and without disrupting the execution.
Middleware services are used in this context as a coordination mechanism for

individual components [9, 77]. On the one hand, a middleware should support
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non-functional requirements like scalability and availability, on the other hand, it

must allow to express the required degree of coordination—which is often a trade-off.

An increasing amount of WFMSs are realized in a distributed fashion using event-
based coordination [45, 46, 49, 55]. Some WFMSs, for instance, consist of multiple
components for data access and control flow computations [45]. The execution of
a workflow requires these components to coordinate according to a protocol that

depends on the atomicity and consistent order of a set of operations [46, 55].

In addition, a single workflow instance often involves significant communication with
its environment and it is not uncommon that a WFMS needs to handle thousands
of instances at a time; consider, for instance, the number of concurrent users and
instances on sales platforms like Salesforce or Amazon [7]. To provide an elastically
scaling service, industry-strength WEFMSs assign individual instances to workflow
agents [49]. Each agent is a replica of the WFMS dedicated to handle a single
instance. A load balancer notices new instances and dispatches them across available
agents for further processing. Again, the dispatching procedure requires a set of
operations to be executed atomically and consistent with a protocol specific order.
In general, this way of load balancing can be considered a design pattern for many

PaaS cloud services (e.g., using Docker containers) [49, 90].

In recent years, publish/subscribe (pub/sub) has emerged as a popular middleware
for coordinating enterprise systems with complex interaction patterns [17, 41].
Individual components (a.k.a. clients) publish data to the pub/sub service, which
is delivered to a set of matching consumers that have previously subscribed their
interest. Pub/sub systems exhibit strong decoupling properties across clients, which
simplifies application development and allows for dynamic interactions. However,
these decoupling properties limit the ability for clients to coordinate, since each
pub/sub operation is processed independently and asynchronously but only limited

guarantees are given for operation groupings.

Large-scale applications often employ distributed pub/sub to improve scalability [41].
In this thesis, we study the distributed content-based pub/sub system model [54].
An overlay network of brokers forwards subscriptions and publications according to

their content. Each broker performs matching and routing functions to disseminate
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publications and subscriptions to intended recipients. Specifically, each broker
maintains a Subscription Routing Table (SRT) to propagate subscriptions to potential
publishers and a Publication Routing Table (PRT) to store all known subscriptions.
Incoming publications are matched against the PRT and forwarded to the next hops

in the network until they reach the matching clients.

However, supporting the above scenarios requires the transactional grouping of

various operations, which is not possible today.

1.2 Problem statement

Workflow Management Systems can support the automation of business processes and
optimize the efficiency of the underlying business. However, the efficient automation
of flexible business processes that involve multiple organizations at increasing scale
and in accordance with legal or organizational regulations is challenging. Suitable
solutions require to rethink how business processes are traditionally modeled and
executed. In this context, publish/subscribe can provide a flexible, scalable, and
available coordination platform for application and component integration. This

work concentrates on three main research objectives:

1. Partition data-centric workflows into data-access and control-flow components
at a granularity, which is suitable to meet the data management requirements
imposed by individual organizations or legislative authorities, and provide a rea-

soning about their effective distribution based on publish/subscribe coordination.

2. Design a distributed workflow management architecture that leverages the
advantages of publish/subscribe middleware for deploying and executing data-
centric workflows at geo-scale, while providing data locality for efficiency and

policy compliance.

3. Define a transaction concept for publish/subscribe and provide suitable tech-
niques for distributed publish/subscribe systems to support the horizontal scaling

of workflow management systems build on top of such platforms.
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Although, the number of flexible business processes is increasing, still, the majority
of current workflow management systems focuses on tightly-structured processes
modeled in procedural languages. Data-centric models, to the contrary, unify process
and data perspectives and offer the potential to overcome this limitation [16]. Data-
centric approaches focus on the process goal and provide evolution based on the

current system state by using declarative rules instead of a rigid control-flow.

At the same time, the vast majority of workflow management systems is designed
to support only processes within a single organization. Such systems are either
centralized in nature, relying on centralized processing of associated data, or support
only restricted forms of distributed execution without considering data appropri-
ately [12, 24, 16]. Since multi-organizational scenarios typically reveal an inherent
distribution of the relevant information across multiple data centers, such designs

complicate global workflow optimization and the adherence to data protection policies.

The support for flexible, multi-organizational business processes at geo-scale, while
respecting locality of process and data, requires fully-distributed approaches to
manage data accordingly. The state of the art are web services-based architectures,
which, however, are either modeled with procedural languages [72, 70], or in the case
of data-centric specifications, use a centralized engine to manage data and coordinate
services [15, 31, 58, 68].

