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Abstract
In this thesis an extension of the Unified Modeling Language (UML) 2.4 is
elaborated and defined towards the modelling of distributed High Performance
Computing (HPC) applications based on an abstraction of the Berkeley Open
Infrastructure of Network Computing (BOINC) middleware. The UML profile
“UML for BOINC” comprises semi-formal constraints, graphical notations,
and code-generation approaches. The general idea behind UML, as part of the
Model-driven Engineering (MDE) initiative, is the reduction of the abstraction gap
between a software system’s specification rules — if possible in a tool-supported
automated manner. The discovery of new MDE approaches and methodologies
is the moving force behind this research. In this thesis the immense power of
UML is used to specify complex systems on a high abstraction level with BOINC
for the efficient creation of heterogeneous client-server based high performance
computing installations.

In the present study, an effort has been made to find modelling approaches
by use of UML for defining an abstraction layer for BOINC’s functionalities.
Based on the UML profile, a workflow model is provided that allows the speci-
fication of an executable application with the help of specialized UML diagram
types. In order to test the concepts realized in the UML profile suitable code
generators are implemented that transform UML specifications into executable
BOINC-projects. Furthermore, a distributed scientific application can be generated
which supports the handling of a large set of runtime parameters and user specific
scientific computation algorithms. The validation and final storing of scientific
results can be easily described by use of a state machine and activity diagrams.
Based on these results, a case-study proves the general applicability of the
discussed approaches.

This study contributes several emerging modelling approaches and technolo-
gies relating to how a BOINC-project can be specified, implemented and
maintained. A representative case-study proves the applicability of the new
presented principles. The key contributions are a world’s first UML 2.4 Profile
“UML4BOINC” and several code generation approaches, which allow the speci-
fication and creation of BOINC-projects by use of a minimalistic IDE prototype,
the so-called Visu@lGrid.
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The Problem





CHAPTER 1

Introduction

It’s not that I am so smart.
It’s just that I stay with problems longer.

ALBERT EINSTEIN

1.1 Motivation
When aiming to cope with the ever-present problem of growing software com-
plexity, Model-driven Engineering (MDE) researchers need to invent technolo-
gies that developers can use to generate domain-specific development environ-
ments [46]. An appropriate modelling language is one of the most essential el-
ements for Model-driven Development (MDD) approaches. MDE is a speciali-
sation of the idea of modelling itself and in this thesis mainly used for software
development. For obtaining modelling languages that are adequate, different MDD
approaches have defined their own Domain-specific Languages (DSL) or Domain-
specific Modeling Language (DSML) in order to present their particular modelling
needs. Two of the benefits that the use of DSLs/DSMLs provides to MDD ap-
proaches are the following [8]:

• a correct and precise representation of the conceptual constructs related to
the application domain, and

• a simplification of the implementation of tools based on the improvement of
modelling tasks, development and maintenance of generated software solu-
tions.

MDE and the modelling approaches involved offer a promising methodology to
lower the barrier for using complex technologies (Section 2.1). As a matter of fact
they enable to use models as the major development artefact [210], provide means
for creating different platform specific applications by use of a higher model-based
abstraction or increase the product quality, i.e. when the model solves the problem
the generated code implementation must not be modified or only slightly. MDE is
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a large trend within the software industry and carefully layers additional levels of
abstraction onto the underlying hardware [20]: High-level languages have replaced
assembly language, libraries and frameworks are replacing isolated code segments
in reuse and design patterns are replacing project-specific codes. Nowadays, there
are many graphical tools in use [62]: the large body of tools in the Unified Model-
ing Language (UML) toolkit, the Specification and Description Language (SDL),
the Business Process Execution Language (BPEL) and model-driven approaches
which ties these tools together with DSLs in order to eliminate the need to write
a code manually. Thus, the developmental process can be visualised by UML no-
tation elements (Chapter 4). Accordingly, the relevant context can be interpreted
faster that the reading of the code implementation’s plain-text, i.e. model visuali-
sations are more intuitive, also known as “A picture is worth a thousand words”.

The moving power for the research of this thesis is the creation of method-
ologies to use the Berkeley Open Infrastructure for Network Computing (BOINC)
as a framework within a MDE environment. BOINC is a very prominent grid
computing framework which enables the creation of high performance comput-
ing installations by means of public resource computing (Chapter 5). The client
retrieves a project specific application from the server along with so-called worku-
nits, i.e. a number of parameters usually provided in data files of simple ASCII
or binary format that are needed optionally by the application and to perform spe-
cific tasks. Each BOINC project has its own infrastructure, i.e. few daemons, pe-
riodically executed tasks, hosts, and scientific application for different target plat-
forms [55, 73]. BOINC can solve large scale and complex computational problems.
It should be usable for non experts due to visual language. Visual languages are of-
ten used in different fields of application. Prominent examples are Labview [201],
Lego’s NXT-G [61], Microsoft’s Visual Programming Language (VPL) [182] and
Google’s Blockly [179]. These tools provide a steep learning curve, and results can
be created efficiently. Based on the UML notation and specifications of specialised
viewpoints of the same system, an Integrated Development Environment (IDE)
prototype — the so-called Visu@lGrid (meaning visualised grid) — can show that
the development of a BOINC project can be done more professionally. The focus
of this thesis is to reduce the initial and further steps in order to set-up a BOINC
project and to create expediently distributed computations.

1.2 Scope of this Thesis

This thesis shall cover the specification of the new UML for BOINC Pro-
file (UML4BOINC) and its implications. It provides a means for setting up a
BOINC-based project, creating or adding a scientific application and packages
of work definitions which have to be performed, i.e. settings of how computa-
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tions are parameterised. A UML profile is an approach which can be used to
supply a domain-specific dialect for the development of BOINC projects. Thus,
it mainly enquires how to reduce the barriers of handling BOINC-related mainte-
nance and administration tasks, e.g. the creation of a new BOINC-based project
or the handling of how workunits have to be performed by scientific applica-
tions. UML4BOINC has to be supported by additional DSLs and DSMLs which
raises the abstraction level and enables a practical application of the UML and
DSL/DSML approaches. As a matter of fact, a good DSL/DSML renders profes-
sional programmers more productive even if it is not embraced by user program-
mers. An excellent DSL may end up having a professional programmer to write it
— but is reviewable by domain experts [45]. The main scope of this thesis deals
with the specification of UML specialisations which are depicted by adapted UML
visual notations. Additionally, this thesis covers how the development of BOINC-
based projects can be done comfortably by the help of an IDE. At the time of
writing this thesis, there does not exist any applicable approach for the creation of
BOINC projects within an IDE. Thus, this thesis introduces several approaches of
how an IDE can be designed and structured and for which minimalistic graphical
widgets must be created in order to represent a BOINC project graphically. This
comprises the following contributions of the thesis:

1. An analysis of BOINC’s functionalities and architecture requirements toward
the abstraction through UML.

2. A semi-formal definition of UML4BOINC. All additional constraints to re-
strict the use of UML elements are performed by informal statements or by
the formal Object Constraint Language (OCL) [127].

3. A definition of UML4BOINC’s semantic by introducing new diagram types
which are used to cover BOINC’s functionalities and in order to enable the
use of different viewpoints of the same BOINC project.

4. A methodology describing how the introduced UML4BOINC’s stereotypes
and illustrated examplary models in this thesis can be used to generate nec-
essary parts of a BOINC project.

5. A proof-of-concept implementation of selected introduced specification and
conceptual ideas.

The profile described in this thesis covers most of the BOINC functionalities. Some
characteristics are left out due to the fact that they are rarely used by BOINC project
developers or only necessary for very special cases as described in Section 5.5.
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1.3 Novelty of this Thesis

This thesis introduces a new method for the creation and administration of BOINC-
based projects. Up to the best known state of the art, during the writing of this
thesis there exists no comparable approach to work on BOINC projects with
the help of UML, code-generation facilities or an additional integrated devel-
opment environment. As stated by Werner [74], UML uses multiple modelling
paradigms and diagram types to model different aspects of a software system by
providing multiple viewpoints on the same model. This enables the application
of UML in almost all stages of a software development process. The system can
be described in terms of abstract and platform independent to very concrete and
platform specific models.

In this thesis, the functionalities and methodologies of a BOINC project are
abstracted by a new UML-based abstraction layer. It illustrates in detail how a
BOINC project can be set-up and maintained by specialisations of UML elements.
Different viewpoints are reviewed and specified; they are able to have a compact
view of the BOINC project functionalities. Moreover, this thesis introduces a new
visual abstraction of BOINC which is based on the UML notation. Hence, a com-
plete BOINC project, consisting of the scientific application implementation, the
workunit creation and maintaining, and the creation of the BOINC infrastructure,
can be realised.

1.4 Research Process of this Thesis

BOINC’s structural features and functionalities are analysed (Section 5.5) in the
first place. Several BOINC projects are therefore developed [186, 91, 57, 73] or
maintained [165]. In addition, BOINC’s wiki [167] and BOINC’s sourcecode [167,
SourceCode] provide voluminous information about BOINC’s behaviour and how
the BOINC projects can be maintained. Numerous methodologies for software
development proccesses and teams have been introduced in the last decades: It-
erative [17], Spiral [34], Waterfall [166] & V-Model [107], (distributed) XP [14],
Scrum [92], Test-driven development (TDD) [75], and more. In this thesis, how-
ever the research process is a kind of iterative development, as shown in Fig. 1.1.
The process is initialised by the arrow in the top-left corner; one of BOINC’s struc-
tural features or functionalities (in the following referred to as features) which has
been analysed previously (Section 5.5). In the next two steps (1-2) the UML spec-
ification [125] is analysed and UML metaclasses are chosen and verified within an
iteration process; it takes a long time as the features cannot be expressed with UML
metaclasses and additional new stereotypes, tag-values and constraints ( Chapter 6
and 7). The selection is afterwards only based on a theoretical construct and has to
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Figure 1.1: The research process in this thesis is based on a circular and iterative pro-
cess; the modelling of BOINC’s entities and how they can be specified with UML with a
followed code-generation to create and to maintain a BOINC project automatically.

be transformed in step (3) to an executable implementation which enables use of the
model in future developmental phases. Thus, the individual UML metaclasses, the
stereotypes, tag-values and constraints are implemented as a C++ class-hierarchy.
This hierarchy is verified and modified as long as it does not match the theoretical
approach. When the results of the current intermediate step do not fit properly, the
constructs of the previous steps have to be modified. Any modification in one of
the previous steps needs an additional verification. This iteration process is per-
formed between steps (1-2), (2-3), and (3-4). A code-generator is implemented in
step (4), it enables the traversal of the class-hierarchy, to parse the information and
to create applications which are used to change the BOINC project structure or the
behaviour (Chapter 8).

1.5 Tool technologies
The programming language C++ [118, 141] is mostly used in this thesis, namely;
up to the newest C++11 [145] specification. The author is fond of programming
with C++ and not only because most of BOINC’s implementations are performed in
C/C++. As a consequence, C++ is chosen to allow BOINC developers and enthusi-
asts to adapt the results of this thesis for their personal future work. In addition, the
author’s daily work takes place within an UNIX-based environment [205]. Most
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of the implementations for verifying approaches are done for UNIX, in particular
Linux [196] and the Ubuntu distribution [206]. At last, this thesis does not use
a specific tool for creating diagrams and UML model visualisations. The follow-
ing tools are used: Dia1, VisualParadigm [207] and own implementations with the
cross-platform application framework Qt2 especially in Chapter 7.

1.6 English Differentiation
This thesis exhibits a mix of British English (BE) and American English (AE)
as in the case of the words modelling (BE) and modeling (AE). The BE form is
used continuously in this thesis, but the application of proper nouns requires the
AE form, e.g. Unified Modeling Language (UML), Domain Specific Modeling
Language (DSML) or Eclipse Modeling Framework (EMF).

1https://live.gnome.org/Dia
2http://qt.nokia.com
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1.7 Definitions

In this thesis, the first letter of BOINC’s provided software components name is
always written in upper-case, e.g. Validator or Transitioner. This section introduces
some general definitions and word semantics which are used in this thesis.

AST Abstract-syntax Tree. A tree-based structure for programming languages,
their language recognition and interpretation.

API Application Programming Interface. A public interface to enable the use soft-
ware libraries.

BOINC Berkeley Open Infrastructure for Network Computing. This is a grid com-
puting framework by means of public resource computing.

bottom-up Proceeding from the bottom or beginning of a hierarchy or process
upwards; non-hierarchical: bottom-up decisions [159, bottom-down].

Clients, Participants, Volunteers The client-side has several names in the context
of BOINC. Some research papers state the client-side or users of the client-
side as Volunteers or Participants. For all cases within this thesis, the client-
side describes users and hosts which are connected to a BOINC project. In
addition, BOINC’s Manager and BOINC’s Client are on the client-side and
the components are part of the Client Point of View (CPoV) as shown in
Fig. 1.2.

Figure 1.2: The Server Point of View (SPoV) is presented on the left-, the Client Point
of View (CPoV) on the right-hand side. Only applications and architecture elements are
defined in the SPoV; they are executed or used on the server-side of a BOINC project. In
contrast, the CPoV is used to define applications and architecture elements on the client-
side of a BOINC project, i.e. to let users and their hosts participate.

code-centric see bottom-up
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DSL Domain-specific Language. A language designed to be useful for a specific
set of tasks. This is in contrast to a general-purpose modelling language such
as the Unified Modeling Language (UML). A DSL is created specifically to
solve problems in a particular domain and is not intended to be able to solve
problems outside of it. DSLs are usually small, more declarative and less
expressive than a general-purpose language [96].

DSML Domain-specific Modeling Language. See DSL.

Input A scientific application needs input files to solve computational problems.
These input files include arbitrary data values as binary or plain-text tokens.

MDA Model-driven Architecture. This is an approach for IT system specifications
that separates the specification of functionality from the specification of the
implementation of that functionality on a specific technology platform [124].

MDD Model-driven Development. This is an approach that aims to separate the
act of coding and deploying applications on a specific hardware and pro-
gramming language/database platform from the practice of gathering and
modelling higher level business and organizational processes and require-
ments [106].

MDE Model-driven Engineering. This aims to raise the level of abstraction in pro-
gram specification and increase automation in program development. MDE
uses models at different levels of abstraction for developing systems, thereby
raising the level of abstraction in program specification. An increase of
automation in program development is reached by using executable model
transformations. Higher-level models are transformed into lower level mod-
els until the model can be made executable using either code generation or
model interpretation [142].

metacomputer This is an execution environment in which high-speed networks
are used to connect supercomputers, databases, scientific instruments and
advanced display devices; perhaps located at geographically distributed
sites [5].

MOF Meta Object Facility. MOF is an OMG standard for Model Driven Engineer-
ing (MDE). MOF is designed as a four level architecture. UML is considered
as layer 2 MOF model. Layer 3 (M3) contains the language used by MOF
to build meta-models [96]. An OMG standard, closely related to UML, that
enables metadata management and modelling language definition [124].

OMG Object Management Group. A consortium that promotes the adoptions of
standards [96].
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Output A scientific application stores the results of the computation in output
files.

PIM Platform Independent Model. A model of a subsystem that contains no in-
formation specific to the platform, or the technology that is used to realize
it [124].

problem-centric see top-down

PSM Platform Specific Model. A model of a subsystem that includes information
about the specific technology that is used in the realization of it on a spe-
cific platform and hence possibly contains elements that are specific to the
platform [124].

RPC Remote Procedure Call. These calls are used in distributed systems to query
information of remote functionalities which can be merged dynamically dur-
ing the runtime.

Scientific Application BOINC is based on a server-client architecture. Server-
side services are executed to manage the lifetime of workunits and to handle
client requests. The main purpose of the client-side is to execute a scientific
application, which is used to solve computational problems, e.g. the statisti-
cal computation of π [91, Chapter 11] or handling of video sequences (Sec-
tion 9).

Services, Server All BOINC daemons, databases or webserver instances are exe-
cuted on the server-side of a BOINC project. For all cases within this the-
sis, the server-side describes the components which are not executed on the
client-side. These components are part of the Server Point of View (SPoV) as
shown in Fig. 1.2.

top-down This describes the proceeding from the general to the particular: Com-
puting working from the top or root of a tree-like system towards the
branches [159, top-down].

1.8 Structure of this Thesis
This thesis is separated into ten chapters. The current chapter gives a short
overview of the thesis, i.e. the motivation, the scope, the novelty, a general descrip-
tion of how the research process is realised and which limitations exist. Chapter 2
illustrates the overall research problem, i.e. the research questions covered in this
thesis and their focus. The state of the art is described in Chapter 3, i.e. recent
work in the research fields of MDD, UML and OCL. A presentation of available
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tools and approaches for handling the mentioned fields and an overview of tools
and technologies of other grid computing approaches is given. Next, Chapter 4
explains in detail what MDD is and how it can be used in software development
processes. The Berkeley Open Infrastructure for Network Computing (BOINC)
framework itself is introduced in Chapter 5. It represents BOINC’s general idea
and field of application, the framework architecture, the tool-chain of the server-
and client-side, and finally demonstrates a breakdown of required and optional fea-
tures which are used to set-up and start a BOINC project. The following three
Chapters 6, 7, and 8 contain the original work of this thesis. After a specification
of UML4BOINC, the semantic, and the code-generation to perform the transfor-
mation from a UML4BOINC model to a BOINC project are described. Chapter 9
shows a case-study and proves the practicality of UML4BOINC. In the end, Chap-
ter 10 completes this thesis with a summary and by stating the contributions and an
overview of possible future work.



CHAPTER 2

Problem Statement

Einstein is quoted as having said that
if he had one hour to save the world
he would spend fifty-five minutes defining
the problem and only five minutes finding
the solution.

2.1 Introduction

The Berkeley Open Infrastructure for Network Computing (BOINC) framework is
based on a client-server architecture. It provides a procedural Application Pro-
gramming Interface (API) for the creation of BOINC-based scientific applica-
tions [58]. In contrast, the Unified Modeling Language (UML) is an object-oriented
programming language and system description language [125] which can be used
for MDE and MDD applications. In addition the developers of a BOINC project
must be familiar with different IT technologies to survey the complete process of
BOINC-based distributed projects. While BOINC is used by many different scien-
tific groups and hobbyists [147, 162], MDE and UML are used by several working
groups [102, 105, 97]; there exists no way to cope with the complexity of BOINC
projects by use of MDE and UML modelling approaches. This thesis is focused on
research concerns as described in the following two sections. Section 2.2 deals with
the complexity of a BOINC project and Section 2.3 states relevant open questions
of handling the BOINC complexity by modelling approaches. The hypotheses of
this research are stated in Section 2.4.
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2.2 BOINC

2.2.1 Infrastructure
The BOINC infrastructure consists of a server-side and client-side. The server-side
is based on a simplified architecture, i.e. every task is separated in its own BOINC
service. A minimum of six services is required in order to run a BOINC project
(Section 5.3). These services constitute a specific chain of responsibility and each
is used to handle a specific task, e.g. BOINC’s Validator is only used to verify
the results which return from computation. The configuration of a BOINC project
must be maintained with attention; every wrong value implies a malfunction of
the BOINC project and can result in a broken system [58]. In practice, wrongly
configured BOINC services do not work propertly, i.e. a BOINC Assimilator will
not store results for a future use or a BOINC Validator is not able to validate results
received by clients. In fact, just a few steps are needed for the creation of a BOINC
project: (1) download and install prerequisite software packages, (2) download the
BOINC sources, (3) configure and build the BOINC software and (4) call scripts
for an automatic BOINC project installation [167, ServerIntro]. Next, every part of
the new BOINC project can be modified as presented in the following:

• A selection and location of BOINC services can be executed, i.e. in case
multiple hosts are used, the execution environment of BOINC services can
be assigned to individual hosts. Additional parameter variations can be used,
i.e. the same BOINC service is executed on two hosts with different runtime
parameters.

• A specific host can be defined as the main installation (Section 6.5.6), i.e.
supposing individual hosts are used for the BOINC project server-side, the
main installation has to be distributed to all additional used hosts. As a mat-
ter of fact, all BOINC services need the project environment for the correct
execution.

• The BOINC project database can be combined with replication databases for
load-balancing and speed-up purposes.

More detailed adjustments are possible. As [58] describes, there exist typical er-
rors that can occur due to manual editing of the BOINC server configuration files.
As a consequence, a significant effect on the system’s integrity and application
performance can be expected and this results in the mentioned malfunctions.

However, it can be an uncomplicated proceedure from downloading the BOINC
sources to running a BOINC project if only one host is chosen. In this case, all work
is performed on one host, i.e. BOINC sources can be accessed directly, BOINC
services must be started on this host, database and web-server installations are also
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directly available and relevant parameters are set only from this host to BOINC’s
configuration. In addition, only one configured network interface card is necessary
and exclusive ports of the Hypertext-Transfer Protocol [Secure] (HTTP[S]) [187,
110] must be enabled for network traffic. Nevertheless, it can be an enormous
challenge to set-up a BOINC project with more than one host and when BOINC
services are distributed for the execution to individual hosts.

2.2.2 Special Interest Groups

Different special interest groups can administer a BOINC project, i.e. “administra-
tors” configure and maintain the system installation, and “scientists” can create new
computation series or workunits and add new scientific application versions. Scien-
tific applications can be implemented in different ways, e.g. scripts, hand-written
code in different programming languages (C/C++ and FORTRAN are supported
by default) or through ISV (Independent-software Vendor)-Applications or legacy
applications [32, 18] (Section 6.6), e.g. [57, 73] present a wrapper for handling
COMSOL Multiphysics [199] computations. An application can be written and
developed to a great extent from scratch. This approach is the most difficult of all
and BOINC’s application programming interface (API) is fortunately not chang-
ing frequently with each new version. As a matter of fact, 23 different BOINC
functions are necessary to implement a successfully running and research relevant
application [165, 58, 70]. When a BOINC project is installed and a scientific ap-
plication implemented, new problems and questions will arise: (i) who can manage
a scientific application, i.e. removing or upgrading it and (ii) how can the access
of groups and users be restricted, i.e. to selected functions or system calls. These
steps can be executed on different hosts; in addition, it is highly error-prone to
install and configure all required software components and interface settings, to
keep an always valid configuration and stable system when software needs to be
upgraded or a host has to be replaced. Besides, it is too cumbersome to create a
fast and user-friendly BOINC project only for tests or quality assurance processes.