Providing distributed execution support for data-centric workflows is challenging for
several reasons. Provision of data locality to meet compliance with data protection
requires a concept to distribute data access, rule evaluation, and process control for
data-centric workflows over multiple process components. The integration platform
for these process components must be scalable, reliable, and flexible to enable process
changes such as the addition of new components. For performance reasons, the
number of affected process components and the number of messages exchanged

during process evolution should be minimized.

In summary, the ultimate goal of distributing a data-centric workflow is to achieve
an effective grouping of workflow components while respecting a set of constraints
such as the infrastructure topology, geographical constraints, or pricing factors, while

minimizing communication or data transport costs.
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In addition, the integration of large-scale applications and components in enterprise
systems based on publish/subscribe middleware requires the grouping of various
operations including transactional properties like atomicity, consistency, isolation,

and durability, summarized as ACID properties.

To the best of our knowledge, there exists no definition of ACID semantics in the
context of pub/sub. Adapting the ACID properties from databases to pub/sub is
challenging because both types of systems fundamentally differ in their interaction
paradigm, operation sets, and processing model. Yet, a precise formulation of the
ACID properties is crucial to reason about an execution model for multi-client

pub/sub transactions.

Furthermore, distributed pub/sub systems introduce a high degree of concurrency
in managing the state of the various brokers. In particular, modeling consistency
and isolation is non-trivial because the main focus lies on synchronizing routing
tables across multiple brokers, which are not simply just replicated because not every

pub/sub operation is transmitted to every broker.

Moreover, it is challenging for pub/sub users, which are fundamentally decoupled
in nature, to be able to express a working order of operations within the context of
a single transaction. In database systems, this is normally not an issue since each
transaction either involves only a single client, or clients which are able to directly
coordinate with one another. In some cases, there is a need to be able to express
an order of operations within a transaction in an ad-hoc fashion, without relying
on the clients having prior knowledge of all involved parties. In other cases, the
challenge is to identify viable system assumptions, such as which a priori knowledge
can be assumed for a transaction in given scenarios. Based on these assumptions,
algorithms need to be developed to provide an efficient and scalable integration of

the model into a distributed pub/sub service.
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1.3 Approach

In summary, the objectives of this work are threefold. First, developing a fragmenta-
tion of data-centric workflows into sets of data-access and control-flow components by
mapping the workflow into corresponding publish /subscribe primitives with equivalent
execution semantics and providing the foundation for an effective distribution
compliant with given constraints. Second, designing a geo-scale distributed workflow
management architecture for executing flexible data-centric business processes,
while providing data-locality for efficiency and policy compliance. Third, defining
transactional semantics for publish/subscribe and providing suitable system support
for distributed pub/sub implementations to support the horizontal scaling of workflow

management systems built on top. We now briefly introduce these approaches.

1.3.1 Publish/Subscribe mapping of data-centric workflows

In this approach, we focus on how data-centric workflows specified in GSM can
be fragmented into sets of multiple data-access and control-flow components by
employing the publish/subscribe (pub/sub) abstraction. We believe that the loosely-
coupled nature of pub/sub systems provides a convenient substrate for workflow
execution: adaptations like the addition or removal of individual components
can be accomplished during runtime by (un-)subscribing to events that drive the
execution. The decoupling of individual workflow components facilitates their ability

for migration and enables effective scalability of the system.

Starting with an information model and a set of data-centric workflow primitives
(based on a set of acyclic ECA-style rules) that rely on an incremental operational
semantics, we develop a complete mapping of data-centric workflows into the pub/sub
abstraction. We enable this workflow transformation by redefining and formalizing
key pub/sub constructs such as subscriptions and publications together with their
matching conditions, as well as consumption and notification policies. As a result,
once a data-centric workflow is transformed into the pub/sub abstraction, it seamlessly

inherits the distributed and loosely-coupled benefits of pub/sub.
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After laying the foundation for mapping data-centric workflow primitives to pub-
lish /subscribe primitives, we proof the maintenance of the operational semantics and
quantify the execution cost in terms of messages. This foundation can now be applied
to identify an optimal workflow distribution that conforms to given constraints. We
formalize this distribution problem as the colored multiway cut problem and show its

intractability by reduction of the multiway cut problem to our distribution problem.

1.3.2 Geo-distribution of flexible business processes

In this approach, we present a geo-distributed execution architecture for flexible
data-centric business processes in multi-organizational scenarios based on GSM [23].
We show that GSM forms a generalization of flexible business processes and the
execution semantics of CMMN [73].