2.2.3 Handling of Workunits

When a BOINC project is created and started, a scientific application is imple-
mented and added; finally, it is necessary to add workunits which are performed
by clients (Chapter 5). The creation of workunits can be performed in several
ways: (i) by calling a script, (ii) by the implementation of a tool to call specific
BOINC framework functions, or (iii) by use of BOINC’s Remote-procedure Calls
(RPC). All these approaches need information about the specifically planned in-
put/output files and the handling parameters. BOINC works on individual worku-
nits only; in the case that workunits have to be performed by the same scientific
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application (e.g. a set of workunits by one scientist); it is necessary to specify dif-
ferent names for all workunits in order to distinguish them for different scenarios.
These scenarios can have individual requirements for the storing of computational
results, i.e. storing of the result within user’s home directories. Furthermore, the
validation process can vary, when different parameters are used for the computa-
tions. Both steps need access to the result files; thus, the implementation has to be
hidden from the scientist and domain experts. There are BOINC projects that need
to perform workunits one after the other (Section 7.4).

2.2.4 Planning and Creation of the Scientific Application

When someone is in need of a BOINC project, then it is mainly used to distribute a
scientific application and to solve engineering, scientific or general computational
problems. BOINC can be used by everyone, either a person with a deep knowl-
edge of all related technical aspects, or by novices or students who use BOINC
for small studies or for testing purposes. However, a scientific application has
to be implemented in both cases. Accordingly, it can be necessary to understand
BOINC’s application programming interface (API) and all relevant BOINC-related
methodologies, i.e. how input/output files have to be specified and opened by the
scientific application or how an application has to be initialised, performed and fin-
ished. In practice, the background technologies need to be familiar (e.g. compiler
use, heterogeneous execution environments); it would be good to know how the ba-
sic internet protocols work (e.g. Hypertext Transfer Protocol [110]), and how the
handling of computational results can be performed (e.g. file-storing or database-
storing). In any case, it is necessary to know how the target environment can be
controlled (e.g. storing in a database needs knowledge about the Structured Query
Language (SQL) [116]); and how the optional computation can be performed on
different processors (e.g. central-processing unit (CPU) or graphics-processing unit
(GPU)). Whenever BOINC has to be used with legacy-applications, it is mandatory
to configure BOINC’s wrapper [167, WrapperApp] or the additional third-party
wrappers [18, 32, 57, 73]. Moreover, the developer has to know most of the API to
select the suitable calls because different scenarios require different API-calls.

2.3 Modelling Abstraction

The biggest challenge concerns UML and how it can be used for modelling BOINC
projects; besides, BOINC has to cope with the scenarios and requirements stated
above (Section 2.2). The possibility of having different viewpoints of a system en-
ables the creation of developer teams, whereupon any team member works on its
own domain, e.g. system administrators are using the Infrastructure view (Sec-
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tion 6.5) and researchers are responsible for the creation of scientific applica-
tions (Section 6.6). Modelling questions that emerge are the following:

• How can a scientific application be described in general?

• How can BOINC’s API-calls be used with UML? In particular, BOINC pro-
vides a small set of general functionalities (e.g. file open methods for dif-
ferent operating systems) and specific BOINC related functionalities (e.g. to
report how much work is performed for a computation) which can be used
by developers and system designers.

• Are there relevant modelling aspects for different architectures or operating
systems? Generally, UML is a modelling language and it is possible to re-
strict its use for a small amount of different systems or architectures. Is it
necessary to consider this possible problem or is a general model description
adequate?

• How can an independent-software vendor application or a legacy-application
be used?

• How can a new version of a scientific application be deployed and which
parts, either on the server- or the client-side, have to be recreated in case of
a new version? During a manual administration it is necessary to put new
scientific versions in a special directory-hierarchy; in addition, a call of a
specific tool has to be made because it will announce the scientific applica-
tion to the context of a BOINC project. As a matter of fact, every version of a
scientific application can possess a different handling for workunits because
the implementation of the computation can change and thus different values
are expected from the workunits. However, it is necessary that these changes
are taken into account, e.g. the deployment of a scientific application is only
allowed when no “old” workunits are available and open for processing.

2.4 Hypotheses

Based on the previous Section 2.2 and Section 2.3, the following hypotheses are
stated:

1. UML can be used for the creation of infrastructure specifications which are
used for the deployment of BOINC projects.

2. UML helps different domain experts to use BOINC without the need to im-
plement any line of code.
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3. UML can be used as an abstraction layer for BOINC’s programming and
execution interface.

4. A code-generation process can be used to generate BOINC parts.

The following chapters present the research results and confirm the hypotheses
stated above. Chapter 9 will then compare the results with the hypotheses.

2.5 Topics not covered in this Thesis
The previous sections have presented some open issues which are covered in this
thesis. However, some research questions cannot be dealt with during this work:

• Graphical-processing Units (GPUs) are not covered directly. They have
become more important in recent years and are used in various areas of
scientific computing [140] and general engineering computations [132].
Accordingly, different software frameworks were developed: NVIDIA’s
CUDA [86] or OpenCL as general programming framework for ATI and
NVIDIA GPUs [122].

• The Message-passing Interface (MPI) is not covered when a cluster is avail-
able on the client-side, such as would be possible to use by a scientific appli-
cation.

• Multi-thread applications are not directly covered. They are used indirectly
but cannot be modelled by the use of the stereotypes introduced in this thesis.

• Performance prediction is not taken into account, i.e. it is not possible to
measure how long a specific scientific application will take to complete on
workunits.

2.6 Summary
This chapter introduces the BOINC-based research questions and hypotheses. Fur-
thermore, it describes the research questions underlying the model-driven develop-
ment. The limitations of the thesis are stated in the end.
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Related Work

You can only find truth with logic if you
have already found truth without it.

GILBERT KEITH CHESTERTON

3.1 Introduction
This chapter discusses the related work of modelling tools for grid systems and
public resource computing systems. Several existing tools define their modelling
language approach independently and lack support for a real standardised specifi-
cation.

3.2 Modelling Language Support

3.2.1 Approaches and Specifications

Fowler [45] states that using Domain-specific Languages (DSLs) or Domain-
specific Modeling Languages (DSMLs) gives an opportunity to have a grammar
that is easier to manipulate. According to this, concerns about the difficulty of
designing DSLs arise — language design is difficult and designing multiple DSLs
will be too extensive for most projects. This objection is often based on the general
purpose of language rather than DSLs. The fundamental issue is getting a good
language abstraction — that is the hard part of the task. The difference between
the Application Programming Interface (API) design and the DSL design is rather
small; designing DSLs is significantly harder than designing good APIs.

In [8], the authors introduce an approach for automatic generation of Unified
Modeling Language (UML) profiles based on a DSML. Nowadays, there are sev-
eral Model-Driven Development (MDD) approaches that have defined DSMLs ori-
ented on representing their particular semantics. The authors state that a UML
profile can be generated of an integrated metamodel which is used to map the
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DSML elements into a UML profile. 11 rules are described for mapping the in-
tegration metamodel to the associated UML elements, i.e. Classes, Properties
and Associations; the related lower bound and upper bound constraints, Enumer-
ations, Generalisations, and Data Types. There are also other approaches for the
automatic creation of UML profiles [16] that can be partially automated through
the identification of specific design patterns. Wimmer et al. [63] propose a semi-
automatic approach that introduces a specific language to define the mapping be-
tween the DSML metamodel and the UML metamodel; this approach does not
support M : M associations, i.e. from a data transformation point of view the
question arises how to combine multiple input values to produce multiple output
values. As a consequence, the effective application is not fully supported in real
MDD approaches when different point of views are used and have to be merged for
generating the target application. Currently, no approaches exist which have full
capability for the complete automatic generation of a UML profile.

Gerber et al. [47] state that the Meta Object Facility (MOF) and the Eclipse
Modeling Framework (EMF) are conceptually very similar, both are based on the
concept of classes with typed attributes, operations with parameters, and excep-
tions by supporting reuse through multiple inheritance. Both frameworks use pack-
ages as a grouping mechanism and support nested packages. The main conceptual
difference lies in their treatment of relationships between classes. MOF has the
first-class concept of Associations as a binary relationship between two classes,
i.e. the association ends, which have a navigability property. In MOF, there is a
distinction between the relationships which are fundamental concerning the defini-
tion of a class and those that are observations about a class, i.e. references access
their related class and are not fundamental to the definition of the class. EMF is a
bottom-up and code-centric approach, whereas MOF is used in a natural way and
observes a system by a bird’s-eye view, i.e. top-down for more problem-centric
approaches.

Petri Nets [139] are graphical tools for the description and analysis of concur-
rent processes; they arise in systems with many components (distributed systems).
The components of these nets are called states (for substances) and transitions
(for reactions) which are connected by arrows that show the flow direction. Ac-
cordingly, the activities of transitions are subdivided in give and take. The tokens
(visualised as black marks) are moved by the occurrence of transitions. Petri Nets
are graphical tools: they possess a formal semantic and they express the most de-
sired routing constructs. In addition, there exist various techniques for proving
their properties, they are vendor-independent [81], and they are a means for mod-
elling workflows. UML activity diagrams (see Chapter 4) have also been used for
workflow modelling. They almost share the same features as Petri Nets: they are
graphical, use bubbles or rectangles and arrows, are vendor-independent and ex-
press the favoured routing constructs. Contrarily, the UML activity semantic is not
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formal (nor precise) and not intended for workflow modelling.
Pi-Calculus (or π-Calculus) [88] is a process algebra for systems and composed

of processes that run simultaneously and interact through channels. As described
by Zhang et al. [27], the elementary entities of Pi-Calculus are names and pro-
cesses. Names play dual roles as communication channels and variables. The
basic aim of Pi-Calculus is the fact that processes communicate with each other
by transferring names through shared channels. These names can be used by the
receiver in order to communicate with other processes. In fact, this concept enables
“mobility” [90]. The channels can be used as a monadic version (channels carry
a single value at a time) or as a polyadic version (many values per channel). In
addition, Pi-Calculus can be applied for modelling different kinds of systems: the
representation of data structures and data types, the description of object-oriented
features, and functional programming features. Pi-Calculus possesses a graphi-
cal representation as Petri Nets but the mathematical foundations and semantics of
Petri Nets and Pi-Calculus are totally different [27].

3.2.2 Tools

Xtext [208] is a framework for the development of programming languages and
DSMLs; it is a bottom-up technology and covers all aspects of a language in-
frastructure from parsers, over linker, compiler or interpreter for Eclipse’s [192]
Integration Development Environment (IDE) integration. Xtext is supplied with
default settings and can be modified to fulfill the developer’s need. The core of
Xtext’s generated infrastructure is based on EMF, which is otherwise based on the
Ecore metamodel [191]. Models conforming to the Ecore metamodel have a direct
mapping to the Java language constructs. The main disadvantage of using EMF for
this thesis is that there is no established mapping to the C++ programming language
which limits the interoperability between the set of tools available around the EMF
technology and the MDD’s need to leverage libraries and techniques available in
C++, e.g. metaprogramming [133]. EMF4CPP [99] tries to fill this gap by gen-
erating C++ implementation artefacts from Ecore-based metamodels. It produces
the C++ source code which gets packed as a shared library from the Ecore model.
The library enables the manipulation of type entities defined in the metamodel; in
addition, it provides the reading model instances and the processing within a C++
application. Unfortunately, the project will not be maintained any more1.

The Graphical Editing Framework (GEF) [194], Graphical Modeling
Project (GMP) [195] and Graphical Modeling Framework (GMF) [84] provide a
set of generative components and runtime infrastructures for developing graphical
editors based on EMF. During the first stages of research for this thesis, it turned

1Last release was on the 1st December 2010
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out that these tools have difficulties with constantly changed requirements [58].
First of all, changes in the GMP models need an update of the underlying EMF
model; secondly, the relations between the GEF model and GMP/GMF tools have
to be modified, i.e. the mapping of drawing tools to their specific drawing methods.
In addition, model modifications were not solved automatically and thus a faulty
model emerged; moreover, error messages were not meaningful during the model
transformation. Sometimes it took a few days to repair the model.

In order to reinforce these statements, Wienands et al. [95] performed an exper-
iment for implementing a visual domain-specific language editor with the help of
GMF and its underlying technologies. The authors state that a lot of the challenges
during the implementation were caused by a steep learning curve of the underlying
technologies; especially by GMF and the technologies it is based upon, namely
EMF and GEF. Furthermore, the decomposition is not fully supported, i.e. double-
clicking on a diagram element does not open a subdiagram of a different diagram
type. GMF does not handle all modelling aspects; the generated code has to be
customised to support different features on different code levels, e.g. read-only
attributes require code modifications in the object model and the initialisation of
model graphs needs modifications in the related diagram code. Nevertheless, the
experiment has shown that the development of a visual domain-specific language
and MDD approach is less time consuming, i.e. approximately two-thirds of the
time was saved. They conclude by stating that productivity increases through this
approach.

3.3 Unified Modeling Language (UML)

3.3.1 Approaches and Specifications

Steve Cook states [11, p. 5] that UML is on the one hand often used to model the
structure of software systems, e.g. due to class or component diagrams. On the
other hand, behaviours are rarely described with UML because of a poorly-defined
and poorly-integrated notation, an error-prone and lossy code round-tripping and
missing tool support. UML is not defined precisely, e.g. a black diamond symbol
is meant as “composition” but it is not clear what will happen when one of the
elements (on one side) is deleted; UML does not specify how this will be handled.

Steve Mellor declares [11, p. 7] that UML defines the syntax of diagrams and
not the semantics of models. The problem is that UML tailors a sketching language,
one that provides modellers with a way to draw basic or advanced sketches; thus
building more sketches on top of this unsound base is only going to make the
problem worse.

Joaquin Miller demonstrates [11, p. 7-9] some failings of UML 2.0. Data types
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and classes should be served by a single fundamental architecture, which is frag-
mented in two concepts within UML. Furthermore, UML uses the same notation
for inheritance and subtyping of UML elements, i.e. arcs denote the derived class
and subtype relation. The class hierarchy of UML 2 is not a type hierarchy, i.e.
there are subclasses that are not like their superclasses. Moreover, Miller discusses
the ambiguity of UML; UML uses the term “to represent” with no clean concept of
representation, e.g. “A lifeline represents an individual participant in the Interac-
tion.” [125, Section 14.3.17] or “Attributes of a class are represented by instances
of Property [...]” [125, Section 7.3.7]. In the first case, the individual is typed as an
abstract ConnectableElement representing a set of instances [125, Section 9.3.5].
The UML specification does not describe how this representation is instantiated.
In the second case, the description is not clear, i.e. part of the system (instances
of Property) represent something in the model (attributes of a class). Section 4.3.1
describes how the UML specification can be read. Besides, the UML specifica-
tion lacks a consistent vocabulary and theory, e.g. terms like “trace” are used with
different focus [125, Section 14.1].

Bran Selic dismisses Cook’s, Mellor’s and Miller’s arguments [11, p. 10-12]
and argues that the dynamic semantics of UML are defined generally and cover a
wide range of possible specialisations to diverse domains, e.g. the same semantic
can be specialised to support either a synchronous or an asynchronous world view.
In addition, Selic agrees that UML is incomplete and lacks precision but he asserts
that UML has a semantic and where inappropriate, users have the option to use the
MOF to define a language independent of UML. Nevertheless, UML is not an “all
or nothing” proposition. Users can pick and appropriate only those parts that are
feasible in solving the definition problem caused by DSML and UML.

3.3.2 Tools

The VisualParadigm [207] is a UML tool for modelling the database design, defin-
ing requirements, modelling business processes and more. In addition, it can be
used to draw UML diagrams (Section 4.3). The VisualParadigm lacks the support
of code generation of C++, i.e. only class diagrams and state machine diagrams are
supported. Moreover, the profiling of all UML elements is not allowed, e.g. UML’s
metaclass NamedElement cannot be extended by stereotypes.

IBM’s Rational Rhapsody [135] provides a collaborative design and develop-
ment framework for systems engineers and software developers creating real-time
or embedded systems and software. Rational Rhapsody supports teams to col-
laborate in order to understand and elaborate requirements, to abstract complex-
ity using industry standard languages (UML, SysML [128], AUTOSAR [177],
DoDAF [153]), to validate functionality early in development and automate the
delivery of innovative and high quality products. The mentioned features can-
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not be validated because the license of Rational Rhapsody is too expensive,
i.e. several thousand Euros for a single workstation license. Rational Rhap-
sody uses Windows-dependent libraries [101] and the main research machines are
UNIX/Linux-based (Section 1.5).

3.4 Object Constraint Language (OCL)
Most of the tools with Object Constraint (OCL) [127] support are based on EMF.
SimpleOCL [163] is a proof-of-concept implementation of the OCL 2.2 standard.
SimpleOCL lacks the support of the whole OCL standard, i.e. it does not support
OCL’s pre, post, and inv declarations. It is supposed to be a navigation language
embedded in model transformation languages. Thus, it is not usable for this thesis
because the UML profile (Chapter 6) defines several stereotypes with OCL’s inv
declarations.

DresdenOCL [149] provides a set of tools to parse and evaluate OCL con-
straints on various models such as UML and EMF. On the one hand, Dresden OCL
provides tools for Java and Structured Query Language (SQL) [116] code genera-
tion. These code generation features are not taken into account within this thesis,
i.e. the focus is towards the use of C/C++ (Section 1.5). On the other hand, Dres-
denOCL can be used to verify most of the OCL statements presented in this thesis.
The Toolkit is enhanced and maintained mainly by students and scientific staff of
the Software Technology Group at the Technische Universität Dresden, where the
project is also coordinated.

Other tools lack the support of OCL which does not make them functional for
this thesis: AndroMDA [189] is an open source generation framework that follows
the Model-driven Architecture (MDA) paradigm. According to the tool informa-
tion, it takes model(s) from CASE-tool(s) and generates deployable applications
fully [77]. Out-of-the-box, this tool can not be used with C/C++ interfaces; other-
wise no C/C++ code is generated.

3.5 Grid Technologies

3.5.1 Approaches and Specifications

BOINC is not the only desktop grid middleware framework. XtremeWeb [43, 164]
and Condor [148] are two additional frameworks; the first one is not maintained
any more. XtremeWeb and BOINC are based on the pull-model, whereas Condor
uses the push-model to get new workunits. In contrast to BOINC, XtremeWeb
enables the submission of workunits by participants, i.e. this is supported by an
interface similar to batch systems.
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The design of XtremeWeb [43] provides a global computing framework for
resolving different applications, e.g. for projects led by institutions, commercial
firms or open source communities. There are two ways of using XtremeWeb: (1) as
a Volunteer and (2) as a Collaborator. In the first case, a single machine or a
network of computers collaborates with a global computation; but then, the second
case uses the computing side as an independent XtremeWeb project which can
spread its own application and work. When no own work is described, this machine
set can be used by other XtremeWeb projects which exchange their work between
the XtremeWeb project servers, best known as “peer-to-peer computing”.

PlanetLab [10] is a global overlay network for developing and accessing broad-
coverage network services. It enables multiple services to run at the same time;
each service in its own so-called slice and these slices are the centrepiece of the
PlanetLab architecture. The slices are collections of virtual machines, each runs
on a physical node. Accordingly, every single node has to provide a virtual ma-
chine abstraction. The parent machine’s resources (e.g. CPU, local disk storage,
network bandwidth, etc.) must be shared equally so that the slices do not inter-
rupt each other. In addition, virtual machines must be restricted, particularly with
regard to the volume and the nature of network traffic they can generate. Unlike
many testbeds, PlanetLab is implemented over the “real” Internet and experimental
PlanetLab services must coexist peacefully with the Internet traffic. In short, “Plan-
etLab is an overlay testbed designed in order to enable researchers to experiment
with network applications and services that benefit from the distribution within a
wide geographical area” [143].

The Globus Toolkit [5, 193] is a technology for building grids that provide
distributed computing power, storage resources, scientific instruments and other
tools to be shared securely across corporate, institutional and geographic bound-
aries. Globus’ goal is to combine several distributed and cluster computing tech-
nologies and to provide a basic infrastructure of different services, e.g. Paral-
lel Virtual Machine (PVM) [161] or Message Passing Interface (MPI) [121] as
machine-independent communication layers. Almost every large-scale High Per-
formance Computing (HPC) production grid, including Enabling Grids for E-
sciencE (EGEE) [151], LCG [169], and NorduGrid [158] in Europe, uses Globus
Toolkit components as a basis.

Legion [23, 50] was the first integrated grid middleware architecture to ad-
dress the complexity of grid environments from first principles. It was designed to
provide a powerful virtual machine interface layered over the distributed, hetero-
geneous, autonomous and fault-prone physical and logical resources that constitute
a grid. The Legion architecture and implementations follow these principles: pro-
vide a single-system view, supply transparency as a means of hiding details, enable
flexible semantics, reduce user effort, decrease “activation energy”, do no harm
and do not change the host operating systems. Legion’s application layer supports
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the execution of its own implemented applications, wrapped legacy applications
and applications with MPI use. In addition, Legion can be used as data storage in
which case Legion manages the data, deciding where to place it, how many copies
to generate for higher availability and where to place them. A web-based interface
supports the management of users or hosts and enables the merging of two or more
Legion grids.

Cunsolo et al. [39, 38] discuss an approach to combine Grid Computing (GC)
and Public Resource Computing (PRC) technologies with the Cloud Comput-
ing (CC) paradigm; they call it Cloud@Home. The authors want to actively involve
users into a new form of computing, allowing them to create their own interoper-
able Clouds. Thus, both the commercial and the volunteer viewpoints exist in
Cloud@Home: the end-user orientation of the Cloud is extended to a collabora-
tive two-way Cloud in the former case; users can buy and/or sell their computer
resources. Cloud@Home can be also considered as a generalisation and a matura-
tion of the @home philosophy: a context in which users share their resources vol-
untarily and without any compatibility problem; the term resources is interpreted in
the more general Cloud sense of services. Nevertheless, the following issues, chal-
lenges and problems exist: managing of resources, the front-end to users must be as
easy as possible, the security system must support authentication, data protection,
data confidentiality and integrity; redundancy is necessary, clouds should interoper-
ate, and a business model management must be supported. Cloud@Home is based
on a three layer architecture: front-end layer, virtual layer, and physical layer. The
front-end layer is responsible for the resource management from the global Cloud
system’s perspective, e.g. the discovery of vanished or new resources. The virtual
layer virtualises the physical resources and offers a homogeneous view of Cloud’s
resources to the end-users. The physical layer provides physical resources for im-
plementing execution, storage services, mechanisms and tools for managing such
resources locally. To the best knowledge of the author there is no implementation
at the time of writing the thesis2.

Costa et al. [37] present a BOINC prototype that can run MapReduce [40] jobs,
using a pull-model in which communication is always initiated by the client, in-
stead of the traditional push-model used in cluster, and especially by BOINC.
MapReduce is a programming model and an associated implementation for pro-
cessing and generating large data sets. Users specify a map function that processes
a key/value pair to generate a set of intermediate key/value pairs and to reduce a
function that merges all intermediate values associated with the same intermedi-
ate key. After handling the tasks, the results are reduced; it is necessary that all
outputs of the previous map step are presented within the same key range. The au-
thors break the general BOINC restriction and establish a communication between

29th November 2012



3.6. Summary 27

clients; thus, the reduction of overhead network to central BOINC server is used to
decrease several computation results.

3.5.2 Tools
Pllana et al. [41, 53, 52] present the graphical editor Teuta which enables the cre-
ation of grid workflows. Teuta is used for workflow composition, submission, con-
trolling and monitoring. In addition, Teuta employs a DSML for grid workflows
based on UML2. In Teuta, the workflow is composed by graphically combining
predefined elements of the DSML metamodel.

The goal of ASKALON [42, 3] is to simplify the development and the execution
of workflow applications on the Grid. It contains a number of high level services
including a workflow scheduler and execution engine, a resource manager for com-
puters, application components and a performance prediction service [68]. The
ASKALON workflow composition tool [144] is a graphical editor for the UML-
based modelling of Abstract Grid Workflow Applications (AGWLs) [42] and dis-
tributed parallel programs. This tool is a customised version of Teuta.

3.6 Summary
This chapter introduced related work of different scientific and industrial fields.
The sections are divided into a presentation of approaches, specifications and a
list of tools available for different related work. In particular, the work of the
modelling field, the Unified Modeling Language (UML), the Object Constraint
Language (OCL) and the computing grids is outlined.





CHAPTER 4

Model-driven Development

The first time you do something, you just
do it. The second time you do something
similar, you wince at the duplication, but
you do the duplicate thing anyway. The
third time you do something similar, you
refactor.

DON ROBERTS

4.1 Introduction
This chapter will give a general overview about the Model-driven Develop-
ment (MDD) methodology, its efforts to create approaches for handling different
modelling aspects and how MDD can be applied in the software development pro-
cess. As stated by France and Rumpe [46], the growing complexity of software is
the motivation behind the work on industrialising software development. In partic-
ular, current research in the area of Model-driven Engineering (MDE) is primarily
concerned with reducing the gap between problem and software implementation
domains through the use of technologies that support systematic transformation of
problem-level abstractions to software implementations. The complexity of bridg-
ing the gap is tackled through the use of models that describe complex systems at
multiple levels of abstraction, from a variety of perspectives and through automated
support for transforming and analysing models. In the MDE vision, models are the
primary artefacts of development and developers rely on computer-based technolo-
gies in order to transform models into running systems. Accordingly, the main goal
of MDE research is to produce technologies that shield software developers from
the complexities of the underlying implementation platform. An implementation
platform may consist of networks of computers, middleware and libraries of util-
ity functions, e.g. libraries of persistence, mathematical routines or the BOINC
framework. The realisation of the MDE vision requires a handling of extensive
interrelated technical problems that have been the focus of software engineering
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research over recent years. It may seem that work on MDE centres on the devel-
opment and use of models based on the Unified Modeling Language (UML). The
UML standardisation effort has played a vital role in bringing together a commu-
nity that focuses on the problem of raising the level of abstraction at which software
is developed.

UML is not precise enough to support executable models or fully automated
code generation directly. This can be resolved through the use of profiles, which
can provide constraints and specialisations of the manifold semantic variation
points in the general standard [11].

4.2 Overview of Model-driven Development

The Object Management Group (OMG) was formed as a standard organisation
in order to reduce the complexity, lower costs, and accelerate the introduction of
new software applications. One of the major initiatives through which the OMG
is accomplishing this goal is by the promotion of the Model-driven Architecture
(MDA) as an architectural framework for software development. In 2001 the OMG
adopted the MDA as an approach for using models in software development. Its
three primary goals are portability, interoperability and reusability through archi-
tecture and maintenance [25]. MDA is an approach where software systems are
defined by using models. Based on these models, their construction is to some
extent automatic [87]. A system can be modelled at different levels of abstrac-
tion or out of different perspectives. The syntax of every model is defined by a
metamodel. It defines the syntax and notation of the modelling languages, a model
plays the role of the source code, the generator performs the transformation from
models to executable applications and replaces the compiler. While using MDA, it
is possible to generate large amounts of source code and other artefacts automati-
cally, e.g. deployment descriptors and make-up of files, based on relatively concise
models. This approach enables systems to be modelled by the use of Platform In-
dependent Models (PIM) and generates Platform Specific Models (PSM) through
transformation rules or direct mapping relations [124].

4.2.1 Model-driven Architecture

One fundamental aspect of Model-driven Architecture (MDA) is its ability to ad-
dress the complete development life-cycle, covering analysis and design, program-
ming, testing and component assembly as well as deployment and maintenance.
MDA itself is not a new OMG specification but rather an approach of software
development which is set up by existing OMG specifications such as the UML
and the Meta Object Facility (MOF) [25]. The main idea is to have unique mod-
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els which are executable on any target platform, i.e. the developers have no need
to implement any line of code or at least a minimum set of lines of code. In re-
cent decades the abstraction of technologies increased continuously. At the be-
ginning, only machine code was implemented, then the first high-level language
Fortran [138] was established. The OMG defines some general tokens which are
used for MDA [103, 124]:

Computation Independent Model (CIM) This is a view of a system from the
computation independent viewpoint and does not show details of the sys-
tem’s structure. CIM contains all of the business rules defined in the core
business model [25].

Platform Independent Model (PIM) This is a view of a system from the plat-
form independent viewpoint and exhibits a specified degree of platform in-
dependence so as to be suitable for a number of different platforms with
similar types. In short, this model contains only the data elements defined
in the conceptual model, e.g. the structure of a system without information
about software versions [25].

Platform Specific Model (PSM) A view of a system from the platform specific
viewpoint. A PSM combines the specifications in the PIM with the details
that specify how this system uses a particular type of platform and software
versions.

The MDA guide [103] states some possibilities of how these different models can
be used, in particular, which transformations are established between models. Be-
yond the mentioned notions of CIM, PIM, and PSM, the two key concepts of MDA
are models and transformations [25]. In particular, the MDA guide does not re-
strict the method of transformations: there are many ways in which such a trans-
formation may be performed [124], e.g. PIM to PSM or PIM directly to a code
implementation and therefore to an executable application. Fig. 4.1 is intended to
give a diagrammatic overview. A model is prepared by using a PIM specified from
a metamodel. Thus, a particular platform is chosen and its transformation is avail-
able or prepared. This transformation specification is in this regards a mapping
between metamodels. The mapping guides the transformation of the PIM in order
to produce the PSM. There are contexts in which a PIM can provide all the infor-
mation needed for implementation; there is no need to add specialised mappings
for transforming the PIM into a specific PSM or use data from additional profiles
in order to be able to generate a code. This is the case when mature software
components are used, where middleware provides a full set of services and where
these components are reused, i.e. necessary architectural decisions are made once
for a number of projects. These decisions are implemented in tools, development
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Figure 4.1: Model-driven Architecture approach of metamodel transformation between
PIM and PSM [124].

processes, templates, program libraries and code generators. This makes the PIM
computationally complete; that is, the PIM contains all the information necessary
to produce a computer program code. As a consequence, a tool can interpret the
model directly or transform the model immediately into a program code [124]. In
essence, the foundations of MDA consist of three complementary ideas [2]:

Direct representation Shifts the focus of software development from the technol-
ogy domain towards the ideas and concepts of the problem domain. The
reduction of the semantic distance between the problem domain and the rep-
resentation allows a more direct coupling of solutions to problems, leading
to more accurate designs and increased productivity.

Automation Uses computer-based tools to mechanise those facets of software de-
velopment that do not depend on human skills. One of the primary purposes
of automation in MDA is to bridge the semantic gap between domain con-
cepts and implementation technology by explicitly modelling both domain
and technology choices in frameworks and then exploiting the knowledge
which is then built into a particular application framework.

Open standards Standards have been one of the most effective boosters of
progress throughout the history of technology. Industry standards do not only
help to eliminate gratuitous diversity but they also encourage an ecosystem
of vendors to produce tools for general purposes as well as all kinds of spe-
cialised niches, greatly increasing the attractiveness of the whole endeavour
to users. Open source development ensures that standards are implemented
consistently and therefore encourages the adoption of standards by vendors.
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MDA tackles problems caused by system size through the increase of abstraction
level from code-level to model-level [69]. The MDA Guide states that the magic
of software automation from models is truly just another level of compilation [103,
p.1-3]. MDA presents a developmental process based on automatic transforma-
tion of models into a code. Fig. 4.2 shows how MDA relates to other ways of
using models (M) and code (C). The three first boxes from the left are variants of
single-language programming. The code is the central part. If models are used
then they are either disconnected or non-executable design models or are visual-
isations which are produced by reverse engineering techniques. Neither of these
approaches use models as first-class artefacts. The three approaches on the right,
round-trip, Model-driven Architecture, and Model Interpretation, all fit under the
MDE umbrella. These approaches use models as first-class artefacts and they differ
only in the priority in which they assign a code [69].

Figure 4.2: This diagram shows six different ways of using models (M) and code (C) in the
context of MDE [69, 13].

4.2.2 Domain-specific (Modeling) Language

Domain-specific Modeling Languages (DSMLs) have been around for a long time.
Graphical User Interface (GUI) builder systems allow developers to build interfaces
by selecting and manipulating buttons and other interface widgets directly, rather
than writing pages of repetitive code using a graphics library [2]. A DSL/DSML
(hereafter only named “DSL”) may either have a textual (i.e. DSL) or a graphi-
cal representation (i.e. DSML), i.e. both are concrete syntaxes. These concrete
syntaxes are mapped to a language model, i.e. abstract syntax, which describes
the modelling elements with which models in the respective domain can be cre-
ated. In combination with an application library, any general-purpose language
can act as a DSL. The library’s API constitutes a domain-specific vocabulary of
class, method, and function name that becomes available for any general-purpose
language program using the library by using object creation and method invoca-
tion [19]. The establishment of a model-driven DSL usually means performing
three steps [44, 64]:
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1. A language model is defined to specify the abstract syntax of the DSL in a
formal way. If a UML-like metamodel is used, a UML profile with stereo-
types, tagged values, and constraints is used to model the extensions to the
UML needed for defining the DSL formally.

2. For making the language usable, a suitable concrete syntax has to be defined.
There can be a graphical representation that exposes the abstract model el-
ement for selected language elements. The concrete syntax represents the
concepts of the abstract syntax. Usually there is a correspondence between
concrete and abstract syntax elements. In the case of textual languages the
syntax can be described by a grammar which describes both concrete and
abstract syntax by specifying terminals, non-terminals and production rules.
Finally some kind of development environment needs to be provided.

3. A generator translates the DSL into an executable representation, e.g. C/C++
code which can be compiled in a subsequent step. Therefore, the generator
must map the concrete syntax to instances of the abstract syntax. These gen-
erate the code in the target programming language. In practice the generator
must be able to define the semantics of the DSL. An informal description of
the language may be given in a natural language by describing the domain
itself. But the actual definition of these semantics is performed by imple-
menting the generator back-end. Thus, the semantics of the DSL are defined
by giving a translation (translational semantics) into some target language
which already has some behaviour definition for its elements (operational
semantics).

In [19] the authors list some decision patters which can be consolidated when the
use of DSLs is an open decision. For these instances, some established and avail-
able DSLs are introduced and it is established in which context they are supported.
DSLs are used to abstract a complex architecture or hierarchy and narrow the scope
of use in a specific direction. This provides a domain-specific notation for develop-
ers right from the start. Their importance should not be underestimated as they are
directly related to the productivity improvement associated with the use of DSLs.
In addition, it is not necessary that DSLs are full Turing machines [85] and they
need not be executable. For instance, Microsoft Excel’s macro language [198] is
a DSL for spreadsheet application which adds programmability to Excel’s funda-
mental interactive mode. It depends on the abstraction of how a DSL is defined and
created. A DSL can be created as a textual or graphical representation, therefore
three steps are adequate for the creation [64]:

1. A UML based language model is defined to represent the abstract syntax,
which specifies how the various language elements of the workflow DSL
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interact. Based on this model, UML stereotypes and constraints are defined
to model those aspects of the workflow DSL that cannot be expressed in a
native UML.

2. For the concrete syntax, in case the DSL is a graphical representation, vi-
sual symbols are defined for each of the language elements of the DSL. The
abstract syntax model can be mapped into visual or textual elements.

3. The code generation for the target programming language is defined. Each
concrete syntax element is mapped to an instance of the respective abstract
syntax class, and it is checked that no constraint is violated.

4.3 The Unified Modeling Language Version 2

The Unified Modeling Language (UML) is a standard modelling language for vi-
sualising, specifying, and documenting software systems [124]. The objective of
UML is to provide system architects, software engineers, and software developers
with tools for analysis, design, and implementation of software-based systems as
well as for modelling business and similar processes. One of the primary goals of
UML is to advance the state of the industry by enabling object visual modelling
tool interoperability. However, in order to set up a meaningful exchange of model
information between tools, agreement on semantics and notation is required [125].
UML is a visual language for specifying, constructing and documenting the arte-
facts of systems. It is a general purpose modelling language that can be used with
all major object and component methods and can be applied to all application do-
mains, e.g. health, finance, telecommunications [74], aerospace [7].

There are situations in which a language that is so general and of such a broad
scope may not be appropriate for modelling applications of some specific do-
mains [7]. This is the case, for instance, when the syntax or semantics of the UML
elements cannot express specific concepts of particular systems or when we want
to restrict or customise some of the UML elements which are usually too abundant
and too general. OMG defines two possible approaches for defining DSLs. The
first one is based on the definition of a new language using MOF which aims to
provide a language description for metamodels. In this way, the syntax and seman-
tics of the elements of the new language are defined in order to match the specific
characteristics of the domain. The second alternative is based on the UML special-
isation in which some of the language’s elements are specialised; for imposing new
restrictions on them while respecting the UML metamodel and leaving the original
semantics of the UML elements unchanged, i.e. properties of the UML classes,
associations, attributes etc. will remain the same; new constraints will simply be
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added to their original definitions and relationships. In order to support the sec-
ond alternative, UML provides a set of extension mechanisms for specialising its
elements, allowing customised extensions of UML for particular application do-
mains, i.e. stereotypes, tagged values, and constraints. These customisations are
sets of UML extensions grouped into UML profiles. UML profiles not only can ex-
tend themselves but also any other MOF-defined language or even different UML
profiles.

As stated in [2] some scientists have complained that UML is too complex to
learn or use. It is complex — it is intended to provide a capability that is needed by
all kinds of known and unknown frameworks that may be built on it in order to han-
dle real-world problems. But every powerful tool is complex, such as English and
Electrical Engineering. Thus, complex tools are needed to deal with the variability
and complexity of the real world. However it is not necessary to know all about the
English language, electrical engineering or UML in order to use them effectively.
UML is structured into separate modules with minimal interaction among them-
selves. In addition, it includes state machines for describing discrete event-driven
behaviour, activity graphs for describing computational flows, and constructs such
as components, ports and connectors for assembling large systems from modular
pieces.

4.3.1 Structure of UML Version 2
UML 2 is separated into three specifications:

• Infrastructure Specification The infrastructure specification provides the
core functionalities of the language [126], i.e. Classes, Attributes, Associa-
tions, primitive data types and so forth. This part specifies the flexible meta-
model library that is reused by the superstructure specification. It contains
a single language unit that provides modelling for the kinds of class-based
structures encountered in most popular object-oriented programming lan-
guages. As such, it ensures an entry-level modelling capability. More impor-
tantly, it represents a low-cost common denominator that can serve as a basis
for interoperability between different categories of modelling tools [125].

• Superstructure Specification The superstructure specification takes ac-
count of UML’s user level [125]. In particular, this specification defines the
static and structural constructs (e.g. classes, components, nodes and arte-
facts) used in various structural diagrams, such as class diagrams, and de-
ployment diagrams. Another part considers the behaviour constructs which
describe the dynamic of systems (e.g. activities, interactions, state machines)
used in various behavioural diagrams, such as activity diagrams, sequence
diagrams, and state machine diagrams. Finally, this specification provides
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information on how UML models can be customised by the use of UML
profiles.

• Object Constraint Language (OCL) The OCL is a formal language used
to describe expressions on UML models [127]. These expressions specify
typical invariant conditions that must hold for the system being modelled or
queries over objects which are described in a model. When the OCL expres-
sions are evaluated, they do not have side effects, i.e. their evaluation cannot
alter the state of the corresponding executing system. OCL expressions can
be used to specify operations / actions that, when executed, do alter the state
of the system. UML modellers can use OCL to specify application-specific
constraints in their models. UML modellers can also use OCL to specify
queries on the UML model which are completely programming language
independent.

UML employs specialised keywords for describing how associations between
metaclasses are used within the metamodel hierarchy [96]:

subsets Two kinds of subsets can be distinguished:

• derived If a property is a derived subset, then its value or values can be
computed from the value of one or more other properties. That is to say
that the values exist in some form somewhere else in the metamodel
and that those values can be computed. Since the values for derived
subsets are calculated, users cannot add such collections directly.

• non-derived Non-derived subsets also apply to properties but such
properties contain values that cannot be calculated directly from ex-
isting features.

derived unions Derived unions indicate that a feature is the union of one or more
collections or scalar.

redefines Redefinition is a way to narrow the scope of a property or to constrain it.
It can be used to narrow the type of a property by referring to a more specific
type. The redefinition of features which are lists of items replace the entire
list. That is, any items contributed via inheritance will be disregarded and
the redefined list will be recalculated. The name and visibility of a property
are not required in order to match those of any property which it redefines.

Fig. 4.3 shows an excerpt of the UML specification [125, Fig. 7.9, 7.12]; attributes
of the classes are not shown. Association specialisations and redefinitions are indi-
cated by appropriate constraints situated in the proximity of the association ends to
which they apply (highlighted on the right-hand side). Association ends can have
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an optional specification, by use of a role, visibility, and multiplicity as shown on
the top left-hand side. When one association end has no multiplicity, then the de-
fault is used, i.e. the minimum and maximum is one. The visibility can describe
four visibility kinds: public (+), private (-), protected (#), and package (~). A role
name can have a slash at the beginning, then it describes a derived association.

The structure shows how the UML Class is modelled. A Class can have su-
perclasses, which are associated by the role superClass. In braces it is specified
that this association redefines the role general of Classifier. Classifier::general
specifies the general Classifiers for this Classifier, Class::superClass gives the su-
perclasses of a class. Thus, the specialised association roles should be used. UML

Figure 4.3: UML associations with different keywords: subsets, unions, and redefines.

is based on a class hierarchy. As a consequence, the types of metamodel element
instances which are related to the level within the hierarchy can vary, i.e. better
known as polymorphism [4]. In particular, Classifier::feature is an abstract class,



4.3. The Unified Modeling Language Version 2 39

which can be used to add behaviour to a classifier. The abstract class Feature is the
base class of a UML Connector to create composite structures. Accordingly, spe-
cialised Classifier instances can have an internal structure, due to the fact that UML
Property instances can be UML Port instances [125, Fig. 9.4]. This is possible be-
cause the UML Kernel package elements are merged for composite structures. In a
final step, the top area of Fig. 4.3 shows a union association. All specialised classes
of RedefinableElement are unified, i.e. the highest specialisation is described by
lower layered UML elements.

There are cases, where it is not possible to add elements to collections manu-
ally. The collections are filled automatically, this depends on the definition of the
subsets. For instance if the collection inheritedMember of Classifier (from Kernel,
Dependencies, PowerTypes, Interfaces) is readonly, members must be added to the
member collection of Namespace (from Kernel).

4.3.2 UML Diagrams

UML 2 has changed significantly, e.g. previous versions have no support to in-
corporate accurate model descriptions. In addition, the current UML version has
more features and types of diagrams. The 2.4 version contains 14 definitions of
diagrams; seven are used as structure and the others as behaviour diagrams [125].

UML Viewpoints

UML provides support for separating concerns by letting users model systems from
four viewpoints [6]:

1. Models produced from the static structural viewpoints describe the system’s
structural aspects.

2. Developers use the interaction viewpoint to produce sequence and commu-
nication models that describe the interactions among a set of collaborating
instances.