The core of our system is a distributed workflow engine for GSM that supports
locality of data in such a way that system components accessing particular data, are
deployed in the IT infrastructure of the data owner at geo-scale. The theoretical
foundation for this system is set in Chapter 4, where we described a publish/subscribe
formulation of GSM. The chosen loosely-coupled nature of pub/sub supports both
the ad-hoc character of flexible business processes as well as the rule-based execution
semantics. In contrast to the formalization, this approach provides a geo-scale system

architecture including an implementation, optimization, and experimental evaluation.

We introduce Workflow Units (WFUs) as distributable system components that
communicate over pub/sub, and manage individual attributes from the data model
or execute workflow rules. A WFU subscribes to the relevant attribute changes
for rule evaluation or attribute access, performs the rule evaluation or data access
in the context of an event from the environment, and publishes results to other
interested WFUs. The WFU representation of the workflow partitions the global
data model and control flow into fragments. This fragmentation is the basis for a
location-aware deployment of the business process, where each WFU is deployed
in the IT infrastructure of the organization that has the rights to manage the data
accessed by the WFU.
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1.3.3 Multi-client transactions in publish/subscribe

The foundation of our multi-client transactions approach is a formal publish/subscribe
(pub/sub) model, in which we define all pub/sub operations as filters in a global event
space. A transaction is modeled as a sequence of these operations. We also assume
that certain operations can trigger other operations, e.g., a publication can trigger a
subscription at the receiving client. The ACID semantics are then formalized over a
sequence of operations. Consistency is defined as sequential consistency imposing
a total-order relation on all operations in the sequence. Isolation is defined as
serializability, which means that the result of executing two transactions concurrently
should be the same as if both were executed one after another. In our implementation,
a transaction is always managed by a transaction coordinator (TXC). We distinguish

two different approaches based on the a priori knowledge of the TXC.

In S-TX, we assume that the TXC has static knowledge about all operations in the
transaction and transactions are isolated at the application level. Ordering is realized
by attaching a dependency list to every operation, referencing prior operations;
brokers check if all dependencies are fulfilled before processing an operation. The
routing states, SRT and PRT, are represented as conflict free replicated datatypes
(CRDTs) [59]; hence, updating the routing state is either appending or removing
from the CRDT. For atomicity, we introduce a special commit operation that contains

a dependency to the last operation of the transaction.

In D-TX, the operation set is assumed to evolve at runtime (dynamic), i.e., the TXC
does not know operations issued by other clients. In addition, no assumptions are
made regarding isolation of concurrent transactions. Instead of dependencies, an
acknowledgment mechanism ensures that a certain operation is completed, i.e., fully
propagated through the system, before the next operation is processed. Serializability
is realized by adopting a snapshot isolation algorithm, which first takes a globally
consistent snapshot of the brokers’ routing state. This snapshot is used to process
all operations of a transaction. When committing the transaction, the snapshot is
analyzed for conflicts with concurrent transactions and, either merged with the stable
routing state (commit) or discarded in case of conflicts (abort). For this purpose, we

adapt the well-known 2-phase commit algorithm for atomic commitment to pub/sub.
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1.4 Contributions

The main contributions from our formal publish/subscribe mapping of data-centric

workflows into the publish/subscribe abstraction are:

ii.

1ii.

iv.

. We provide a formal model of data-centric workflows based on the Guard-

Stage-Milestone (GSM) metamodel together with a suitable formalization of the

publish/subscribe abstraction.

We present a fragmentation of data-centric workflows into a set of data-access and
control-flow components by defining a mapping of core workflow constructs into
our publish/subscribe formalization to provide the foundation for the distributed

and parallel execution.

We provide a detailed theoretical analysis of our mapping. We proof that a
publish /subscribe representation resulting from our mapping maintains the exe-
cution semantics of the original data-centric workflow model. Also, we quantify
the overhead of workflow execution under the publish/subscribe formulation in

terms of required messages.

We analyze the complexity of the optimal workflow distribution by formalizing
the problem as the colored multiway cut problem and show its intractability

through reducing the multiway cut problem to this distribution problem.

. We provide a greedy algorithm with a constant factor approximation for the

workflow distribution problem.

The main contributions from our geo-distributed execution approach for flexible

business processes are:

i.

We analyze formalisms to model flexible business processes based on the case
management standard (CMMN) and the Guard-Stage-Milstone metamodel
(GSM) and show that CMMN models can be faithfully expressed by GSM.
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ii.

1ii.

iv.

We describe a geo-scale execution architecture for GSM workflows based on
Workflow Units (WFUs) residing on top of a distributed publish/subscribe

middleware service.

We present two mappings of GSM into WFUs: the baseline mapping (BLM)
directly stems from our theoretical publish/subscribe formulation of data-centric
workflows. The optimized context-aware mapping (CAM) considers knowledge
about external event types to reduce the number of WFUs involved and the

number of messages generated in the context of a single execution step.