3. The activity viewpoint is used to create models that describe the flow of ac-
tivities within a system.

4. The state viewpoint is used to create state machines that describe behaviour
in terms of transitions among states.

These viewpoints can be used as a mix; it is not defined if one or more has to
be used. It depends on the application whether viewpoints are appropriate for a
situation or not.
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Structure Diagrams

Class Diagram This diagram deals with the basic modelling concepts of UML,
their particular classes and relationships [125, Chapter 7]

Component Diagram This diagram is used to define software systems with differ-
ent grades of complexity. In particular, this diagram specifies a component
as a modular unit with well-defined interfaces that are replaceable within
their environment. One aspect of component-based development is the reuse
of components according to prior construction. A component is considered
as an autonomous unit within a system or subsystem. Ports and interfaces
are used to hide the complexity of components and to connect components
among each other [125, Chapter 8].

Composite Structure Diagram In this diagram components are interconnected,
representing run-time instances which are collaborating over communica-
tions links to achieve some common objectives. Thus, communication links
are created between ports of components and used to define a component
which is independent of its environment. Elements of a system cooperate
with each other and produce a specific behaviour within their environment.
Collaboration will eventually be exhibited by a set of cooperating instances
that communicate with each other by sending signals or invoking operations.
This diagram is only used to model the relevant aspects of cooperation in-
stances [125, Chapter 9].

Deployment Diagram This diagram can be used to define the execution architec-
ture of systems that represent the assignment of software artefacts to nodes.
They are connected through communication paths to create network systems
of arbitrary complexity. In general, artefacts are physical entities and nodes
represent hardware devices or software execution environments [125, Chap-
ter 10].

Object Diagram The object diagram can visualise instances of classes which are
called objects. It shows the current values of one or more selected objects.
In particular, this diagram can be used to visualise a snapshot of a specific
moment during runtime.

Package Diagram The package diagram defines the basic constructs related to
packages and their contents [126, Section 10.4].

Profile Diagram The profile diagram is used to extend the metaclasses from ex-
isting metamodels for different purposes [125, Chapter 18]
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Behaviour Diagrams

Activity Diagram Activity modelling emphasises the sequence and conditions for
coordinating lower-level behaviours. These are commonly called control
flow and object flow models. The actions which are coordinated by activ-
ity models can be initiated because either other actions finish executing or
object and data become available or events occur external to the flow [125,
Chapter 12]. Activities can contain different nodes which are used to de-
scribe different actions, e.g. the execution of system calls, in order to fork
the flow to orthogonal flows or to decide which transition has to be used
next. Transitions are created between activities to control the object or con-
trol flow. Both flows can be controlled by constraints, the so-called guards
which allow the usage of selected transitions to change to the next activity or
action.

Use Case Diagram The key concepts associated with use cases are actors and the
subject. Use cases are a means for specifying required functions of a system.
A subject is a system which considers the application of use cases. The
users and any other systems that may interact with the subject are represented
as actors. They model entities that are outside the system. The subject’s
behaviour is specified by one or more use cases, which are defined according
to the needs of the actors [125, Chapter 16].

State Machine Diagram The state machine diagram defines a set of concepts that
can be used for modelling discrete behaviour or in order to express the usage
of protocols which are part of a system through finite state-transition systems.
These two kinds of state machines are here referred to as behavioural state
machines and protocol state machines, the second type is not used within
this thesis. Behavioural state machines specify behaviour of various model
elements, e.g. that can be used to model the behaviour of individual enti-
ties [125, Chapter 15].

Sequence Diagram A sequence diagram is a kind of interaction diagram. Within
a sequence diagram, lifelines of several objects can be added and messages
exchanged. The message exchange can be seen as a sequence and is consid-
ered as important for the understanding of the system situation. The data that
the messages convey and the lifelines store may also be very important, but
this diagram does not focus on the manipulation of data [125, Chapter 14]

Interaction Overview Diagram An interaction overview diagram defines com-
munication and is a variant of the activity diagram which emphasises the
high-level control flow. It illustrates an overview of flow control and states
which node may contain interaction diagram [134].
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Communication Diagram A communication diagram shows the interaction be-
tween the objects or roles that are associated with a lifeline and demonstrates
the passing of messages. In earlier versions of UML, this diagram was called
a collaboration diagram and had a different notation [134].

Timing Diagram A timing diagram conveys the change of a lifeline state or other
condition and represents a classifier instance or classifier role over a specific
time [134].

4.4 UML and Metamodeling

As a general rule a model describes the elements and types of elements that might
exist in a system [7]. For example, in the definition of a “Person” as a class in a
model, the use of instances of that class is possible, e.g. such as “John” or “Mary”.
Following that principle, granted that the system which has to be modelled is a
UML system, then the elements which are involved are “Class”, “Association”,
“Package”, etc. The OMG defines a four-layered architecture that separates the
different conceptual levels by making up a model: the instances, the model of a
system, the modelling language, and the metamodel of that language. In OMG
terminology these layers are called M0, M1, M2, and M3. Fig. 4.4 shows the four
layers of the UML specification.

Layer M0: Run-time instances. The M0 layer models the running system and its
elements are the actual instances that exist in the system. These instances
are, for example, the person “John”.

Layer M1: The model of the system. The elements of the M1 layer are models.
An example would be a UML model of a software system. The M1 layer
defines the class “Person” and additional attributes, e.g. a name for the per-
sons. There is a relationship between M0 and M1 layers. The elements of
the M1 layer are classifications of elements of the M0 layer. Likewise, each
element at the M0 layer is always an instance of an element at the M1 layer.

Layer M2: The model of the model (the metamodel). The elements of the layer
M2 are the modelling languages. Layer M2 defines the concepts that are
used to model an element of layer M1. In the case of UML, layer M2 defines
“Class”, “Attribute”, “Association”, etc. Just as there is a close relationship
between layers M0 and M1 so there is a close relationship between M1 and
M2 layers. Every element at M1 is an instance of a M2 element, and every
element at M2 categorises M1 elements. The model that resides at the M2
layer is called a metamodel.
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Layer M3: The model of M2 (the meta-metamodel). Finally, layer M3 defines
the concepts that can be used to define modelling languages. Thus, the con-
cept of the UML Class (that belongs to M2) can be considered as an instance
of the corresponding element of M3, which precisely defines what a Class is
and its relationships with the rest of the UML concepts, e.g. a UML Class is
a classifier, and therefore has an associated behaviour, and a set of attributes
and methods, etc.

The modelling language defined for describing the M3 elements is called
MOF (Meta-Object Facility, see Section 4.2.1). OMG’s specification describes
MOF as the foundation of OMG’s industry-standard environment where models
can be exported from one application, imported into another, transported across a
network, stored in a repository and then retrieved, rendered into different formats
(including XMI, OMG’s XML-based standard format for model transmission and
storage), transformed, and used to generate application code [129]. UML is de-
scribed by its metamodel. If a new object-based visual language other than UML
has to be defined, MOF can be used to describe its metamodel.

Figure 4.4: Example of UML’s four-layer metamodel hierarchy [125].

4.5 UML Profile Mechanism

A UML profile can be created on different levels of complexity. The type of cus-
tomisation that is required depends often on the nature of the domain and the fact of
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how the extended model is going to be used. If one wants to make simple customi-
sations by adding new properties to existing UML metaclasses, then a lightweight
extension is the best way. However, if one wants to extend the behaviour of UML,
add restrictions on certain collections or take advantages of the more-complex fea-
tures of UML such as redefinition, then a heavyweight extension works best. Four
different extension mechanisms can be used [96, 6]; each one has its pros and cons:

featherweight This mechanism adds keywords, UML itself defines a set of prede-
fined keywords [125, Appendix B].

lightweight This mechanism should be used for a first modelling try, which in-
volves the creation of a new UML profile. A profile defines limited exten-
sions to a reference metamodel with the purpose of adapting the metamodel
to a specific platform domain.

middleweight The middleweight extension increases UML through specialisation
of UML metamodels.

heavyweight Heavyweight extensions involve the reuse of copy and merge instead
of specialising the types from a reference metamodel as with middleweight
extensions.

Bruck and Hussey [96] created a detailed list of comparisons for the different exten-
sion types, e.g. ability to evolve or restrict multiplicities. UML can be customised
by using a set of extension mechanisms that UML itself provided [7]. More pre-
cisely, the profiles package included in UML 2 defines a set of UML artefacts that
allows the specification of a MOF model in order to deal with the specific concepts
and notation required in particular application domains, e.g. real-time or business
process modelling. A UML profile can extend either a metamodel or another pro-
file and is defined in terms of three basic mechanisms: stereotype, constraints, and
tagged values. Any metaclass of UML can be stereotyped. In [76] the authors
define stereotypes as:

A stereotype in a modelling language is a well-formed mechanism for
expressing user-definable extensions, refinements or redefinitions of
elements of the language (directly) modifying the metamodel of the
language.

Fig. 4.5 shows how the stereotype mechanism can be classified in four cate-
gories [76]:

Decorative Stereotypes This classification allows modifying the concrete syntax
of a language element. It does not introduce any essential additional infor-
mation or new concepts into the base language. The represented model and
the essence of the language that expresses the model remain unchanged.
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Descriptive Stereotypes This classification allows modifying the abstract syntax
of a language element and defines the pragmatics of the newly introduced
element.

Restrictive Stereotypes This classification allows modifying the semantic of the
newly introduced element. A restrictive stereotype does not change the se-
mantic of the base language — it only extends it. These kinds of stereotypes
are used to add missing features to some elements of a language.

Redefining Stereotypes This kind of stereotype redefines a language element,
changing its original semantics. Using this stereotype, deep and radical
changes can be imposed to a language. New language concepts can be intro-
duced.

Figure 4.5: Classification of stereotypes according to their expressive strength and level of
complexity [76].

The notation for an extension is an arrow pointing from a stereotype to the extended
metaclass where the arrowhead is shown as a solid triangle. Fig. 4.6 shows how this
can be performed visually. In this example three stereotypes are defined; one ex-
tends the metaclass Package and two extend the metaclass Component. Service is
written in italics and visualises an abstract stereotype which has to be specialised;
this is performed by the stereotype Database. A stereotype can have additional
tagged values, i.e. Host has a tagged value hostname of type String and Service
has a tagged value serviceType of the (not shown) type ServiceType. Tagged val-
ues are additional meta-attributes that are attached to a metaclass of the metamodel
extended by a UML profile. Tagged values are specified as attributes of the class
that defines the stereotype [7]. Furthermore, constraints can be associated to stereo-
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Figure 4.6: Example how UML metaclasses are extended by UML extensions.

types, imposing restrictions on the corresponding metamodel elements. In this way
a designer can define the properties of a “well-formed” model. For instance, the
serviceType can be restricted for the specialisation, i.e. the type of the service must
be Database or something with a similar meaning. Constraints can be expressed in
any language, including natural stated constraints or the formal Object Constraint
Language (OCL) as described in Section 4.6 [7].

4.5.1 Definition of a UML Profile
Some guidelines exist [7, 60] to support a UML modeller defining UML profiles.
The authors propose the following steps and necessary key elements:

1. A modeller has to define the set of fundamental language constructs that
will comprise the platform or system, and the relationships between them,
which can be expressed in terms of a metamodel. If such a metamodel is
not available, it can be defined by UML, i.e. classes, hierarchy relationships,
associations, etc.

2. Once a domain metamodel is defined, it can be used to define a UML profile.
Accordingly, stereotypes are created for each relevant element of the meta-
model profile. In order to clarify the connections between the metamodel
and the profile, the stereotypes will be named after the corresponding ele-
ments of the metamodel. In fact, any element that we might need to define
the metamodel can be tagged later with a stereotype.

3. Only the UML metaclasses which are extended by a stereotype are repre-
sented within a new UML profile; other metaclasses can still be used. At-
tributes that appear in the metamodel should be defined as tagged values and
should include the corresponding types and initial values.

4. A set of constraints that govern how the metamodel elements can be com-
bined to produce valid models can be created. The combination of connec-
tions and constraints constitutes the well-formed rules of a metamodel. To-
gether with the set of language constructs they represent the abstract syntax
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of the metamodel. Generally, the abstract syntax is expressed by using the
OMG’s MOF (Meta Object Facility) [124, 129] language. Here, the MOF-
based UML is meant.

5. The concrete syntax or notation of the UML profile has to be defined. This
is the textual and/or graphical expression of the abstract syntax. Note that
it does not have to be derived from or reminiscent of the UML notation. In
addition, the semantic or meaning of the UML profile has to be specified.
This is a specification of the mapping between the elements of the abstract
syntax and the corresponding domain entities that the syntactical elements
represent.

Once a UML profile is defined, it can be applied for a specific application, i.e. the
UML dependency relationship extended by «apply» is used. Furthermore, there is
some research on the automatic generation of a UML profile by only comparing
the definition of the domain model and the UML elements [8].

4.6 The Object Constraint Language (OCL)

The Object Constraint Language (OCL) is a language adopted by the OMG for
expressing constraints and properties of model elements. Examples of constraints
include pre- and post-conditions of operations, invariants, derivation rules for at-
tributes and associations, the body of query operations, etc. The word “Constraint”
in the name of the language comes from its first version, where only constraints
could be expressed. The contexts of constraints are the UML elements that are
customised for a particular model. Since OCL 2.0, OCL has evolved to a more
expressive query language whose expressiveness is similar to that of Structured
Query Language (SQL) [116, 7]. The OCL can be distinguished in three basic
complexity levels [77, 26]:

Intra-object Integrity Constraints Constraints restricting the value of the at-
tributes of a single object.

Inter-object Integrity Constraints Constraints restricting the relationships be-
tween an object and other objects, instances of different classes. Within this
category, it is worthwhile to distinguish the subcategory of Integrity Con-
straints containing aggregated operations, e.g. sum, count, size, etc.

Class-level Integrity Constraints Constraints restricting a set of objects of the
same class, i.e. this is supported by OCL’s allInstances operator.
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Figure 4.7: Part of the UML4BOINC profile to explain OCL statements.

OCL is a pure specification language; therefore, an OCL expression is guaranteed
to be without side effects. When an OCL expression is evaluated, it simply re-
turns a value and it cannot change anything in the model. This means that the state
of the system will never change because of the evaluation of an OCL expression,
even though an OCL expression can be used to specify a state change, e.g. in a
post-condition. OCL is not a programming language; hence, it is not possible to
implement program logic or flow control in OCL. OCL is a typed language so that
each OCL expression has a type [127]. The OCL can be added to any UML el-
ement. As a consequence, OCL statements are related to a specific context. The
context can be formed in different ways, i.e. as an invariant or pre- or post condi-
tions. OCL does not only describe conditions but also operations, initialisation of
values and derived values.

Fig. 4.7 shows an excerpt of the UML4BOINC profile which is presented in
Chapter 6. This model is used to describe the OCL types and operations of the
next section driven by an example. The UML4BOINC profile is used for specify-
ing a Host with additional Services which are again installed on these Hosts; they
can have one or more Network Interface Cards (NICs) to enable communication
between Hosts. The UML metaclass Class is extended by «NIC». The UML meta-
class Component is extended by «Service» and «Host». «Host» associates «NIC»
and «Service»; «Service» is specialised by «Database» and «Host» is specialised
by «SAN». Through this visual representation, one can create models based on
this metamodel but the instance of this metamodel cannot be used to create an im-
plementation, i.e. the metamodel does not define which operating system has to be
used or how the hostname has to be set. An OCL expression can be an invariant
of the restricted type and the expression must be true for all instances of that type
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at any time. The OCL expression can be part of a precondition or postcondition.
Additional constructs are possible, e.g. the body of operations, initial or derived
expressions. An example of some possible constructs is shown in Listing 4.1. The
UML metaclass X has an invariant (inv) which states that only one instance is al-
lowed. X has an operation named operationName which checks if the attribute is
zero (precondition), sets the counter to one (body) and validates if the counter is
one (postcondition); thus body returns one.
c o n t e x t X inv : a l l I n s t a n c e s ( )−> s i z e ( ) = 1
c o n t e x t X : : opera t ionName ( ) : I n t e g e r
pre : s e l f . c o u n t e r = 0
pos t : s e l f . c o u n t e r > 0
body : s e l f . c o u n t e r = 1

Listing 4.1: An example of invariants, preconditions, postconditions and body of
operations.

4.6.1 OCL Types
Fig. 4.8 shows the type hierarchy of OCL which has Classifier (from Kernel, De-
pendencies, PowerTypes, Interfaces) [127]. The OCL specification defines a num-
ber of types which are similar to other programming languages; among these are
primitive types: Integer, Real, String, and Boolean. Secondly, OCL defines dif-
ferent CollectionTypes including a list of particular type elements associated with
elementType. In addition, the elementType covers a collection of different types:

BagType An unordered collection, duplicates are allowed.

OrderedSetType An ordered collection, duplicates are not allowed.

SequenceType An ordered collection, duplicates are allowed.

SetType An unordered collection, duplicates are not allowed.

The types stated above are related to the models which are allowed to be applied
by users, i.e. CollectionType is the type of Collection. Collection is an abstract
type with the concrete collection types as subtypes. OCL distinguishes between
three different collection types: Set, Sequence, and Bag. A Set is the mathematical
set; it does not contain duplicate elements. A Bag is like a set which may contain
duplicates (a multiset in some notations), i.e. the same element may be twice or
more in a bag. A Sequence is like a Bag in which the elements are ordered. Both
Bags and Sets have no defined order. OCL is a 1-based index language whereas
other languages like C/C++ are zero-based, i.e. the element of an OCL collection
can be accessed by 1 as first index. TupleType combines different types into a single
aggregate type, i.e. informally known as record type or struct. Listing 4.2 shows
examples of all available collection types.
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−− unordered , d u p l i c a t e s a l l o w e d
Bag {1 , 2 , 3 , 2 , 1}
−− ordered , no d u p l i c a t e s
O r d e r e d S e t {1 , 2 , 3 , 5 , 7 , 11 , 13 , 17 }
−− ordered , d u p l i c a t e s a l l o w e d
Sequence {1 , 2 , 3 , 5 , 7 , 11 , 13 , 17 }
−− unordered , no d u p l i c a t e s
Set {2 , 4 , 1 , 5 , 7 , 13 , 11 , 17 }
−− Tup le o f a two−d i m e n s i o n a l c o o r d i n a t e , i . e . x=5 and y=0
Tuple {x : I n t e g e r = 0 , y : I n t e g e r = 0 } . x = 5

Listing 4.2: Examples of OCL Collections and a OCL Tuple.

Figure 4.8: Excerpt of the OCL datatypes [127].

4.6.2 OCL Operations for Primitives

Attributes and operations of classes can be accessed directly with OCL; these kinds
of constraints are categorised as intra-object integrity constraints. The keyword
self is an optional access operator which is used to access the context available
attributes and operations. Listing 4.3 shows how the tag-value port is checked for
a valid value, i.e. a port must be in the range between 1 and 216 − 1; self can be
removed in both compositions. The results can be set in two Boolean values and
OCL provides the standard operators >, <, >= and <= for this.
−− <<Database >>
c o n t e x t Component inv : s e l f . p o r t >= 1 and s e l f . p o r t <= 65535

Listing 4.3: OCL validation of the port range.

In addition, OCL specifies standard operations, e.g. min to query the minimum
value of two values. Some operations depend upon the type that is used, i.e. an
integer cannot be rounded and a real value can contain a floating-point value and
therefore can be rounded. Finally, if a «Host» instance has no operating system,
#Linux32 is used as default as shown in Listing 4.4.
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−− <<Host >>
c o n t e x t Component pos t :
i f o p e r a t i n g S y s t e m . o c l I s U n d e f i n e d ( ) then

o p e r a t i n g S y s t e m = # Linux32
e n d i f

Listing 4.4: Postcondition for the operating system of «Host».

4.6.3 OCL Operations for Collections

This section describes OCL statements which are categorised as inter-object in-
tegrity constraints. The single navigation of an association results in a Set, com-
bined navigations in a Bag and navigation over associations adorned with {ordered}
results in an OrderedSet [127]. Listing 4.5 shows how the use of «Database» can be
restricted, i.e. only one instance is allowed to be installed on a host. Furthermore,
it conveys how associations can be applied when an association role is not named
and when the class name with a lowercase first character is used. In Fig. 4.7, the
association from «Host» to «NIC» can be used with two equivalent calls: self.nIC
or self.network.

−− <<Database >>
c o n t e x t Component inv : hos t −>s i z e ( ) = 1

Listing 4.5: OCL invariant that «Database» must have a «Host».

Listing 4.6 shows how named association roles are used. In this example one
«Host» can only have «NIC» instances which are unique, i.e. the name of a de-
vice and all devices for a internet-protocol value are unique.

−− <<Host >>
c o n t e x t Component inv :

s e l f . network−>f o r A l l ( n1 , n2 | n1 . d e v i c e <> n2 . d e v i c e i m p l i e s
n1 . i p v a l u e <> n2 . i p v a l u e )

Listing 4.6: OCL invariant that a «NIC» must vary on a «Host».

The Listing 4.7 specifies that a «SAN» cannot have a «Service». Thus, the service
association is checked for emptiness.

−− <<SAN>>
c o n t e x t Component inv : s e r v i c e −>empty ( )

Listing 4.7: OCL invariant that «SAN» has no services.

OCL specifies several operations for the different collections. It is possible to cast
between different collection types. For this, each collection type has four opera-
tions: asBag(), asSequence(), asSet(), and asOrderedSet(). Each of them returns
the named collection, i.e. asBag() returns a Bag.
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Finally, OCL statements can be used to restrict the use of instances itself. List-
ing 4.8 defines that all created hosts must have a unique hostname. This kind of
OCL statement is categorized as class-level integrity constraints.
−− <<Host >>
c o n t e x t Component inv : a l l I n s t a n c e s ( )−>un iq ue ( hos tname )

Listing 4.8: OCL invariant that all hostnames must be unique.

4.7 Summary
This chapter presented the Model-driven Engineering (MDE) in software devel-
opment. In particular, it has been demonstrated how the Model-driven Devel-
opment (MDD) is supported by different approaches. OMG’s Model-driven Ar-
chitecture (MDA) allows the creation of different metamodels which are able to
be transformed into metamodels themselves. Thus, the Unified Modeling Lan-
guage (UML) can be used as a Domain-specific Language (DSL) to allow devel-
opers to create specific viewpoints of the same system environment. Furthermore,
it has been explained how UML and its semantics work and how the formal Object
Constraint Language (OCL) allows the restriction of the use of UML. The chapter
ends with an illustration of UML layers and its metamodel concepts and a final de-
scription of extension mechanisms which are based on stereotypes, tag values and
constraints.



CHAPTER 5

Berkeley Open Infrastructure for
Network Computing

BOINC (Berkeley Open Infrastructure for Network Com-
puting) is a software system that makes it easy for sci-
entists to create and operate public-resource computing
projects. It supports diverse applications, including those
with large storage or communication requirements. PC
owners can participate in multiple BOINC projects, and
can specify how their resources are allocated among these
projects.

DAVID P. ANDERSON

5.1 Introduction
Berkeley Open Infrastructure for Network Computing (BOINC) is a Grid Comput-
ing (GC) middleware framework which allows the creation of High Performance
Computing (HPC) installations by means of Public Resource Computing (PRC).
PRC, also known as “Global Computing” or “Peer-to-peer computing” (P2P), uses
these resources to do scientific supercomputing. Despite the fact that BOINC sup-
ports the creation of PRC systems, it works slightly differently from GC and P2P
systems [28] (Section 5.1.1). BOINC enables the solution of large scale and com-
plex computational problems. It supports diverse applications, including those with
large storage or communication requirements [31]. The target platforms or devices
are not limited. BOINC-based applications can be executed on various target de-
vices with different software environments, e.g. Windows, Linux, Mac, and mobile
devices based on Android or iOS [33, 190, 157]. Since 1999, SETI@home [15, 1],
a basis of BOINC has attracted millions of participants worldwide. In addition it
encourages public awareness of current scientific research, catalyses global com-
munities which are centered on scientific interests and gives the public a measure
of control over the directions of scientific progress.
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5.1.1 BOINC in Constrast to Grid Computing
BOINC and GC share the goal of better utilising existing computing resources.
However, there are profound differences between these two paradigms [31]:

• GC involves organisationally-owned resources: supercomputers, clusters,
and PCs owned by universities, research labs, and companies. These re-
sources are managed centrally, mostly powered and connected full-time with
high-bandwidth network links. There is a symmetric relationship between
organisations: each one can either provide or use resources.

• In contrast, BOINC involves an asymmetric relationship between projects
and participants [29]. BOINC projects are typically small academic research
groups with limited computer expertise and manpower. Most participants are
individuals who own Windows, Macintosh, or Linux PCs that are connected
to the Internet by telephone or cable modems or DSL (Digital subscriber
line) and often behind network-address translators (NATs) or firewalls. The
computers are turned off or disconnected from the Internet frequently. The
participants are no computer experts, only participate in a project when inter-
ested and thus receive “incentives” such as credit and screensaver graphics.
BOINC projects have no control over participants and cannot prevent mali-
cious behaviour.

Accordingly, there are different requirements for middleware for BOINC than for
GC, e.g. BOINC’s features such as redundancy computing, cheat-resistant account-
ing and support for user-configurable application graphics are not necessary in a
Grid-system. Conversely, GC has many requirements that BOINC does not. GC
architectures must accommodate many existing commercial and research-oriented
academic systems and must provide a general mechanism for resource discovery
and access. In fact, it must address all the issues of dynamic heterogeneous dis-
tributed systems [31]. Fig. 5.1 shows a comparison of BOINC and GC by An-
derson [28]. On the left-hand side, the figure illustrates the approach of BOINC,
whereas the right-hand side shows the general GC. Consequently, BOINC clients
are loosely coupled and GC systems are coherent.

5.1.2 Potential of BOINC
In [29] a study on BOINC and SETI@home [1, 15] is presented. From the partici-
pating hosts, 25% had 2 or more CPUs and the average memory was 819MB RAM
(Random-access Memory) and 2.03GB swap. The average network throughput
was 289Kps. The BOINC client measures the amount of total free space as 12
Petabytes. When the article was written, there were 1 million participants in-
volved, i.e. a few hundred thousand for each project. The average host lifetime
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Figure 5.1: Comparison of BOINC in contrast to Grid Computing [28].

is 91 days. The average active-fraction (fraction of the time that BOINC is running
when BOINC is allowed to compute and communicate) was 0.84. SETI@home had
a potential processing rate of 149.8 TeraFLOPS. The host pool provides process-
ing at a sustained rate of 95.9 TFLOPS and it also has the potential to provide 7.74
Petabytes of storage, with an access rate of 5.27 Terabytes per second [67].

5.1.3 Goals
The goal of BOINC is to collect as many spare cycles as possible. Currently the
largest number of computers available is those desktop machines (PCs) which are
mostly owned and used by individual persons at home. Thus, the number one target
of BOINC is the large set of home computers [12]. BOINC’s general goals are [31]:

Reduce Barriers Anderson states that a BOINC project can be created within a
week of initial work and a hour of maintenance per week when the developer
or research scientist has moderate computer skills. In [70] it has been stated
that the initial work can take more than half a year with time variation in
maintenance which depends on the current state of a BOINC project, i.e.
if some hardware has to be replaced or software dependencies have to be
solved.

Share Resources & Autonomy BOINC-based projects are autonomous and are
not authorised or registered centrally. Each project operates independently
with its own servers. Participants of a single BOINC project can participate
in multiple projects and are able to assign a “resource share” individually.
Thus, they determine how to divide limited resources among projects because
computing power and disc space are limited.

Diverse Applications BOINC accommodates a wide range of different applica-
tions; it provides a flexible and scalable mechanism for distributing data
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and its scheduling algorithms match requirements intelligently with re-
sources. BOINC provides Application Programming Interfaces (APIs) for
C/C++ [118] and Fortran [138]. An application can consist of several files,
e.g. multiple programs such as a scientific application, a screensaver and
SQLite1 databases. New versions of applications can be deployed without
participants being involved.

Reward Participants BOINC projects provide an award system in order to attract
and retain participants; it consists of credits: a numeric measure of how much
computation the particpants have contributed.

5.1.4 Features

BOINC software includes server-side components such as a Scheduler, programs
which manage the distribution of task and data collections [30] and also a web-
based interface for clients and project administrators [71]. In addition, BOINC
provides the following features which make it a widely used PRC middleware
framework [31, 152]:

Redundant Computing BOINC provides support for redundant computing, a
mechanism for identifying and rejecting erroneous results. A project can
specify that N results should be created for each workunit. Once M <= N

have been distributed and completed, an application-specific Validator is
called to compare the results and possibly select a canonical result. If no con-
sensus is found, or if results fail, BOINC creates new results for the workunit
and continues this process until either a maximum result count or a timeout
limit is reached. Section 5.3.9 describes this in more detail.

Homogeneous Redundancy BOINC provides a feature called homogeneous re-
dundancy for scientific applications. When this feature is enabled, the
BOINC Scheduler sends results for a given workunit only to hosts with the
same operation system name and CPU vendor. BOINC can distinguish four
operating systems (Linux, Windows, Darwin, FreeBSD) and 80 processor
types (e.g. Intel Xeon, Celeron, Pentiums, and others) [91, p.50]. In this
case, strict equality can be used to compare results. Finally, BOINC is com-
patible with other schemes for ensuring result correctness [48].

Security The BOINC middleware framework protects against several types of at-
tacks, i.e. it uses digital signatures based on public-key encryption to protect
against the distribution of viruses.

1http://www.sqlite.org [accessed 11th April 2012]
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Multiple Servers and Fault Tolerance BOINC projects can have separate
scheduling and data servers with multiple servers of each type (Section 5.3).
Clients try alternate servers automatically; if all servers are down, clients
implement exponential back-off [123] to avoid flooding the servers when
they come back up.

System Monitoring Tools BOINC includes a web-based system for displaying
time-varying measurements, e.g. CPU load, network traffic, or database table
sizes.

Support for Diverse Applications The BOINC client is available for most com-
mon platforms, e.g. Mac OS X, Windows, Linux and other Unix systems. It
can use multi-core CPUs and GPUs.

Tunes Work Distribution The BOINC client fetches enough work to keep its host
busy for a participant-specifiable amount of time. This can be used to de-
crease the frequency of connections or to allow the participant’s computer to
keep working during project downtime.

Locality Scheduling The BOINC core client implements a local scheduling pol-
icy, i.e. maximise resource usage, satisfy result deadlines, respect the partic-
ipant’s resource share allocation among project preferences, and maintain a
minimal “variety” among projects. It is used to decide when work has to be
fetched from projects and what tasks have to be executed at a given point.

Open and Extensible Architecture Existing applications in common languages
(e.g. C/C++, Fortran) can run as BOINC applications with little or no mod-
ification. An application can consist of several files, e.g. multiple programs
and a coordinating script. New versions of applications can be deployed
without participant involvement, i.e. when the client fetches new workunits,
it also retrieves a new application version.

Asynchronous-messages BOINC offers a so-called trickle-message mechanism,
providing bidirectional, asynchronous, reliable, ordered messages, piggy-
backed onto the regular server-client RPC (Remote Procedure Call) traffic.
This can be used to convey credit or to report a summary of a computa-
tional state [67]. Users like to see an accrual of their credits on a daily basis
which can actually cause problems for projects with long workunits. The
trickle-message mechanism was put into the climateprediction.net (CPD)
software [93]. Basically, this is a ping from the client to the central BOINC
project server in order to inform the project which users are active, how much
time they have spent running CPD and where they are in the processing of
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the computation. The trickle-messages return some diagnostic data at cer-
tain intervals, i.e. through these data scientists are able to see which runs are
unstable or will be finished soon [35].

5.2 Architecture

BOINC uses a server-client architecture (so-called master-slave model), i.e. the
server controls the execution of a BOINC project. In addition, it organises the
workunit handling, validates and assimilates results and provides the download/u-
pload facilities which are necessary for a client’s queries. Finally, the server is in
charge of the following aspects [49]:

• Hosting the scientific experiment: A project is composed of a scientific ap-
plication and some input files. The executable is classified according to the
target platform (e.g. Microsoft Windows, GNU/Linux, Mac OS X) and ar-
chitecture (e.g. x86 32–64 bits and SPARC [79]).

• Workunits creation and distribution: A workunit describes how the experi-
ment must be run by the clients, i.e. the name of the scientific application, the
input/output files and optional command line arguments. Input/output files
contain a number of parameters in ASCII or binary format that are optionally
needed by the scientific application to perform a specific task.

The BOINC client executes the application, i.e. performs the calculations and sends
its results back to the server which assembles these into a “global” result or stores
them at specific places, e.g. in a specific directory or database [58]. The client
initiates the communication by sending a request over HTTP to the server. The
request is a XML (Extensible Markup Language) [117] dialect which describes the
information about the hardware and the availability of the machine on which it is
running. After establishing the communication, the server sends a reply consisting
of a XML script that describes the new tasks and files related to the application.
Then the client can download all the necessary binaries and files for running the
application and — after completing — uploads the results [71]. A distinguishing
feature among GC systems is the task distribution mechanism. Basically, there are
two concepts:

pull-model: The clients ask for work from the server.

push-model: The server pushes tasks to the clients.

BOINC is a clear example of the pull-model. Whenever a client is free, it asks for
workunits from the server [12].
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The set-up of a BOINC project requires the installation of a GNU/Linux server
with additional software components, e.g. Apache webserver [187], MySQL [200]
and PHP [188]. Secondly, a scientific application has to be implemented in
C/C++ [141] or Fortran [138]. Thus, three possible scenarios can be employed
to support BOINC:

Scenario 1: Porting. This is the most common method. A researcher has to adapt
his application source code in order to support BOINC. The current code-
base can be modified although the researcher has to rewrite the whole code
to fit the other use-cases.

Scenario 2: Wrapping. The BOINC team provides a tool called wrapper which
enables running legacy-applications or applications where the code-base is
not accessible; there are also other wrapping approaches [18, 57, 73]. Wrap-
ping can only be used when the application is linked statically, if not, all
external libraries have to be provided for the execution.

Scenario 3: Virtualization. VirtualBox [202] or VMware [209] can be used to
make uniform the client’s operating system and architecture by employing a
virtualisation layer. The virtual machine is provided by a BOINC project and
can be controlled by a wrapper.

Section 5.4.2 describes these three scenarios in more detail.

5.3 Server Components

The server-side of the BOINC project uses a number of separate daemons which
share a common MySQL2 database. Fig. 5.2 shows daemons which are basically
used on the BOINC’s server-side. A minimum of five daemons has to be installed
and started to enable BOINC’s workflow, i.e. workunit creation, distribution, per-
forming, validation and assimilation. Each of these daemons can be distributed
among several machines; as long as they share the same BOINC project instal-
lation as in Fig. 5.3 they can be located in different cities as has been organised
in the IberCivis [154] project [12]. Fig. 5.3 shows how the Network Filesystem
(NFS) [108] can be used to share a BOINC project installation. Host “01” is de-
fined as a main host, i.e. this host performs the main installation of a BOINC
project with all relevant configurations and applications. The main host must share
the BOINC project installation directory. In this example, three hosts are attached
to each other and they are importing the shared directory. Only one configuration
file has to be modified and each daemon and task can be executed on several hosts.

2http://www.mysql.de [accessed 11st April 2012]
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Figure 5.2: BOINC’s server-client architecture [31, 30]: the left shows the client-side,
the right shows the server-side; One BOINC project can have zero or unlimited attached
participants and each participant can be attached to zero or unlimited BOINC projects.

BOINC’s management script parses the configuration on each host and decides
whether a BOINC daemon or task has to be started on a specific host or not. This
allows the setting up of load-balancing for all BOINC daemons and tasks.

Figure 5.3: The ‘main’ host exports the BOINC project installation directory to external
hosts through the use of a Network File System (NFS) [108], e.g. to enable load-balancing.

5.3.1 Database
The data back-end of a BOINC project is a MySQL database. In this database
all the information about users, scientific applications and their different versions,
workunits and the current state of processing is stored. Within this thesis we call
this database the master database. Additional databases can be configured and
added, e.g. to use them for storing the results of computations. This kind of
databases will be called science databases. Both — master and science — can
have an optional replication, this will be called a replica database.

master database: BOINC’s main database used for the back-end.

science database: Optional database to store computation results.

replica database: Optional database to replicate above database kinds.
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5.3.2 Scheduler
The Scheduler handles requests from BOINC clients. Each request includes a de-
scription of the host, a list of completed instances and a request for additional work
which is expressed in terms of the time the work should take to complete. The re-
ply includes a list of instances and their corresponding workunits. The handling of
a request involves a number of database operations: reading and updating records
for the user account, the host and the various jobs and instances [30].

Furthermore, the Scheduler estimates the computing power of the client hosts
and allocates as many workunits to every client as can be processed within a day.
On the other hand BOINC avoids frequent work request operations from clients
who enable the service of a very large number of clients per day. BOINC does not
trust clients because it can allocate workunits redundantly, i.e. the same workunit is
sent to several clients. When a certain number of redundant workunits is consistent,
then the result is accepted and will be flagged by the Transitioner as ‘ready for
validation’ (Section 5.3.3) [12].

5.3.3 Transitioner
The Transitioner examines workunits and analyses which state change has oc-
curred, e.g. a workunit has been returned from a participant and is ready for report-
ing. Depending on the situation, it may generate new instances; flag the workunit
as having a permanent error or triggers validation or assimilation of the worku-
nit [30]. It keeps track of the results in progress and makes sure that they move
properly down the pipeline [71]. The Transitioner is a black-box element. The
runtime behaviour can be configured with parameters during the call for execution.
Four parameters can be modified in total (Appendix A.1).

5.3.4 Feeder
The feeder streamlines the Scheduler’s database access. It maintains a shared-
memory segment containing workunit relevant information which increases the
performance on the workunit accesses:

• static database tables such as scientific applications, platforms, and applica-
tion versions

• a fixed-size cache of unsent instance/job pairs. The Scheduler finds instances
that can be sent to a particular client by scanning this memory segment [30].

The feeder is a black-box element. The runtime behaviour can be configured with
parameters during the call for execution. Ten parameters can be modified in to-
tal (Appendix A.2).
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5.3.5 Validator
The Validator performs two functions. At first, it checks whether a sufficient num-
ber (a ‘quorum’) of successful results has been returned and then compares and
tests them for a ‘consensus’. The method of comparing results (which may con-
sider the platform-varying floating point arithmetic) and the policy of determining
consensus (e.g. best two out of three) are supplied by the application. When a
consensus is reached, a particular result is designated as the canonical result. This
also includes the fact that, if a result arrives after a already reached consensus, it
will be compared with the canonical result; this determines whether the user gets
credit. The Validator compares the instances of a job and selects a canonical in-
stance representing the correct output. It determines the credit granted to users and
hosts, returns the correct output and updates those database records [30, 71, 131].
BOINC provides two standard Validators:

Trivial Validation This Validator checks if a specific amount of CPU cycles is not
exceeded.

Bitwise Validation This Validator checks if two files are binarily equal through
the comparison of MD5 (Message-Digest) [112] checksums and output files.

In addition to these two Validators, the BOINC project owner can implement their
own validation process. The BOINC Application Programming Interface (API)
provides functions which can be used for this purpose [91]. The Validator has to
be provided for each scientific application. This means that it is not enough to
create a scientific application code for a certain application but that the Validator
code should also provide a more complex programming of BOINC [12]. The de-
fault Validators are black-box elements. The runtime behaviour can be configured
by parameters during the call for execution. Ten parameters can be modified in
total (Appendix A.3).

5.3.6 Assimilator
The Assimilator is the mechanism by which the project notifies the workunit com-
pletion, i.e. if the mechanism is performed successfully or unsuccessfully and for
workunits that have a canonical instance or for which a permanent error has oc-
curred. It is performed exactly once per workunit. Handling a successfully com-
pleted workunit might involve writing outputs to a scientific database or archiving
the output files on hard-disk drives. When the workunit has failed, the function
might write an entry in a log or send an e-mail [30, 131]. BOINC provides sample
Assimilators which can be used out of the box:

Dummy Assimilation This Assimilator handles workunits but does not “really”
assimilate them; only a log message is created.
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Archive Assimilation This Assimilator stores successful and failed workunits into
two specific directory destinations in which just the canonical results are
handled; other results are handled by an error message in the root directory
of the destination.

Single Job Assimilation This Assimilator performs only one workunit and exit.
The canonical result is stored in a specific directory.

In addition, the BOINC project owner can implement their own assimilation pro-
cesses. The BOINC API provides functions which can be used for this pur-
pose [91]. The default Assimilators are black-box elements. The runtime behaviour
can be configured by parameters during the call for execution. Eight parameters can
be modified in total (Appendix A.4).

5.3.7 Structure of Workunits

A workunit is a package of one or more input files. These files can be plain-text
or binary files. For workunit creation and distribution, two templates files are re-
quired: (1) the input template file and (2) the output template file. Each input or
output file must be defined within these template files otherwise they are not recog-
nised by BOINC. In cases in which output files are optional they can be tagged as
optional within the output template file. BOINC provides some approaches to cre-
ate workunits: (1) submitting of jobs on the command line [167, JobSubmission],
(2) implementation of an own work-creation tool by use of BOINC’s API [167,
WorkGeneration] [57], (3) remote submitting of workunits [71, 9] or (4) workunit
creation via web-interfaces [59].

A scientific application does not use the physical filenames. Therefore virtual
filenames are specified within the template files. This allows the distribution of
an unchanged scientific application with hard-coded filenames. The BOINC client
and BOINC API are responsible for resolving the physical filename during the
opening call of a virtual filename. Fig. 5.4 shows how scientific applications are
executed, i.e. each execution is within a specific slot. Exemplarily, two virtual files
are shown: (1) data.xml and (2) result.xml. In this case they are virtual files that
act as symbolic-links, i.e. the files contain the XML tag “link” which contains the
relative path to the physical file. BOINC provides functions to resolve the filename
of the physical file, i.e. boinc_fopen(). This case shows one used slot, the
project Spinhenge@home contains two physical files and it can be assumed that
the second file is used by an additional slot.

It is not required to use BOINC’s file-handling functionalities. When the
sources of the scientific application are not available, another approach has to be
used, e.g. a legacy-application. Accordingly the listed input and output files within
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Figure 5.4: BOINC’s virtual and physical name and slot mechanism [167, AppIntro].

the templates can be marked as “copy them to the slot” and opened directly. Under
these circumstances the BOINC client is responsible for the copy processes.

5.3.8 Template Files

BOINC’s workunit template files are fundamental for workunit creation. The cre-
ation will fail when they are not filled in correctly, e.g. the number of future worku-
nit results by one client must be under or equal to the maximum number of future
workunit results (Section 6.8.9). Furthermore, the template files describe how the
input and output files of a computation are handled [167, JobSubmission], e.g.
where they can be downloaded, how much floating-point operations (FLOPS) are
allowed to finish the computation, when the results have to be finished (so-called
deadline), or how much results are necessary to trigger the validation process. The
computation’s output files or results can be restricted by a maximum file size, i.e.
if these files exceed the specified file size then the computation is marked as failed.
The result template can be used to specify the following preferences for the result
files: the virtual filenames, whether they are optional or the validation is not re-
quired, whether the files have to be copied to a BOINC’s client project directory
and reported without delay when they are uploaded.

5.3.9 Workunit processing

A workunit is performed simultaneously on several clients. The BOINC framework
provides a form of redundant computing in which each computation is performed
on multiple clients. Thus, the results are compared and accepted only when a
‘consensus’ is reached. Otherwise new results must be created and sent. Fig. 5.5 to
Fig. 5.7 show how workunits are performed by the use of following configuration
values [167, JobIn]:
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min_quorum = 2: The minimum size of a ‘quorum’. The Validator runs when
there are two — in this case — successful results.

target_nresults = 3: Defines how many results have to be created initially. This
must be at least min_quorum. It may be more to reflect the ratio of result
loss, or to get a quorum more quickly.

max_total_results = 10: If the total number of results for this workunit would ex-
ceed ten, it is declared as error. This prevents the collection of workunits
that are never reported, e.g. because they crash the core client. Without a
maximum borderline BOINC’s Transitioner will never flag a related worku-
nit as “finished” and as a consequence the current computation series will
run indefinitely.