We provide an extensive experimental study evaluating and comparing BLM
and CAM with respect to process latency and throughput. We show that CAM

offers better performance, especially, for sequential task patterns.

The main contributions from our multi-client transaction approach for distributed

publish /subscribe systems are:

ii.

1il.

iv.

We present a formal model for supporting transactions using publish/subscribe
operations. We propose different levels of the ACID semantics for expressing
multi-user transactions with varying guarantees and requirements with respect

to a priori knowledge.

We propose D-TX, our first solution for supporting transactions in the context of
a distributed content-based publish /subscribe system. D-TX allows a set of op-
erations to be defined at run-time, provides sequential consistency, serializability,

and atomicity.

We propose S-TX, our second distributed solution, which relies on static knowl-
edge of all operations included in a transaction, provides weak isolation (applica-
tion level), and sequential consistency (using conflict-free replicated datatypes),

and atomicity.

We provide implementations of S-TX and D-TX in a distributed pub/sub system,
together with a comprehensive evaluation that compares the strengths of both
solutions with a baseline solution, which mimics part of the transaction behavior

by introducing manual operation delays.
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Parts of the content and contributions of this work have been published in or are

submitted to the following venues:

M. Sadoghi, M. Jergler, H.-A. Jacobsen, R. Hull, and R. Vaculin. Safe
Distribution and Parallel Execution of Data-Centric Workflows over the Pub-
lish/Subscribe Abstraction. [EEE Transactions on Knowledge and Data
Engineering (TKDE), 27(10):2824-2838, 2015

M. Jergler, M. Sadoghi, and H.-A. Jacobsen. D2WORM: A Management
Infrastructure for Distributed Data-centric Workflows. In Proceedings of the
2015 ACM SIGMOD International Conference on Management of Data, pages
1427-1432, 2015

M. Jergler, H.-A. Jacobsen, M. Sadoghi, R. Hull, and R. Vaculin. Safe
Distribution and Parallel Execution of Data-centric Workflows over the Pub-
lish/Subscribe Abstraction. In 32nd IEEE International Conference on Data
Engineering (ICDE), pages 1498-1499, 2016

M. Jergler, M. Sadoghi, and H.-A. Jacobsen. Geo-Distribution of Flexible
Business Processes over Publish/Subscribe Paradigm. In Proceedings of the
17th ACM International Middleware Conference, pages 15:1-15:13, 2016

M. Jergler, K. Zhang, and H.-A. Jacobsen. Multi-client Transactions in
Distributed Publish/Subscribe Systems. Submitted to 18th ACM International
Middleware Conference, 2017

1.5 Organization

The rest of this thesis is organized as follows. Chapter 2 presents related work in the

area of workflow management with particular emphasis on data-centric modeling,

distributed approaches, the execution of data-centric workflows, and transactions

in publish/subscribe systems. Chapter 3 provides background information on the

Guard-Stage-Milestone meta model and distributed transactions.
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Chapters 4 and 5 elaborate on the mapping of data-centric workflows into the
publish/subscribe abstraction and the corresponding geo-distributed execution archi-

tecture.

Chapter 4 first presents formalizations for both data-centric workflows and the
publish /subscribe paradigm. Then, it gives a detailed account of the mapping
functions between both abstractions, putting a particular focus on the subscription
component. Next, it provides an analysis of the mapping by proofing its correctness
and estimating the execution costs. Finally, it presents the foundation for effective

workflow distribution together with a complexity analysis.

Chapter 5 presents the geo-distributed execution architecture for flexible business
processes. First, it presents CMMN and GSM as abstractions of flexible business
processes and describes their relationship. Then, it provides an overview of the
distributed execution architecture based on Workflow Units (WFU). Next, it describes
BLM and CAM, two different mappings of GSM into WFUs. Finally, it provides
details about workflow deployment and a discussion on the results collected from an

experimental study.

Chapter 6 covers multi-client transactions in distributed pub/sub systems. First, it
introduces a use-case scenario by modeling the instance dispatching problem from
workflow management as pub/sub interactions. Then, it provides a formal transaction
model for pub/sub operations including a definition of the ACID properties. Next,
it describes D-TX and S-TX our two approaches for supporting transactions in
distributed content-based publish/subscribe systems. Finally, it presents the results

obtained from an experimental evaluation and concludes with a discussion.