These configuration values have to be set during the workunit creation, i.e. they
can be defined within the input template file or can be defined in a BOINC C-
programming structure named WORKUNIT. This structure has to be passed to
BOINC’s function create_work() as a first parameter and additional other pa-
rameters, e.g. the content of the input template file. Therefore, the workunit will
be created and stored in the master database. Fig. 5.5 shows the creation of one
workunit (Time 0); after one time-step three workunit results are created. They are
sent and performed differently on clients. The validation can be triggered when
two results are returned (Time 8). After successful validation they are assimilated.
In the meantime (Time 9) still one workunit result is performed; the deadline is
not reached yet and when the result is returned it will be validated and the user
will be granted credits. What happens when the deadline is reached is shown in
Fig. 5.6. Result 2 is lost but two results are already returned. As a consequence
of min_quorum being 2, the workunit is validated, assimilated and finished. The
maximum number of allowed workunit results is ten. Thereupon an additional
workunit result (Result 4) is created when a previous result had an error (Result 2).
Only when no second result is returned, are additional workunit results created and
sent to clients.

The reason for the creation of multiple similar workunit results is that BOINC
cannot guarantee that one client is available until the deadline of a workunit is
reached or that the performance finished without any other failures. As a conse-
quence, a workunit is distributed to more than one client. Hence, the BOINC ad-
ministrator can decide how many of several workunit results have to be performed
before it is marked as failed or how many have to be returned before a validation
check can be performed successfully (or not). A BOINC ‘result’ abstracts an in-
stance of a computation. Typically, BOINC’s server-side sends ‘results’ to clients
who are performing the computation and returns the result. During this process,
many things can happen to a result [131]:
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• The client computes the result correctly and returns it.

• The client computes the result incorrectly and returns it.

• The client fails to download or upload files.

• The scientific application crashes on the client.

• The client does not return anything because the running of the BOINC client
breaks or stops.

• The Scheduler is not able to send the result because it requires more resources
than any client processes.
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Figure 5.5: BOINC creates three results (target_nresults=3) automatically and they
are sent at different moments. At Time 8, two successful results have returned. Con-
sequently, the Validator is invoked; it finds a consensus and the workunit is assimilated.
At Time 10, Result 3 arrives; validation is performed again, henceforth to check whether
Result 3 gets credit [131]

Figure 5.6: Result 2 is lost, i.e. there is no reply to the BOINC Scheduler. When Result 3
arrives a consensus is found and the workunit is assimilated. At Time 13 the Scheduler
‘gives up’ on Result 2, i.e. this enables the deletion of the canonical result’s output files
which are needed to validate late-arriving results [131]

Figure 5.7: Result 2 returns an error at Time 5. This reduces the number of outstanding
results to 2; because target_nresults is 3, BOINC creates another result (Result 4).
A consensus is reached at Time 9, before Result 4 is returned [131]
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5.4 Client Components

In [71] the client components are described in detail. Users who wish to contribute
to the BOINC project, download and install the BOINC client software on their
machines. The client software is developed for Windows, Mac and Linux operat-
ing systems. In order to attach the client to a project, the user must obtain an unique
identification (ID) number by registering on the project Web site. Once the user en-
ters the user ID and the project URL, he or she becomes attached to that particular
project. A single user can attach to as many projects as desired. The user’s com-
puter cycle would then split between these different projects. The client software
performs CPU scheduling of jobs between the projects and maximises concurrency
by using multiple CPUs when possible and overlaps both communication and com-
putation. The user has a significant amount of control over the client. While using
the preferences in the client software, a user can change the amount of work their
computer has to do for the project. Once the computation is completed, the client
software notifies that the results are ready for transfer. The tasks are scheduled on
a FIFO basis on the client but, if there are multiple projects, then a local scheduler
algorithm will distribute the work cycle equally amongst the jobs. In addition, the
software reports the amount of time spent on each project. The users are given
credits for volunteering their computer. Security is one of the most important is-
sues that arise while using the client software. The entire project related data and
programs are hashed and signed by a private key. This ensures that the code the
users are getting is from the right project and that is has not been tampered with by
a malicious code. Besides, the client software provides solutions to a lot of project
security-related issues where the user can try to return wrong results or get more
credits. This is achieved by comparing or distributing the same work to at least five
people and then checking the results for only allocating credits to users who have
the right results. There are other features, such as limiting the size of the output
file to the server and equally distributing the credits between users in order to avoid
other project related security problems.

The client-side of BOINC users can have two basic applications: (i) BOINC
client and (ii) BOINC manager (Section 5.4.1). The BOINC manager is an optional
application and presented in Section 5.4.1. The BOINC client is necessary for the
communication between BOINC users and a BOINC project. When a computation
is performed, the scientific applications are stored and executed in a safe place,
the so-called BOINC slot. Fig. 5.8 shows on the left-hand side the client-side of
BOINC users. As an example, three slots are created and each slot works on its
own workunit, i.e. Slot 1 performs workunit 1, Slot 2 performs workunit 65, and
Slot 3 performs workunit 182. The execution is orthogonal. At any specific point
in time, it is not specified which Slot is activated. The BOINC-Client manages the
run-time behaviour through the use of the client-scheduling preferences, i.e. after
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how many minutes a project has changed, if the processing on CPUs or GPUs is
preferred.

Figure 5.8: BOINC’s slot mechanism to handle individual workunits.

In the meantime, the BOINC manager and BOINC client Remote Procedure
Calls (RPCs) are used to control the execution of a scientific application in their
slot. Four RPCs are available:

Suspend: The execution of the scientific application is suspended. The user
can decide whether the application will be kept in memory or if it is re-
moved from memory; this can be configured in the configuration dialogues
of BOINC’s manager.

Resume: A suspended scientific application is resumed.

Quit, Abort: These two RPCs are similar with the exception that Quit is used to
stop the execution by the BOINC project server-side and Abort is a RPC used
by BOINC users to stop the execution manually. The BOINC project will be
informed about the manual aborting.

5.4.1 Manager and Command-Line

The BOINC manager is a graphical front-end for the BOINC client. The manager
can connect to several clients simultaneously. The BOINC client can be configured
and maintained with the manager. It allows seeing all current registered BOINC
projects and demonstrates statistics of the granted credits. In addition, information
about the current process is presented: how the project proceeds, how long it will
take to finish the computation of a specific workunit and more. This controlling
can be performed graphically or by a command-line tool. The call for this tool can
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be modified with several parameters, e.g. to retrieve information of the processing
state, or to trigger the benchmark to check the computation power. The communi-
cation between the BOINC client and these two tools is network-based by TCP/IP
or UDP/IP network protocols. This communication is a kind of Remote Procedure
Call (RPC) [114]. Within this thesis, the BOINC manager and command-line tool
are not focused upon.

5.4.2 Scientific Application
A scientific application can be implemented by a scientific researcher but this
can be a challenging task as mentioned in Section 5.1.3. In contrast, legacy-
applications can be deployed on a BOINC infrastructure [57, 12]. A scientific
application can be a single executable application or a package of several files, i.e.
more than one executable application, signature files and a descriptive file. The
descriptive file contains information about the files in the package [167, AppVer-
sionNew], i.e. the physical file name, the logical file name, URLs of where the files
can be downloaded, optionally whether the files have to be copied to the slots or
compressed. The descriptive file is similar to workunit template files.

Scenario 1: Porting

An accessible code-base can be ported to BOINC. This can be done to some extent
without BOINC related functionality, with support of basic BOINC functionalities
or with advanced BOINC support. For the execution of scientific applications it is
not necessary to support any BOINC functionality, nor essential to distribute any
input files with the workunits. The scientific application can be executed without
any modification. It must at least support the target platforms, but this is handled
by BOINC’s server-side scheduling and the configured platforms.

For all three scenarios, the structure of the scientific application is basically the
same [24], i.e.

• initialisation of the BOINC middleware internals with optional flags to en-
able diagnostic functionalities,

• opening of input files,

• checking for a checkpoint file, if one exists then open and read the content,

• (optionally) reserve the target processor, e.g. the Graphics-processing Unit
(GPU),

• do the core computation of the scientific application, e.g. perform a statistics
computation [165], do some filtering for film sequences [186, 56], create
ping tests for websites [150],
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• create checkpoints frequently during core computation, in addition send the
current ‘fraction done’ value to BOINC’s client and handle asynchronous
messages,

• finally, the scientific application is completed and will exit.

The core computation can be implemented in different ways: (1) as a sequentially
processed application or (2) as a multi-threaded CPU or/and GPU application.
Both approaches need a different initialisation of the BOINC middleware frame-
work. Furthermore, the handling of the second approach poses new challenges,
i.e. deadlock or livelock, and race-conditions. Multi-thread applications can be
implemented with several different technologies:

Threads: A modern operating system executes applications in threads to sup-
port process scheduling [94]. As a result, developers can implement their
own thread-based applications which are executed within the same memory-
space. A prominent thread standard is specified by the IEEE POSIX 1003.1c
specification [120].

Shared-memory: OpenMP [115] is a candidate which has an API to support
multi-platform shared-memory parallel programming in C/C++ and Fortran.
As a result, it is feasible to increase the amount of usable computation power.

Message-Passing: This technique allows combining of distributed resources.
Message Passing Interface (MPI) [121] is a prominent middleware to merge
these computational resources. BOINC’s current methodology does not for-
bid the use of MPI but it is not fully supported, i.e. BOINC does not provide
any API calls to identify if there is a cluster on one client-side.

Scenario 2: Wrapping

When a legacy-application has to be distributed, BOINC provides a wrapper to use
such an application [167, WrapperApp]. This wrapper only works properly when
all the following constraints are fulfilled:

• Each task has a fixed (and known) number of input and output files,

• tasks are executed sequentially in a fixed order,

• no task requires any special preparations before execution or post-processing
function after execution, and

• the tasks do not start other processes, e.g. do not act themselves as a wrapper
for another legacy application.
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GenWrapper [18] aims to provide a generic solution for wrapping and executing
an arbitrary set of legacy applications by utilising a POSIX like shell scripting
environment. It should describe how the application is going to run and how the
workunit should be processed. GenWrapper provides the following enhancements
over the BOINC Wrapper [12]:

• Generic POSIX shell scripting language for describing tasks and for per-
forming any operation before and after execution,

• tasks may be executed in any order,

• ability to execute tasks that require special preparations,

• ability to run tasks with variable numbers of input and output files,

• support for batching of variable numbers of smaller tasks together into a
single workunit,

• ability to monitor and control any child task of the legacy tasks.

Scenario 3: Virtualization

This scenario uses a specialisation of BOINC’s wrapper to execute a virtual ma-
chine (VM) [167, VboxApps] [146]. Thus, the VM is used for unifying the ap-
plication environment, i.e. within the VM only one operating system is installed
and will be executed. The developer has to be sure that the distribution of such
an operating system installation within a VM is allowed by the relevant policies,
e.g. Linux can be distributed and Microsoft’s Windows must be licensed for any
individual PC. Users register on a BOINC project, thereupon they download the
scientific application (i.e. the wrapper), retrieve workunits, and additional worku-
nit input files. The wrapper is executed within BOINC’s client slots. It creates a
slot-subdirectory, copies the input files to this slot-subdirectory, and starts the VM.
Then the VM tries to mount the slot-subdirectory to its local file-hierarchy, executes
the VM included scientific application, performs the calculation and works like a
normal scientific application as described by the first scenario. After completion,
the VM is deleted. The wrapper exits normally and returns the computational re-
sults in the mounted directory by the VM. Thus, they are available within BOINC’s
client slot.

5.5 BOINC’s Requirements of a Working Project
Previous sections have given an overview of which structural features and function-
alities are provided by the BOINC framework; in the following named as features.
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Name Description
BOINC’s default
services

Some BOINC services have to be configured and started
during runtime, i.e. Feeder, Transitioner, Validator, As-
similator, and Scheduler.

Scientific Appli-
cation

This entity includes the core of a computation and han-
dles workunits.

Workunits Any computation needs information for performance.
Database Provides information about the BOINC project, e.g.

workunits, users or hosts.
Assimilation’s
target

Returned and validated workunit results have to be stored
somewhere, either within a specific directory or in a spe-
cific database.

Table 5.1: BOINC project required features.

Not all of these features are required to set-up and run a BOINC-based distributed
computational project, e.g. a website presentation is not necessary, it is used to
present results and to give general project information. Nevertheless is still nec-
essary to have a web server on one or more hosts which provides an interface for
downloading workunits and to upload computational results. Besides, the BOINC
framework enables consumers to distribute server-side components and services to
individual hosts. They can be simplified by only using one host with an all-in-one
installation. In general, BOINC’s features can be categorised as required and op-
tional. Table 5.1 lists all required features and Table 5.2 lists all optional features.

5.6 Summary
This chapter introduced the fundamentals of BOINC’s architecture, its general idea,
a technical overview and the fields of application. In the first sections, the differ-
ences between BOINC — based on the Public Resource Computing (PRC) prin-
ciples — and Grid Computing (GC) are given. These sections are followed by
a clarification of BOINC’s potential, its goals and features. Based on the fact of
how a BOINC created project is working, necessary server-side tools and applica-
tions for processing the project are presented and described briefly. Next, relevant
components and implementation details for the creation of a future application are
outlined. Finally, the required and optional BOINC parts for starting a BOINC
project are summarised.
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Name Description
Website A website is used to provide information about the

BOINC project. In particular, it provides detailed server
status notification, can be depicted with news about the
project, present a forum for user-communication and
possesses a login form for administration tasks.

Asynchronous
Messages

This kind of communication is only used for long-
running computations and is optional. Long-running
computations can be handled like general computations.
Asynchronous messages are partly covered in this thesis
(Section 6.11).

GPU-Computing,
Thread-
Computing

The scientific application can be executed on different
targets (e.g. Graphical-processing units (GPU)) or dif-
ferent execution approaches (e.g. single-thread or multi-
thread processing). Both ways require the use of third-
party libraries, e.g. CUDA [86], OpenCL [122] or
OpenMP [115]. This thesis does not focus on these ap-
proaches.

Credit System For scientific or engineering computations, credits are
unnecessary; as described in Section 5.1.4 they are used
in order to attract and retain participants [30]. Thus,
BOINC’s default credit system is used; it is not covered
in this thesis.

Forum The mentioned forum for Websites is used to provide a
way to communicate with participants. This feature is
not necessary for the creation of a BOINC project and
therefore not within the scope of this thesis.

Table 5.2: BOINC project optional features.
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CHAPTER 6

UML for BOINC Profile Definition

A lot of things which come with a
high profile will always be criti-
cised one way or another.

EVELYN GLENNIE

6.1 Introduction
This chapter introduces all UML stereotypes for UML4BOINC which allows spec-
ifying the structure and behaviour of individual BOINC projects. This chapter lists
all new stereotypes and describes how they are extending the UML specification.
The semantic of the several stereotypes is out of this chapter’s scope. As a conse-
quence, Chapter 7 is used to describe the semantic of UML4BOINC’s stereotypes.

For clarity, there are two auxiliary OCL operations defined which are re-used in
the informal constraints and Object Constraint Language (OCL) rules of the stereo-
types [74, pp.103ff]. The OCL operation isStereotypedBy results in a true value if
the given element is extended by the specified stereotype classifier. Otherwise, it
results in a false value.
UML4BOINC : : i s S t e r e o t y p e d B y ( e : Element , s : S t e r e o t y p e ) : Boolean ;
pos t : r e s u l t =e . e x t e n s i o n −> e x i s t s ( e | e . t y p e =s )

All elements within UML4BOINC must have an unique name. Therefore the UML
NamedElement is stereotyped directly to support this specification.
c o n t e x t UML4BOINC : : NamedElement inv :

name−>notEmpty ( ) i m p l i e s
a l l I n s t a n c e s −>f o r A l l ( n1 , n2 | n1 . name <> n2 . name )

6.2 Reading the Profile Definition
A UML profile restricts the use of the general UML by use of stereotypes. Stereo-
types are closed with so-called Guillemets, e.g. «Name of a Stereotype».1 Any

1Guillemets are French quotation marks.
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stereotype can specify tag-values, associations and additional informal or rule-
based constraints to restrict the use of the UML metaclass and to restrict the mean-
ing of the tag-values and associations. Tag-values are similar to attributes to declare
additional information in the context of a UML metaclass. Associations are used
to add relations between UML metaclasses and other stereotypes. Constraints can
be defined as informal rules and with the help of the Object Constraint Language
(OCL) in a formal way.

In this chapter, there is a specific notation used for all UML metaclass exten-
sions [74]. Names of tag-values, associations and additional operations are shown
italic. References to UML metaclasses are capitalized, e.g. Event, Transition or
Trigger. Attributes, associations and operations of the metaclasses are written in
lower-case letters and are underlined. For any tag-value or association where no
multiplicity is given, the default is zero-or-one — in UML described as [0..1] —
, i.e. the value for the tag-value or association is optional. Enumeration literals
are always written with the prefix # when no scope is defined, e.g. #public or Vis-
ibilityKind::public. For a comfortable handling of all stereotypes, all belonging
tag-values are specified as public, i.e. in the figures a + is used as the prefix.

Stereotype specifications are all introduced in the same format. The individ-
ual specifications are split into five parts: (1st part) a general description, i.e. in
which context the stereotype is used and why it is specified, (2nd part) the ex-
tended UML metaclass, (3rd part)–(4th part) the tag-values and associations of the
stereotype, and (5th part) describes informal and OCL constraints. Informal con-
straints are only used when the OCL cannot impress the constraints directly. All
OCL constraints are in the context of the current context, i.e. the OCL context
preamble is not shown (Section 4.6). All stereotypes in the following sections are
arranged alphabetically; they are not prioritised. Finally, this chapter only specifies
all stereotypes, the semantic is introduced in Chapter 7 and how they can be applied
is shown in Chapters 8 and 9.

6.3 UML Profile for BOINC
The UML profile UML4BOINC is used to specialise UML’s specification for a
specific point of view (POV). The use of UML4BOINC must enable one to use
UML elements for modelling of different focused BOINC projects, e.g. the same
set of UML elements must allow the creation of a BOINC project for statistical
computation or movie sequence processing. UML itself specifies three applicable
diagram types: (1) structure, (2) behaviour, and (3) interaction. UML4BOINC
adapts these diagram types and uses them for the following scenarios:

Structure A BOINC project infrastructure is described within this diagram type.
Relations between relevant components can be created, e.g. hosts and shares.
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In addition the structure of workunits, input/output files and checkpoints can
be described.

Behaviour & Interaction The behaviour of the components of a BOINC project
are defined, e.g. in case a specific Validator is necessary or when specific
tasks have to be executed. Moreover, the behaviour of the distributed sci-
entific application can be described. These diagram types are also used for
the dynamic creation of workunits and for describing the workunit’s lifetime,
e.g. when a workunit is processed and successfully stored. In particular, as a
minimum set, the following scenarios can be described:

• How input and output files can be opened by a scientific application,
Validator or Assimilator.

• Handling of workunits or series when they are planned to be created, or
when they are finished or failed.

• Handling of asynchronous-messages between the server-side and
client-side of all communicating participants of a BOINC project.

6.4 Types of Diagrams
UML4BOINC is subdivided into packages. Each package has its own specific do-
main. Fig. 6.1 shows how the several packages are related to each other. In total
eight packages are defined; six of them define special diagram types and they are
labelled with the prefix (D). These six diagrams are used for the mentioned Struc-
ture and Behaviour & Interaction diagram types. In UML4BOINC these diagrams
are defined as packages and can be used by different domain experts. Fig. 6.1 visu-
alises the dependencies between these six diagrams and additional two packages:
(i) Trickle and (ii) Project. Project is the main package and imports all diagram
types [24]. It is recommended that tool vendors support Project and not just se-
lected packages. The six diagrams are used to visualise the context of a BOINC
project. In fact, visualisation is performed for two purposes: (1) for communi-
cating an idea, and (2) for discovering the idea itself. While graphics have been
utilised for both thinking and communication for thousands of years, the evolution
of the computer has dramatically changed the way these graphics are (i) designed,
(ii) rendered, and (iii) interacted with [78, 66]. In general, the same underlying
model can be rendered and maintained by the help of different views; known as the
Model-view controller (MVC) concept [83]. Here, the controller decides which
information is shown by the different views and how data change requests are han-
dled. With the help of the mentioned six diagrams, the context of a BOINC project
and its related elements can be focused by the use of specific views. When they are
merged a complete and full-operational BOINC project can be generated.
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Figure 6.1: Diagram packages of UML4BOINC; The prefixes of the package names de-
scribe how the several packages are used: (D,S) includes UML elements for a structure
diagram, (D,B) includes UML elements for a behaviour diagram, and (D,S,B) includes
both, structure and behaviour elements.

The two packages Infrastructure and Application are the most autonomous ones
and do not merge any other UML4BOINC packages. Certainly the Infrastructure
package has access to the Application package and vice versa, i.e. to allow the
deployment of a BOINC project with the information as to which scientific appli-
cation should be provided and used by BOINC’s services (which is necessary for
the selection of computational results when an individual Validator or Assimila-
tor is used). Fig. 6.1 does not show the hierarchy related to UML’s specification
and metaclasses, e.g. the Infrastructure package merges elements of the UML
PackagingComponents package [125, Fig. 8.1] to enable the creation of hosts and
embedded provided BOINC services. Section 6.5 to 6.12 state the relation to the
UML specification and which UML packages the metaclasses contain which are
extended by the stereotypes in this chapter. Furthermore, it can be seen in Fig. 6.1
that the package Application is automatically available when one of the follow-
ing packages are used: Permission, Timing, Work, or Events. This is reasonable,
because of the fact that these packages are used to set-up restrictions on different
implementations, e.g. the timing package is used to describe when [unit of time]
tasks or other applications are executed. Appendix B contains six sections which
give an overview of the latter stereotypes described in this chapter and states in
which UML4BOINC package they are included. Furthermore, these sections can
be used as a short reference for all introduced stereotypes in this thesis.
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6.4.1 UML4BOINC’s Diagrams

1. Infrastructure Diagram: This diagram is used to specify the infrastructure
of one BOINC project and to add third-party libraries which are necessary
during runtime. It is used to add different hosts, Storage Area Networks
(SAN), BOINC services and periodically executed tasks; all mentioned el-
ements are shown as placeholders and have no implementation during their
initialisation; in this diagram only the infrastructure of a BOINC project is
created. This diagram shows the associations between hosts, e.g. where
computational results should be stored. Chapter 9 contains a use-case of this
diagram. The infrastructure diagram is a kind of UML Composite Structure
and UML Deployment diagram [55]. Section 6.5 contains the description of
allowed elements and their specific stereotypes.

2. Application Diagram: Within this diagram, behaviours are specified, e.g.
a scientific application or tasks. Furthermore, it is possible to add wrap-
pers which would make it feasible to use de-facto industry standard software
components. This type of diagram is a mix of a UML StateMachine dia-
gram and a UML Activity diagram. On the one hand, if a legacy-application
like COMSOL Multiphysics were used [57, 73, 199], it is not necessary to
define a whole state machine or activity, because the underlying wrapper-
implementation handles the execution [58]. On the other hand, if an individ-
ual implementation is required, the structure of a scientific application can
be modelled by a set of UML Actions. Section 6.6 contains the description
of allowed elements and their specific stereotypes.

3. Permission Diagram: Role-based Access Control (RBAC) is specified in
this diagram. Within this diagram, any user, role and permission can be
added. Associations are used to associate a set of permissions which are as-
sociated to resources, i.e. users are not associated directly to resources (e.g.
hosts), they are associated to roles, these roles are associated to a set of per-
missions and finally to resources [55, 36]. Resources are cross-referenced
to specific UML4BOINC elements, because these elements are part of the
Infrastructure diagram and not visualised within the Permission diagram.
Section 6.7 contains the description of allowed elements and their specific
stereotypes.

4. Work Diagram: This diagram is used to specify the structure of workunits.
One can specify which file aliases must be used within the Application Dia-
gram and the structure of input files and output files. Additional information
about computation series can be specified, i.e. computations are planned to
be performed and for starting previous results are required. These depen-



82 Chapter 6. UML for BOINC Profile Definition

dencies can be created by the use of associations between two or more com-
putation series. This diagram type is a kind of a UML Class diagram [54].
UML4BOINC’s Work package itself contains more stereotypes to specify
how computations are handled. These stereotypes extend the UML4BOINC
Application diagram with the ability to monitor the lifetime of workunits and
can be used to specify the behaviour of workunit’s handling different compu-
tation states. Sections 6.8 to 6.10 contain the description of allowed elements
and their specific stereotypes.

5. Events Diagram: Unlimited events can be added and each is a start of a
sequence to handle individual events, e.g. if a host sends a message it can
be forwarded to other hosts; like chat messages. BOINC can handle asyn-
chronous messages between the server-side and client-side, so-called trickle-
messages as described in Section 5.1.4. In this diagram the message type
can be specified. In addition, an event-handler’s implementation can be ref-
erenced to elements within the mentioned Application Diagram. This type
of diagram is a kind of a UML Sequence diagram. Furthermore, when a
server-side host becomes unreachable, an administrator can be informed au-
tomatically. Section 6.11 contains the description of allowed elements and
their specific stereotypes.

6. Timing Diagram: As mentioned for the Infrastructure Diagram, a BOINC
project can have periodically executed tasks. They can be further specified
in this Timing Diagram where time-ranges for the execution of tasks can be
defined. This diagram is a kind of a UML Activity diagram. The relevant
stereotypes of this diagram are presented in Section 6.12.
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6.5 Infrastructure

Fig. 6.2 shows an overview of all specified stereotypes to model the infrastructure
of a BOINC project. In addition, it shows which UML metaclasses are extended.
Constraints are not included; they are described in the individual stereotype Sec-
tion 6.5.1 until Section 6.5.23.

Figure 6.2: UML4BOINC stereotypes to restrict the use of UML metaclasses for the in-
frastructure modelling of a BOINC project; numerous stereotypes are included in the In-
frastructure package which extend ten different UML metaclasses.
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Figure 6.3: Enumerations used to specify different kinds of scientific applications, services,
and network exchange protocols, i.e. Network-file system (NFS) [109] or SAMBA [204].

6.5.1 ApplicationComponent

«ApplicationComponent» extends the UML metaclass Component (from
BasicComponents) and describes a scientific application, which is used for
computations. This Component can be substituted by another only if the two types
conform [125, p.150]. Here, the Component is only used to inform which appli-
cation is provided by a BOINC project. This Component must only have required
and provided interfaces to access input files and to create output files. name is used
as the name for the physical instance of the scientific application.

UML MetaClass
Component (from BasicComponents, PackagingComponents) [125, Chapter 8.3.1]

Tag-Values
targetType : TargetType [*] – Specifies the target types, e.g. Linux32 or Win-
dows64.
description : String [1] – A short descriptive text of this application, e.g. “Spin-
henge@home – Monte Carlo experiments of nanosystems” [165] (see Section 9.2).

Associations
No additional associations.

Informal and OCL Constraints
[1] At least one target type must be set.

s e l f . t a r g e t T y p e −>s i z e ( ) > 0

6.5.2 Column

«Column» extends the UML metaclass Property (from Kernel, Asso-
ciationClasses, Interfaces) which describes individual database table
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columns.

UML MetaClass
Property (from Kernel, AssociationClasses, Interfaces) [125, Chapter 7.3.45]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] The owner is stereotyped by «Table».

i s S t e r e o t y p e d B y ( i n t e r f a c e , Tab le )

[2] «Column» is never read-only.
i sReadOnly = f a l s e

[3] «Column» never redefines or subsets a property.
r e d e f i n e d P r o p e r t y −>empty ( ) and s u b s e t t e d P r o p e r t y −>empty ( )

[4] «Column» has no settings of the UML AssociationClasses package.
a s s o c i a t i o n E n d −>empty ( ) and q u a l i f i e r −>empty ( )

6.5.3 Connector

«Connector» extends the UML metaclass Connector (from BasicCompo-
nents) and connects Ports extended by «PortExport» or «PortImport» with a
Port in the same context which is extended by the same stereotype, i.e. the connec-
tion ends must have the same stereotype. Fig. 6.4 shows this principle, where the
BOINC service webserver on host “lmboinc-web” owns one exporting Port (P1).
The host itself has a Port (P2) to export data. P2 is connected with the internal
port P1 and this approach hides the internal structure of hosts and offers an easier
replacement of a host, i.e. only the external Ports must fit. In case BOINC ser-
vices are not visible or specific Ports are not visible for external components, it is
required to create an external Port to interact with external BOINC services; this
is known as delegation. It does not matter, for the external environment, what the
internal structure looks like; the same can be done for «PortImport». For «DB» the
connector can be used with the same principles.

UML MetaClass
Connector (from BasicComponents) [125, Chapter 8.3.4]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] A Connection has no behaviour.
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c o n t r a c t −>empty ( )

[2] A delegation can only connect Ports extended by «PortExport» or «PortIm-
port».

k ind = Connec to rKind : : d e l e g a t i o n i m p l i e s
end−>f o r A l l ( e | i s S t e r e o t y p e d B y ( e , P o r t E x p o r t ) or

i s S t e r e o t y p e d B y ( e , P o r t I m p o r t ) )

[3] An assembly Connector can only connect Interfaces extended by «Share» or
«Table».

k ind = Connec to rKind : : a s sembly i m p l i e s
end−>f o r A l l ( e | i s S t e r e o t y p e d B y ( e , Sha re ) or

i s S t e r e o t y p e d B y ( e , Tab le ) )

6.5.4 Database

«Database» extends the UML metaclass Component (from BasicCompo-
nents) and is used to add database instances to hosts. «Database» must have
Ports extended by «DB» to provide individual database contexts, e.g. BOINC’s
master/science or replica databases.

UML MetaClass
Component (from BasicComponents, PackagingComponents) [125, Chapter 8.3.1]

Tag-Values
port : Integer = 3306 [1] – Used as port number for IP communications.

Associations
No additional associations.

Informal and OCL Constraints
[1] All Ports must be extended by «DB» and only provided Ports are allowed. No
directly used provided Interfaces are allowed.

prov ided −>f o r A l l ( i | i s S t e r e o t y p e d B y ( i , DB) ) and r e q u i r e d −>isEmpty ( )

[2] The IP port for network communications must be set.
p o r t −>notEmpty ( ) i m p l i e s p o r t > 0 and p o r t <= 65535

6.5.5 DB

«DB» extends the UML metaclass Port (from Ports) and is used to provide
access to databases. «DB» describes BOINC’s master/science database and op-
tional replica databases. If a master/science database should be used with a replica
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database instance, the replica database can be installed on individual hosts within
a BOINC project. As a consequence, the database instances must be associated by
an Association extended by «ReplicationAssociation» (Section 6.5.11). The kind
of a database is specified by isProjectDB and isScienceDB. As default, an instance
of «DB» is used as master and science database.

UML MetaClass
Port (from Ports) [125, Chapter 9.3.12]

Tag-Values
isProjectDB : Boolean = true [1] – Specifies that this «DB» is used as a data
backend for a BOINC project, i.e. all information about users, hosts, supported
scientific applications and versions, etc. are stored in this database.
isScienceDB : Boolean = true [1] – Specifies that this «DB» is used to store com-
putational results or other user-defined sets of data.
isReplication : Boolean = false [1] – Specifies that this «DB» is used as a replica-
tion for an another «DB» context.

Associations
No additional associations.

Informal and OCL Constraints
[1] Only Interfaces extended by «Table» can be used for provided Interfaces.

prov ided −>f o r A l l ( p | i s S t e r e o t y p e d B y ( p , Tab le ) )

[2] name is the name of the used database, e.g. “spin” of the BOINC project Spin-
henge@home.2

[3] Minimum of one «DB» must exist, i.e. a BOINC project needs a database as
data back-end; this one must be BOINC’s project database.

a l l I n s t a n c e s ( )−> s e l e c t ( i s P r o j e c t D B = t r u e )−> s i z e ( ) = 1

[4] When this «DB» is specified as project’s database, its name is set to «Project»’s
name.
[5] If this «DB» is a replica, then it cannot be a science or project database context.

i s R e p l i c a t i o n = t r u e i m p l i e s
i s P r o j e c t D B = f a l s e AND isSc ienceDB = f a l s e

[6] Only read-only queries are allowed when this instance is specified as a replica
database.

6.5.6 Host
«Host» extends the UML metaclass Component (from BasicCompo-
nents) and is used to specify a host on the SPoV. The number of hosts is not

2http://spin.fh-bielefeld.de
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limited. A host can nest any BOINC service, e.g. Feeder or Transitioner. In
addition, these BOINC services can be deployed on different hosts. A BOINC
project needs a minimum of one host which provides the BOINC installation with
all BOINC tools and configuration files as a «Share» for other hosts — if available
—, i.e. one host must have main = true. This main host must have a Port extended
by «PortExport» to provide the mentioned «Share» to other hosts. As consequence
the other hosts must have a minimum of one Port extended by «PortImport» and
an associated «Share» to import the exported shares. Any host can have a different
operating system (OS). Despite the fact that BOINC only targets Unix platforms
[167, ServerIntro], UML4BOINC allows the specification of other platforms. op-
eratingSystem is used to distinguish the different OS environments. UML4BOINC
does not specify how the model is used for the configuration of hosts. OSs can
differ and the tool which supports UML4BOINC must handle different OS types.

UML MetaClass
Component (from BasicComponent, PackagingComponents) [125, Chapter 8.3.1]

Tag-Values
hostname : String [1] – This is a network-wide addressable name of a host. Net-
work addresses by all network descriptions must be mapped to this hostname, i.e.
hostname “vg-grid” must be addressable by an IP address within a network.
main : Boolean = true [1] – If this tag-value is true, then this host owns the main
BOINC project installation and must provide it to external hosts. If it is false, then
the BOINC installation must be imported to this host.
operatingSystem : OperatingSystem [1] – Specifies which OS is used for this host.

Associations
network : NIC [1..*] – A host must have a network definition to interconnect with
other hosts. Without a network specification it is not possible to have a valid con-
figuration.

Informal and OCL Constraints
[1] hostname must be set and unique.

hostname−>notEmpty ( ) and a l l I n s t a n c e s ( )−>u n i q ue ( hos tname )

[2] operatingSystem must have a value.
o p e r a t i n g S y s t e m −>notEmpty ( )
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[3] Only BOINC relevant elements can be added to this component.
packagedElement−>s i z e ( ) >= 1 i m p l i e s

packagedElement−>f o r A l l ( e : P a c k a g e a b l e E l e m e n t |
i s S t e r e o t y p e d B y ( e , S e r v i c e ) or
i s S t e r e o t y p e d B y ( e , S o f t w a r e ) or
i s S t e r e o t y p e d B y ( e , D a t a b a s e ) )

[4] Only one host has main with a value of true.
a l l I n s t a n c e s ( )−> s e l e c t ( main = t r u e )−>c o u n t ( ) = 1

[5] If this host has main = true, at least one Port extended by «PortExport» must
be added to this Component and an Interface extended by «Share» to provide the
BOINC project installation must be connected. In other circumstances, when this
host has main = false, at least one Port extended by «PortImport» must be added
to this Component and connected with the previous shared interface.

i f main = t r u e then
prov ided −> e x i s t s ( p : P o r t |

i s S t e r e o t y p e d B y ( p , P o r t E x p o r t ) and
p−> e x i s t s ( i : I n t e r f a c e | i s S t e r e o t y p e d B y ( i , Sha re ) ) )

e l s e
r e q u i r e d −> e x i s t s ( p : P o r t |

i s S t e r e o t y p e d B y ( p , P o r t I m p o r t )
e n d i f

[6] Specified OSs must be valid for a host platform and architecture, i.e. a 64-bit
based OS is not executable on a 32-bit architecture.

6.5.7 NIC
«NIC» extends the UML metaclass Class (from Kernel) and specifies net-
work settings for a Network Interface Card (NIC) on an individual «Host». ipvalue
can contain any IP description, e.g. 192.168.0.10/24 for an IP version 4 value [113]
or fe80:0:0:0:0:0:c0a8:a for an IP version 6 value [111] (same addresses).

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
device : String [1] – Name of the used device, e.g. eth0 or eth1.
ipvalue : String [0..1] – Contains an IP network address.

Associations
No additional associations.

Informal and OCL Constraints
[1] The owner of a «NIC» can only be a Component extended by «Host».

i s S t e r e o t y p e d B y ( s e l f . c l a s s , Host )
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[2] If ipvalue has no value, then for all modelling purposes device must be used.
i f i p v a l u e −>empty ( ) then

i p v a l u e = d e v i c e
e l s e f a l s e e n d i f

6.5.8 OperatingSystem
«OperatingSystem» extends the UML metaclass Enumeration (from Ker-
nel) and contains enumeration literals for each planned or supported operating
system, e.g.:

• #Linux32 for a Linux system with 32-bit architecture support,

• #Linux64 for a Linux system with 64-bit architecture support or

• #Windows32 for a Windows system with 32-bit architecture support.

A minimum of one enumeration literal must be defined by tool developers.

UML MetaClass
Enumeration (from Kernel) [125, Chapter 7.3.16]

6.5.9 PortExport and PortImport
«PortExport» extends the UML metaclass Port (from Ports) and specifies
directories which are shared between hosts. «PortImport» extends the UML meta-
class Port (from Ports) and is used to import these directories. An export
or import definition can be owned by a «Host» or a «Service» stereotype. In case
a Port is owned by a «Host», this Port can be connected to internal Components
extended by the same stereotype as shown in Fig. 6.4. When a Port is owned by a
BOINC service (internal Port) and is not visible to external Components, but must
be used by them, this Port must have an external Port to provide access. These ex-
ternal Ports are not allowed to be private, i.e. if a BOINC service owns a Port and
it is not public, it must be connected with a Connector extended by «Connector»
to a Port which is added to a Component extended by «Host». Fig. 6.4 shows how
this looks, where a Port of a BOINC service is connected to a Port by a «Host».
Ports should be used for one specific purpose, e.g. to export computational results
of different scientific projects. The minimum number of Ports on a «Host» is one,
because BOINC sources need to be exported to all hosts or imported by hosts (Sec-
tion 6.5.6).

UML MetaClass
Port (from Ports) [125, Chapter 9.3.12]

Tag-Values for «PortExport»



6.5. Infrastructure 91

Figure 6.4: Example how to use «PortExport» and «PortImport» connected with an Inter-
face extended by «Share».

isProjects : Boolean = false [0..1] – If the owner of this Port is BOINC’s main
host, then isProjects is true.

Tag-Values for «PortImport»
No additional tag-values.

Associations for «PortExport»
exportTo : Host [*] – Association to hosts which are allowed to use this Port and
all provided Interfaces. This Association is not necessary to visualise. It is based
on the connections between Ports and Interfaces, e.g. Fig. 6.4 has a «Share» be-
tween the host “lmboinc-web” and “lmboinc-services” and exportTo has “lmboinc-
services” as an associated element.

Associations for «PortImport»
No additional associations.

Informal and OCL Constraints
[1] The owner must be a «Host» or a «Service» extended Component.

i s S t e r e o t y p e d B y ( s e l f . c l a s s , Host ) or
i s S t e r e o t y p e d B y ( s e l f . c l a s s , S e r v i c e )

[2] A Port which is owned by a Component extended by «Host» is public and a
service.

v i s i b i l i t y = V i s i b i l i t y K i n d : : p u b l i c and i s S e r v i c e = t r u e
i m p l i e s i s S t e r e o t y p e d B y ( s e l f . c l a s s , Host )



92 Chapter 6. UML for BOINC Profile Definition

[3] «PortExport» does not require Interfaces, it is used to provide Interfaces.
«PortImport» does not provide Interfaces, it requires Interfaces.
−− <<P or tExpor t >>

s e l f . r e q u i r e d −>isEmpty ( ) and s e l f . p rov ided −>notEmpty ( )
i m p l i e s s e l f . p rov ided −>f o r A l l ( i | i s S t e r e o t y p e d B y ( i , Sha re ) )

−− <<P or t Impor t >>
s e l f . r e q u i r e d −>notEmpty ( ) and s e l f . p ro v i ded −>isEmpty ( )

i m p l i e s s e l f . r e q u i r e d −>f o r A l l ( i | i s S t e r e o t y p e d B y ( i , Sha re ) )

[4] exportTo is filled with Components extended by «Host» which are connected
indirect via Ports and Interfaces.

i f s e l f . expor tTo−>s i z e ( ) > 0 then s e l f . expor tTo−>f o r A l l (
r e q u i r e d −>f o r A l l ( i s S t e r e o t y p e d B y ( p o r t . c l a s s , Host ) ) or
r e q u i r e d −>f o r A l l ( i s S t e r e o t y p e d B y ( p o r t . c l a s s , SAN) )

) e l s e f a l s e e n d i f

[5] If isProjects = true, then the owner of this Port is a «Host».
i s P r o j e c t s = t r u e i m p l i e s i s S t e r e o t y p e d B y ( s e l f . c l a s s , Host )

[6] All Interfaces must be unique in the context of a Port, i.e. it is not allowed to
connect a Port twice to the same Interface.

6.5.10 Project
«Project» extends the UML metaclass Package (from Kernel) and is used
to describe an individual BOINC project. This package contains all information to
set-up a complete BOINC project. name is used as the name of this BOINC project,
e.g. spin of “Spinhenge@home” (see Section 9.2) or lmboinc for “Linux-Magazin
BOINC” (see Section 9.3). Fig. 6.1 shows how this Package is related to the other
packages of UML4BOINC. «Project» imports all six diagram packages to allow
one to set-up a complete BOINC project.

UML MetaClass
Package (from Kernel) [125, Chapter 7.3.38]

Tag-Values
projectName: String [1] – The name of the project, e.g. “spin” or
“Kreiszahl@home”. description : String [1] – A more detailed informal text, e.g.
“Spinhenge@home” or “Kreiszahl@home – Monte-Carlo-Simulation”.
workingDirectory : String [0..1] – Directory where a BOINC project is installed
and executed on any used «Host»; this directory is used on any server-side host.
state : Boolean = false [1] – Describes the state of a BOINC project; if it is acti-
vated (true) or deactivated (false), i.e. execution is started or stopped.

Associations
operations : SystemOperation [*] – This association is used to add behaviours, e.g.
“bin/start” or “bin/stop” of a BOINC project.
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Informal and OCL Constraints
[1] «Project» is public.

v i s i b i l i t y = V i s i b i l i t y K i n d : : p u b l i c

[2] operations must have a minimum of three Operations, which are used to start,
stop and restart a BOINC project.

o p e r a t i o n s −>s i z e ( ) >= 3

[3] All operations must be extended by «SystemOperation».
o p e r a t i o n s −>f o r A l l ( o | i s S t e r e o t y p e d B y ( o , S y s t e m O p e r a t i o n ) )

[4] If workingDirectory has no value then a default directory is used; it can be
defined individually by tool vendors.