Chapter 7 presents joint conclusions covering the mapping of data-centric workflows
into the publish/subscribe abstraction, the geo-distributed execution, and the multi-

client transaction approach in distributed publish/subscribe systems.
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Related Work

Business process management (BPM) is a broad field of research spanning various
areas and including a wide range of methods, techniques, and tools for designing,
managing, analyzing, and executing business processes. An overview about state-of-

the-art BPM approaches is provided in [95].

In particular, the various aspects on business process modeling have been subject
to extensive research. An overview of business process modeling approaches is
presented in [65]. On a first level, the authors distinguish existing languages along
two dimensions: first, the purpose the language serves, i.e., description, analysis, or
enactment of a process, and second, the view on the process the language provides,
i.e., functional, behavioral, informational, or organizational view. Orthogonal to
these feature considerations, the authors classify modeling languages into four broad
but distinct categories following the scientific and professional traditions established

over the past years:

1. Traditional process modeling languages focus on understandability of the process
by people, i.e., provide different views on the process to give an intuitive
description of the relevant aspects. Examples include Petri Nets, Event-driven
Process Chains (EPC) [48], or Role Activity diagrams [75].

2. Object-oriented languages aim at unifying the descriptions for both business
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domain experts and IT experts by naturally modeling the world through objects
and their relations. However, it turned out that such approaches tend to focus
more on the software and IT aspects, either due to inherent shortcomings, or
due to explicit focus of the language. Examples in this category include the
Unified Modeling Language (UML) and its extensions [71].

3. Dynamic process modeling languages contain industry specifications and stan-
dards to give a dynamic view on the process, provide a serialization format
for exchange, and focus on the full spectrum of usage. For example, process
description for human consumption, e.g., BPMN [72], process and workflow
exchange, e.g., XPDL [102], or process enactment, e.g., BPEL [70].

4. Process integration languages include languages to represent the integration
of processes from two or more business partners. The focus lies on describing
technology-independent mechanism, like interfaces and exchange formats, to
enable integration of different workflow management systems. An example is
the Web Services Choreography Description Language (WS-CDL) [103].

Often, organizations maintain multiple, slightly different variants of a process, e.g.,
sales processes for individual products, which traditional modeling approaches do
not explicitly support. Therefore, a plethora of work has also been done in business
process variability modeling, which is surveyed in [84]. Commonly, such approaches
are characterized by extending conventional models with constructs to capture
customizable processes. A variant of the customizable process model for a specific
scenario can then be derived by adding or deleting fragments according to a given

configuration.

Flexibility in business processes is one of the most active areas of research BPM and
has a strong relationship to business process variability modeling [83]. In general,
there are three phases in the lifecycle of a of a customizable process model [84]. First,
at design time, all variants of the model are captured in the customizable process
model. Next, at customization time, a single variant is configured and extracted
from the customizable model representing a subset of processes that can be realized

accordingly. Finally, at run-time, the customized process model is executed for
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individual process instances. While variability primarily concerns the design-time

and customization-time phases, flexibility focuses on the run-time phase.

A survey of contemporary approaches in flexibility modeling including a taxonomy
and classification is presented in [87]. The authors further distinguish flexibility into

four types:

1. Flexibility by design refers to specifying multiple alternate execution paths in
the process model at design time, which allows the selection of the most suitable
path at process execution time (e.g., by choice, parallelism, or interleaving of

activities).

2. Flexibility by deviation refers to runtime deviations from the original process
specification without altering the process model. Deviations encompass changes
to the execution within a particular process instance by altering the activities
that are to be executed next, i.e., deviating from the original control-flow.
The process model itself remains unchanged. In activity-centric languages,
this can be supported by specific deviation operations (e.g., undo, redo, skip
of activities), or by constraint violations in declarative languages (e.g., not

adhering to a previously specified constraint: A preceeds B).

3. Flexibility by underspecification refers to the ability of executing incomplete
process specifications, i.e., process definitions without sufficient information
to enable complete execution (e.g., due to placeholders for process fragments).
This type of flexibility does not require the model to change at runtime but
only to complete the missing parts. Late binding refers to the selection of the
missing process fragment from a set of available fragments, and late modeling
requires the construction of a new process fragment at runtime (either from

scratch or from existing process fragments).

4. Flexibility by change refers to the modification of a process model at runtime
such that either a single or all of the currently executing process instances are
migrated to a new process model. In contrast to the aforementioned types, here,
the design-time process model is changed. Concrete approaches need to specify
whether changes affect only new or also concurrent instances, the moment when

changes are allowed, and a migration strategy for running process instances.
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ADEPT?2 [81] is a framework for enabling adaptive process aware information systems
by supporting a set of dynamic change patterns. It is based on an activity-centric
modeling approach but achieves a higher degree of expressiveness due to several

modeling extensions and relaxations [82].

Research has shown that activity-centric modeling languages only provide limited
capabilities for realizing the various types of flexibility considering, for instance, the
requirements of knowledge-intense work and case management [62]. One reason is
that activity-centric approaches only consider data as input or output of activities.
Emerging data-centric approaches such as artifact-centric models [69, 23] give data a
more central role by introducing lifecycles and stateful date. A survey on handling
data in business process models together with a study on the need for more data-
awareness is provided in [63]. The authors of [51] summarized artifact-centric

modeling approaches.

2.1 Data-centric business artifacts

The existing artifact-centric modeling approaches can be set into the context of a
four-dimensional framework, referred to as the BALSA framework, which represents
business-artifacts, lifecycles, services, and associations [51]. By varying the model
and constructs used in each of the four dimensions, different artifact-centric business

process models with different characteristics can be obtained [36].

An artifact represents a concept to record all information that are necessary to
perform the relevant business operations in order to achieve some business objective.
It clusters process and data, contains an identity to distinguish it from other artifacts,
and a content, represented as a set of attributes, to describe the artifact state.
Attributes are created, deleted, or updated as part of the process activities. An
information model is used to describe the content and a lifecycle model describes
all possible, key business-relevant stages, which the artifact might undergo from
initialization to completion in reaction to events and services that interact with the

artifact. The lifecycle can be specified using flow-charts, finite state machines, state
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charts, or declarative mechanisms. Services describe business tasks or activities
performed by the artifact, which result in an update of the artifact and/or a state
change in the information model. Associations express the relations among services
and artifacts together with their constraints. Constraints specify conditions on when

a service is executed. They can be either described procedurally or declaratively. [51]

Our work is also based on the data-centric business artifacts paradigm [69, 14, 20],
with the Guard-Stage-Milestone meta-model [23, 38, 37] being a natural evolution
from the earlier practical artifact-centric meta-models [21, 91], but using a declarative
basis and supporting modularity and parallelism within artifact instances. The exist-
ing work on GSM operational semantics already addresses some sort of parallelism [92]
but does not consider the distributed execution of business artifacts [23]. Notably,
GSM also significantly influenced Case Management and the CMMN standard [62, 73].

Recently, other data-centric approaches relying on the artifact-centric paradigm have
been proposed. These include the FlexConnect meta-model [79], in which processes
are organized as interacting business objects, or the AXML Artifact Model [2, 3],
which is based on a declarative form of artifacts using Active XML as a basis [1]. ACP-
i [104] is another artifact-centric business process model representing an extension
to the ACP model [68] to support inter organizational business processes. ACP-i
distinguishes artifacts into local artifacts belonging to an organization and shared
artifacts, which are commonly agreed for coordination. ArtiNets, to the contrary, is
closely related to Petri nets. Here, artifacts form the tokens and the transition firing

rule is based on regular expressions and counting constraints [50].

Another object-aware framework that aims at unifying process and data is PHIL-
harmonicFlows [52]. Here, workflows are modeled as micro processes that represent
the data and behavior of individual objects and macro processes that represent the

interactions among such objects.
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2.2 Distributed workflow execution

There exists a body of work focused on various aspects of distributed workflow
execution. For instance, [12] has a similar goal as our approach for fragmentation
and distribution but is applied to an inherently activity-centric workflow model, in
which data is only considered as input and output of flow activities (dataflow) and
no data-centric execution is supported. This is also true in [11], in which scheduling
of workflows in self-organizing wireless networks is addressed to respect resource
allocation constraints and dynamic topology changes, or for [88, 55] that use pub/sub

techniques to implement some of the BPM execution aspects.

Distributed workflow execution has been studied in the 1990s to also address
scalability, fault resilience, and enterprise-wide workflow management [6, 101, 66].
However, these works mostly rely on procedural models and do neither focus on

data-centric processes nor support declarative models.

A detailed design of a distributed workflow management system was proposed
in [6]. The work bares similarity with our approach in that a business process is
fully distributed among a set of nodes. However, the distribution architectures
differ fundamentally. In our approach, a content-based message routing substrate
naturally enables decoupling, dynamic reconfiguration, system monitoring, and

run-time control. This is not addressed in the earlier work.

A behavior-preserving transformation of a centralized activity chart, representing
a workflow, into an equivalent partitioned one is described in [66] and realized in
the MENTOR system [101]. MENTOR is inspired by compiler-based techniques,
including control flow and data flow analysis, in order to parallelize the business
process [67]. However, these approaches are complementary to our work since
we operate with the original workflow model without analyzing the process. An
advantage of executing an unmodified process is that dynamic changes to the
executing process instances are possible, as their structure remains unchanged from

the original specification.

A distributed workflow execution architecture for BPEL processes is presented
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in [28, 55]. This work bares similarity with our approach as it also relies on a
pub/sub middleware to coordinate the control-flow. However, the authors do not
consider process flexibility and data-locality. Another distribution approach for
BPEL based on stream processing units (SPUs) is presented in [10]. SPUs are
abstractions for business functions and encapsulate their logic in the context of a
business process. SPUs are similar to WFUs in our approach in a sense that they
form the unit of distribution. However, they do not support data-centric workflows

and build on stream processing primitives instead of pub/sub.

The Global Data Synchronization Network (GDSN) [30] is an industry standard and
system implementation that allows companies to integrate data provided by other
organizations into their processes. GDSN is used, for instance, by Walmart [99], to
access product data of its suppliers and update its own systems. GDSN also relies
on a pub/sub middleware to exchange and update data. However, its sole focus is

data exchange and not the execution of workflows.

An approach to integrate existing business processes as part of a larger workflow
is presented in [18]. The authors define event points in business processes where
events can be received or sent. Events are filtered, correlated, and dispatched
using a centralized pub/sub model. The interaction of existing business processes
is synchronized by event communication. This is similar to our work in terms of
allowing business processes to publish and subscribe. In our approach, activities in a
business process are decoupled, and the communication between them is performed

in a content-based pub/sub broker network.

Hens et al. present a distributed approach for procedural, cross-organizational
business processes [32]. A BPMN model is split into multiple control-flow fragments,
where each fragment is a grouping of activities that belongs to an organizational unit.
Each fragment is executed by a dedicated process engine assumed to be hosted by
the IT infrastructure of the corresponding organization. Similar to our approach, the
communication is based on publish/subscribe. The individual engines subscribe to
events that trigger the process fragments they are executing and generate notifications
to indicate completion of a fragment to other engines. In contrast to our work, the

approach exploits procedural instead of data-centric models; furthermore, the focus
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is on the control-flow, and data is only assumed to be transferred with the sequence

flow.

The Amit situation manager [4] specifies a language and a centralized execution
mechanism in order to reduce complexity in active databases, which are closely related
to rule-based execution of data-centric workflows. The situation concept extends
composite events in its expressive power, flexibility, and usability; thus, baring some
similarity with our notion of WFUs, which are partly realized by subscribing to
update events. Amit, however, is a centralized system and focuses on rather isolated

situations less complex workflows or interactions among situations.

There is also some work on service orchestrations for business process automation.
For example, the ACSI service hub [58, 15] executes workflows specified in GSM and
is tailored towards web-service orchestrations. ACSI is built on top of Barcelona [31]
as an underlying engine. Roles allow to restrict attribute access to certain institutions
at design and runtime. However, Barcelona is a centralized system and maintains all
data at a single machine. Similarly, ACP [68] is a centralized engine to automate
artifact-centric processes over service-oriented architectures; only the application

logic (i.e., the services) are distributed.

A decentralized service orchestration architecture based on the Object Modeling
System (OMS) is proposed in [43]. Data that is generated by a particular service
is directly forwarded to the subsequent service without being passed through a
centralized orchestration engine. Though focusing on the decentralization of data
flow to enhance performance, the approach is not data-centric in a sense that the

control flow is defined over data, which reduces its flexibility.

Another system that focuses explicitly on scientific workflows is proposed in [74].
This approach is inspired by the work on relational algebra and enables automatic
optimization by leveraging a parallel execution model. Workflows are represented as
compositions of algebraic operations. The focus of the approach is on handling large

collections of data (baring some similarity with MapReduce-style processing).
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2.3 Transactions in message-oriented middleware

Relevant related works in the context of transactions in message oriented middleware

can be classified into three categories:

1. Transactional message queues realized using centralized brokers [9, 77, 19, 40].
2. Middleware-mediated transactions [57, 56, 94].

3. Transactional messaging in distributed broker architectures [33, 35, 64, 89, 97].

Transactional message queues include proprietary systems like TIBCO’s Enterprise
Message Service [19], ActiveMQ [9] based on the Java Message Service (JMS), or
RabbitMQ [77] based on the Advanced Message Queuing Protocol (AMQP). All
systems rely on point-to-point communication or on a single message broker to deliver
messages to subscribers. Some approaches like RabbitMQ also enable distribution by
clustering message channels. A transaction defines a context, which is used to group
a set of messages that need to be atomically sent and received. This set of operation
is issued by a single publisher and buffered. On commit of the transaction, messages
are delivered to subscribers; otherwise, a rollback is performed and messages are
discarded. For instance, TIBCO [19] employs a subject-based pub/sub model and
uses 2-phase commit (2-PC) to atomically publish or consume messages on a set of
subjects. There are also some database systems providing a pub/sub interface and
similar transactional mechanisms. In Redis [80], for instance, a transaction groups a

set of operations and executes it atomically and isolated.

Although, the systems bare similarity with our work, i.e., atomic delivery, they
significantly differ as they neither support distributed brokers, nor do transactions

encompass a mixture of publications and subscriptions by different clients.

Middleware-mediated transactions integrate message queues and distributed object

transactions [57].

X?2TS [56] is based on topic-based pub/sub and integrates CORBA’s Object Trans-

action Service and Notification Service to provide transactional guarantees for
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multicasting. Similar to message queues, an implicit transaction context is propagated
with messages and 2-PC is used for atomic commitment but without compensation.
X2TS contains a caching mechanism at the broker to provide different levels of
visibility, which enables a recipient to process a message before the transaction is

committed and only get notified about an abort afterwards.

D-Spheres focuses on operationally grouping distributed object transactions [94].
It uses point-to-point communication and allows the descriptive specification of
producer /consumer dependencies. Atomicity is provided by 2-PC and a compensation

mechanism cancels enqueued messages of aborted transactions.

Compared to our work, both above approaches do not support distributed message
routing and transactional combinations of publications and subscriptions by different

clients.

There is also a bunch of approaches dealing with transactional guarantees in

distributed broker architectures:

In the approach by Hill et al. [33], a publisher can request a reply as part of its
publication from subscribers. Receiving subscribers then decide if, and which type
of reply they want to send (e.g., acknowledgment or result). Replies are routed on
the reverse paths of publications and are presented to the publisher using a reply
view. The work is motivated by combining the decoupling and scaling features of
pub/sub with request /response requirements of certain application and is similar to

our acknowledgment mechanism in D-TX.

The Hermes Transaction Service (HTS) supports transactions in content-based
pub/sub [97]. HTS is built on top of Hermes, a topic-based system using rendezvous-
based routing in broker network [76]. A transaction demarcates the process of
generating one or more events at a publisher, the set of events, and a set of
processes that are executed at subscribers on consuming these events. HTS supports
compensatable transactions; a transaction service creates a transaction context,
delivers events together with the context, and provides atomicity through 2-PC. If
the transaction aborts, HTS ensures that the operations performed by subscribers in

reaction to receiving an event are compensated.
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A system build on top of HTS is TOPS [89]. An interesting feature added in TOPS
is the support for distributed transactions, i.e., a type of transaction that allows

multiple clients to publish as part of the same transaction.

Although, both works share similarities with our approach, neither HT'S nor TOPS
support subscriptions or modifications to the routing state as part of the transaction.

Also isolation of transactions is not considered.

An approach to transactional client mobility in content-based pub/sub is presented
in [35]. A transaction encompasses the migration of a client from one broker to
another to enable dynamic system adaptation. The protocol is based on 3-phase-
commit and compensation but fundamentally differs from our approach. The focus
lies on transferring the client state and adapting the routing state according to the

new edge broker. No general-purpose transaction model is defined and supported.
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CHAPTER 3

Background

In this chapter, we present background information relevant to understand the
approaches presented in this work. In the first section, we cover the Guard-Stage-
Milestone (GSM) meta-model for declaratively specifying the lifecycle of business
artifacts. GSM forms an abstraction of flexible business processes and provides the
basis for our fragmentation and distribution approaches presented in Chapters 4
and 5, respectively. In the second section, we briefly cover concepts and techniques
related to distributed transaction processing. These approaches originate from
the database community and form the basis of our multi-client publish/subscribe

transaction approach presented in Chapter 6.

3.1 The Guard-Stage-Milestone meta-model

Business artifacts are key-conceptual entities that combine both process and data
perspectives to describe how business processes navigate through a set of business
activities [14, 20, 69]. The Guard-Stage-Milestone (GSM) [37, 38, 23] meta-model
provides a declarative basis to specify the lifecycle of a business artifact. In this
section, we summarize the key modeling constructs and the associated execution

semantics of GSM, which have also been published in in [23].
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3.1.1 Key constructs in GSM

The key constructs in GSM are the Information model, Guards, Stages, and Milestones.
In addition to these, we also recite relevant related concepts and put them into

context. The following descriptions are adopted from [23].

Artifact instance — An artifact instance represents a single conceptual business-
relevant entity of a particular type progressing through a variety of business operations
or activities (e.g., a design-to-order application or the treatment of a patient).

Instances can be long-lasting and might exist for months or even years.

Information model — The information model represents all business relevant
information about an artifact instance including data attributes and status attributes.
The data a