6.5.11 ReplicationAssociation
«ReplicationAssociation» extends the UML metaclass Association (from
Kernel) and is used to set-up replications of databases. Fig. 6.5 shows how
«ReplicationAssociation» is used. This Association can be used between Ports ex-
tended by «Port», or to create an Association between NICs of two or more Com-
ponents extended by «Host». In cases where a full database replication is intended
on a single host, a «ReplicationAssociation» instance can be established directly
between the database services. Fig. 6.6 shows a second scenario where replica-
tions are modelled on different hosts. Any host has an NIC and can be associated
to BOINC’s master/science databases (Section 6.5.4). It is not permitted to asso-
ciate two replication databases.

UML MetaClass
Association (from Kernel) [125, Chapter 7.3.3]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] An Association can be used as a link between «DB» and «NIC». A link be-
tween two «DB» instances is only allowed when the «DB» instances are in the
same context.

memberEnd−>s i z e ( ) = 2 i m p l i e s
i f memberEnd−>f o r A l l ( e1 , e2 | e1 . namespace = e2 . namespace ) then

memberEnd−>f o r A l l ( t y p e | i s S t e r e o t y p e d B y ( type , DB) ) or
memberEnd−>f o r A l l ( t y p e | i s S t e r e o t y p e d B y ( type , NIC ) )

e l s e
( i s S t e r e o t y p e d B y ( memberEnd−>a t ( 1 ) , DB) AND

i s S t e r e o t y p e d B y ( memberEnd−>a t ( 2 ) , NIC ) ) or
( i s S t e r e o t y p e d B y ( memberEnd−>a t ( 2 ) , DB) AND

i s S t e r e o t y p e d B y ( memberEnd−>a t ( 1 ) , NIC ) )
e n d i f
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Figure 6.5: Two cases how «ReplicationAssociation» can be used: (i) to establish an as-
sociation between NICs of two individual Components extended by «Host» and (ii) to
associate two Ports extended by «DB» on a specific «Host».

Figure 6.6: More than one database replication can be used for a database; they can be
distributed to individual Components extended by «Host». This case needs associations
between NICs.
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6.5.12 SAN
«SAN» specialises «Host» and describes an external host with capabilities to store
data, e.g. workunits or computational results; also known as a Storage Area Net-
work (SAN).

UML MetaClass
Component (from BasicComponent, PackagingComponents) ; Specialises «Host»

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] operatingSystem is empty.

o p e r a t i n g S y s t e m −>isEmpty ( )

[2] BOINC services are not allowed, only exporting Ports are allowed.
packagedElement−>s i z e ( ) = 0 and r e q u i r e d −>empty ( )

[3] «SAN» does not own BOINC sources.
main = f a l s e

6.5.13 Service
«Service» extends the UML metaclass Component (from BasicCompo-
nents) and is used to add BOINC services to a host, e.g. Feeder or Transitioner.
It depends on the service type specified by serviceType which functionality a «Ser-
vice» instance offers. A service instance can be manifested for different cases. It
is necessary to specialise «Service» for the different possible BOINC services, i.e.
if a Feeder is used then this component can be specialised as Feeder. As a con-
sequence «Service» is abstract. «Service» provides the specification for different
specialisations to allow models for different manifestations.

UML MetaClass
Component (from BasicComponents, PackagingComponents) [125, Chapter 8.3.1]

Tag-Values
state : Boolean [1] – Specifies that this BOINC service is started or has to be
started.
serviceType : ServiceType [1] – Specifies the occurrence of the service.
command : Operation [1] – Specifies the behaviour of this service.
outputFile : String [0..1] – Filename of the file where output messages are stored
during runtime.
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pidFile : String [0..1] – Filename of the file where the service PID (process identi-
fier) is stored, when the service is started.
debugMode : Integer = 2 [0..1] – Level of detail of debug messages; following
values are allowed: 1 = minimal, 2 = normal, 3 = debug or 4 = high; default is 2.

Associations
software : Software [*] – Associates software artefacts [125, Section 10.3.1] which
are necessary for the execution of services. This association is used to add required
software libraries or software packages which are used during the runtime of ser-
vices, e.g. if computational results are packed in ZIP packages then ZIP must be
available on the host where the relevant service is executed.

Operations
Service::start() : Boolean – Starts the execution of the service.
Service::stop() : Boolean – Stops the execution of the service.
Service::restart() : Boolean – Restarts the current service.

Informal and OCL Constraints
[1] «Service» is owned by a host.

i s S t e r e o t y p e d B y ( s e l f . c l a s s , Host )

[2] This is an abstract component.
i s A b s t r a c t = t r u e

[3] debugMode must be between 1 and 4.
debugMode−>notEmpty ( ) i m p l i e s debugMode >= 1 and debugMode <= 4

[4] required contains only «PortImport» when «Service» specifies an Assimilator.
s e r v i c e T y p e = S e r v i c e T y p e : : A s s i m i l a t o r i m p l i e s

r e q u i r e d −>f o r A l l ( p | i s S t e r e o t y p e d B y ( p , P o r t I m p o r t ) )

6.5.14 Service (specialised with serviceType = Service-
Type::Assimilator)

This specialisation is used to describe Assimilators and implies serviceType = Ser-
viceType::Assimilator. BOINC’s default Assimilators can be used (Section 5.3.6).
In addition the BOINC project can have individual assimilation behaviour. One
host can own several assimilation services; each of them can have the same config-
uration. It is allowed to add similar assimilation services to different hosts.

Tag-Values
mod : Integer [2] – Defined by BOINC itself to select workunit results. The first
value is substituted as N and the second value is substituted as R. These two substi-
tutions are used within the formula Workunit :: id%N == R to process specific
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workunit results (Section 6.8.9). This allows BOINC’s assimilation processes to
run for different sets of workunit results.
sleep : Integer = 5 [1] – Seconds between periodic execution; default is 5 seconds.
If one call is still running, it will not execute again and the service will wait for
another period.
onepass : Boolean = false – Exits after execution; sleep is neglected.
appname : String [1] – Assimilate workunits of this specific scientific application.

Informal and OCL Constraints
[1] This «Service» is an Assimilator.

s e r v i c e T y p e = S e r v i c e T y p e : : A s s i m i l a t o r

6.5.15 Service (specialised with serviceType = Service-
Type::Feeder)

This specialisation is used to describe BOINC’s Feeder and implies serviceType
= ServiceType::Feeder. Feeder cannot be modelled by the BOINC project owner.
BOINC’s default Feeder is used and can be used for several scientific applications.
The Feeder creates a shared-memory segment used to pass data to CGI scheduler
processes (Section 5.3.2). This data includes applications, application versions, and
workunit items (an unsent result and its corresponding workunit); the tag-values
apps, randomOrder, priorityOrder, priorityOrderCreateTime, and purgeState are
based on BOINC’s wiki description [167, BackendPrograms].

Tag-Values
mod : Integer [2] – See Section 6.5.14.
sleep : Integer = 5 [1] – See Section 6.5.14.
onepass : Boolean = false – See Section 6.5.14.
allapps : Boolean = false – In case a BOINC project provides more than one sci-
entific application, this BOINC service can be used for all of them (allapps = true)
or only selected ones (allapps = false) specified by apps.
apps : String [0..*] – Get work only for the given named scientific applications.
randomOrder : Boolean = false [1] – Enumerate work items in order of increasing
result.random; table field of the BOINC database table result.
priorityOrder : Boolean = false [1] – Enumerate work items in order of decreasing
result.priority; table field of the BOINC database table result.
priorityOrderCreateTime : Boolean = false [1] – Enumerate work items in order
of decreasing result.priority, then increasing workunit.id; both are table fields of
BOINC database tables result and workunit.
wmod : Integer [0..*] – Similar to mod; in contrast wmod is used to select specific
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workunits (not only the several workunit results).
purgeState : Integer = 60 [1] – Removes workunits from the shared-memory seg-
ment that have been there for longer than 60 minutes but have not been assigned to
any client.

Informal and OCL Constraints
[1] This «Service» is a Feeder.

s e r v i c e T y p e = S e r v i c e T y p e : : F ee de r

[2] Only allapps or apps is used.

( apps−>notEmpty ( ) i m p l i e s a l l a p p s = f a l s e ) or
( apps−>empty ( ) i m p l i e s a l l a p p s = t r u e )

6.5.16 Service (specialised with serviceType = Service-
Type::Validator)

This specialisation is used to describe Validators and implies serviceType = Ser-
viceType::Validator. BOINC’s default Validators can be used (Section 5.3.5). In
addition the BOINC project can have individual validation behaviour. The tag-
values maxClaimedCredit, maxGrantedCredit, grantClaimedCredit, and update-
CreditJob are based on BOINC’s wiki description [167, ValidationIntro].

Tag-Values
mod : Integer [2] – See Section 6.5.14.
sleep : Integer = 5 [1] – See Section 6.5.14.
onepass : Boolean = false – See Section 6.5.14.
appname : String [1] – See Section 6.5.14.
maxGrantedCredit : Float – Grant no more than this amount of credit to a result.
updateCreditJob : Boolean – Updates the state of validated workunit items to
BOINC’s record database.
creditFromWU : Boolean – Credit is specified by the workunit definition (Sec-
tion 6.8.9).
grantClaimedCredit : Float – Grant the claimed credit, regardless of what other
results for this workunit are claimed.
maxClaimedCredit : Float – If a result claims more credit than this value, mark the
workunit as invalid.

Informal and OCL Constraints
[1] This «Service» is a BOINC validator.

s e r v i c e T y p e = S e r v i c e T y p e : : V a l i d a t o r
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6.5.17 Service (specialised with serviceType = Service-
Type::Webserver)

If one or more webservers are modelled, they can be responsible for different du-
ties, e.g. one host provides download handling of workunits or one host provides
BOINC’s Scheduler for user requests. In addition this «Service» allows specifying
on which hosts web features are installed, e.g. message forums for user com-
munication. instances allows specifying how many instances of a webserver are
started during the initialisation. The higher the number of instances, the more pre-
created threads for handling of user requests are initialised [100]. port specifies
the HTTP(S) connection port. HTTP-request’s default port is 80; HTTPS-request’s
default port is 443 (useSecure=true). By default, this «Service» provides all web
features, i.e. one instance provides interfaces for download and upload of worku-
nits, handling of general client requests, a website for the individual BOINC project
and a user forum.

Tag-Values
instances : Integer = 5 [1] – Number of parallel executed service threads.
port : Integer = 80 [1] – Specifies the IP port to listen for incoming connections.
useSecure : Boolean – Specifies if Secure-Socket Layer (SSL) connections are
used.
isMaster : Boolean = true – Specifies if this webserver component is the main
host of a BOINC project, in this case this webserver is used for the BOINC master
URL where the main communication elements of a BOINC project are installed,
e.g. website of the project (Section 5.3.2).
isScheduler : Boolean = true – Specifies if the host provides the BOINC Scheduler.
isDownload : Boolean = true – Specifies if the host provides downloads of worku-
nits.
isUpload : Boolean = true – Specifies if the host allows uploading of workunit
results.
isForum : Boolean = true – Specifies if the host provides a user forum.

Informal and OCL Constraints
[1] This service is a webserver.

s e r v i c e T y p e = S e r v i c e T y p e : : Webserver

[2] port for network communications must be set.

s e r v i c e T y p e = S e r v i c e T y p e : : Webserver
i m p l i e s s e l f . p o r t > 0 and s e l f . p o r t <= 65535

[3] Only one instance can be the master of a BOINC project.

a l l I n s t a n c e s ( )−> s e l e c t ( i s M a s t e r = t r u e )−> s i z e ( ) = 1
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6.5.18 ServiceType
«ServiceType» extends the UML metaclass Enumeration (from Kernel)
and is used to specify the type of a BOINC service, e.g. Feeder or Transitioner.
There is a dependency between the service type and the attributes and function-
alities of a BOINC service (Section 6.5.13 – 6.5.17). These stereotypes have a
minimum set of six enumeration literals for specifying BOINC’s default services.

UML MetaClass
Enumeration (from Kernel) [125, Chapter 7.3.16]

Informal and OCL Constraints
[1] All enumeration literals must be unique.

o w n e d L i t e r a l −>f o r A l l ( e l1 , e l 2 | e l1−>i s U n i q u e ( e l 2 ) )

[2] «ServiceType» has a minimum set of enumeration literals.
o w n e d L i t e r a l −>c o n t a i n s ( Set {

A s s i m i l a t o r , Feeder , Task , T r a n s i t i o n e r , V a l i d a t o r , Webserver
} )

6.5.19 Share
«Share» extends the UML metaclass Interface (from Interfaces) and
specifies where exported directories of individual hosts are imported on individual
hosts. Exported directories are specified as provided Interfaces. Otherwise they are
specified as required Interfaces. In case the parent Port of a «Share» is a «Host»
and configured as the main host of a BOINC project, the values of the connected
Interfaces are set automatically by the current «Share», i.e. the mountpoint on all
hosts is similar and the same share protocol specified by shareType is used.

UML MetaClass
Interface (from Interfaces) [125, Chapter 7.3.24]

Tag-Values
shareType : ShareType [1] – Specifies which technology is used for sharing.
shareName : String [0..1] – A specific name for a «Share».
path : String [1] – The directory which is exported.
mountpoint : String [1] – Mountpoint of the exported directory.

Associations
No additional associations.

Informal and OCL Constraints
[1] Instances must be visible within Packages extended by «Project».

v i s i b i l i t y = V i s i b i l i t y K i n d : : p r o t e c t e d
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[2] path and mountpoint must have valid formats which are used by the oper-
ating systems on the target hosts, e.g. /media/files on Linux systems and
c:\media\files on Windows systems.

6.5.20 ShareType

«ShareType» extends the UML metaclass Enumeration (from Kernel)
and specifies the share protocol between Components extended by «Host», e.g.
Network File System (NFS) or SAMBA.

UML MetaClass
Enumeration (from Kernel) [125, Chapter 7.3.16]

Tag-Values
version : String [0..1] – Specifies which version is used for the different technolo-
gies, e.g. it can be necessary for NFS to specify a special version, because NFSv4
requires TCP but when only UDP is necessary, NFSv2 or NFSv3 are adequate.

Associations
No additional associations.

Informal and OCL Constraints
[1] If version is not valued, then the highest available version on a «Host» is used.

c o n t e x t Enumeration
pre : v e r s i o n −>isEmpty ( )
d e f : g e t V e r s i o n ( ) : S t r i n g
body :
−− R e t r i e v e h i g h e s t v e r s i o n o f c u r r e n t
−− E n u m e r a t i o n L i t e r a l , e . g . NFSv4 i f l i t e r a l i s NFS .

6.5.21 Software

«Software» extends the UML metaclass Artifact (from Artifacts,
Nodes).

UML MetaClass
Artifact (from Artifacts, Nodes) [125, Chapter 10.3.1]

Tag-Values
version : String [1] – Specifies which version this «Software» is.

Associations
No additional associations.

Informal and OCL Constraints
No additional constraints.
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6.5.22 SystemOperation
«SystemOperation» extends the UML metaclass Operation (from Ker-
nel, Interfaces) and specifies system or BOINC service routines, e.g. rou-
tines for Validator or Assimilator.

UML MetaClass
Operation (from Kernel, Interfaces) [125, Chapter 7.3.37]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] Only available and executable binaries and scripts can be extended by «Syste-
mOperation».

6.5.23 Table
«Table» extends the UML metaclass Interface (from Interfaces) and
allows a BOINC service to access database tables.

UML MetaClass
Interface (from Interfaces) [125, Chapter 7.3.24]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] name is used as the name for a table in a database.
[2] Properties are extended by «Column».

o w n e d A t t r i b u t e −>f o r A l l ( a | i s S t e r e o t y p e d B y ( s , Column ) )

6.5.24 UserOperation
«UserOperation» extends the UML metaclass Operation (from Kernel,
Interfaces) and specifies operations which users can execute.

UML MetaClass
Operation (from Kernel, Interfaces) [125, Chapter 7.3.37]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] Only existing users can execute these operations.
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6.6 Application

The Application package has the focus to cover BOINC related functionalities
by a specific set of UML elements. In addition, this package does not give a
strict boundary of allowed UML elements, i.e. this package introduces stereo-
types for a handful of specialised elements which are applicable for handling of
BOINC’s framework functions or for performing inter-process communication.
UML4BOINC’s Application package can be used to model the following aspects
of a BOINC project:

1. A scientific application can be created by the use of a set of UML Activ-
ities and UML Actions. In contrast, a legacy-application can be added to
the BOINC project. In both cases, any application is described as a plat-
form independent version. The model transformation to an executable code
recognises the information of the Infrastructure package, i.e. the Infrastruc-
ture package is used to specify which target architectures and platforms are
supported.

2. The scientific application can be assembled with periodically executed func-
tionalities.

3. Atomic functions can be created, i.e. they cannot be interrupted and must be
finished before any events are handled by subsequent actions.

4. Asynchronous messages can be transmitted from BOINC’s client- and
server-side to the opposite side.

5. The current execution mode can be checked, i.e. if the scientific application
is executed within a BOINC-client context.

6. It can be checked if a network connection is available.

7. Input and output files can be associated within UML Activities, i.e. any
workunit related file and checkpoint file can be modelled as sets of parame-
ters and are usable via UML ObjectFlows.

8. The state of the current process can be described by the use of a UML
Statemachine. Therefore six stereotypes in the Section 6.6.14 to 6.6.19 are
specified. Fig. 6.8 shows the relation between these stereotypes.
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Figure 6.7: Stereotypes for the creation of scientific applications, BOINC services, and
tasks.

6.6.1 Action

«Action» extends the UML metaclass Action (from CompleteActi-
vities, FundamentalActivities, StructuredActivities,
CompleteStructuredActivities) and is used as an abstraction for
BOINC’s framework API. «Action» allows the abstraction of different functional-
ities by use of just this single stereotype. The execution behaviour can be modified
by type. As a consequence, type specifies how many InputPins and OutputPins
an Action has. It is assumed that «Action» is performed without any failures, but
under any circumstances an ExceptionHandler can be associated to any instance of
«Action». Specialisations of «Action» are allowed, e.g. to add more recognitions
of different file types when type is FileInfo. Fig. 6.9 shows an overview of the base
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Enumerations and Classes which are required for the different «Action» types.
Section 7.3 shows how these different specifications can be used.

UML MetaClass
Action (from CompleteActivities, FundamentalActivities, StructuredActivities,
CompleteStructuredActivities) [125, Chapter 12.3.2]

Tag-Values
type : Kernel::Enumeration – Specifies «Action»’s behaviour; five types are
pre-specified by UML4BOINC:

• #Locking – Is used to lock/unlock one file to allow/not allow access. This
Action has one InputPin which is used as the file path and one output pin
which provides the current lock state.

• #FileInfo – Queries file information, e.g. the file size. This Action has one

Figure 6.8: Stereotypes for the creation of state machines which are used to handle different
states during the execution of a scientific application.

Figure 6.9: The Enumeration of the left-hand side is used to specify the execution mode of
«Action»; Section 6.6.9 describes the enumeration literals in more details. The Enumer-
ation in the middle is used to describe the type of a specific file when file information is
queried by «Action» and type is #FileInfo; «FileInformation» keeps the queried file infor-
mation.
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InputPin which is used as a file path and one OutputPin to deliver the file
information to the next action.

• #FractionDone – Forwards the current fraction done value of the computa-
tion to the BOINC client. This Action has one InputPin which is used to
deliver the fraction done value.

• #TrickleDown – Handles asynchronous messages. This Action has one Out-
putPin which contains the message token.

• #FileHandling – This Action has three InputPins: (1) to set the mode of file
handling, (2) to set the file path, and (3) to add parameters related to the used
mode.

• #Timing – This Action is used within «Timing» for periodically execution
and has no InputPins or OutputPins.

It depends on type as to how many InputPins and OutputPins this Action has.

Associations
No additional associations.

Informal and OCL Constraints
[1] type specifies how many InputPins and OutputPins this action has, how the pins
are typed, and named.

i f t y p e = # Locking then
i n p u t −>s i z e ( ) = 1 and o u t p u t −>s i z e ( ) = 1 i m p l i e s

i n p u t −>a t ( 1 ) . t y p e = P r i m i t i v e T y p e : : S t r i n g
and i n p u t −>a t ( 1 ) . name = " p a t h "
and o u t p u t −>a t ( 1 ) . t y p e = P r i m i t i v e T y p e : : Boolean
and o u t p u t −>a t ( 1 ) . name = " s t a t e "

e l s e
i f t y p e = # F i l e I n f o then

i n p u t −>s i z e ( ) = 1 and o u t p u t −>s i z e ( ) = 1 i m p l i e s
i n p u t −>a t ( 1 ) . t y p e = P r i m i t i v e T y p e : : S t r i n g

and i n p u t −>a t ( 1 ) . name = " p a t h "
and i s S t e r e o t y p e d B y ( o u t p u t −>a t ( 1 ) . type , F i l e I n f o r m a t i o n )
and o u t p u t −>a t ( 1 ) . name = " f i n f o "

e l s e
i f t y p e = # F r a c t i o n D o n e then

i n p u t −>s i z e ( ) = 1 and o u t p u t −>s i z e ( ) = 0 i m p l i e s
i n p u t −>a t ( 1 ) . t y p e = P r i m i t i v e T y p e : : Real

e l s e
i f t y p e = # TrickleDown then

i n p u t −>s i z e ( ) = 0 and o u t p u t −>s i z e ( ) = 1 i m p l i e s
i s S t e r e o t y p e d B y ( o u t p u t −>a t ( 1 ) . type , T r i c k l e M e s s a g e )

e l s e
i f t y p e = # F i l e H a n d l i n g then
−− S e p a r a t e c o n s t r a i n t s !
i n p u t −>s i z e ( ) >= 2 and o u t p u t −>s i z e ( ) = 1 i m p l i e s

i n p u t −>a t ( 1 ) . name = " mode "
and o c l I s K i n d O f ( i n p u t −>a t ( 1 ) , Va lueP in )
and o c l I s K i n d O f ( i n p u t −>a t ( 1 ) . v a l u e . type , F i l eAc t ionMode )
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and i n p u t −>a t ( 2 ) . name = " p a t h "
and i n p u t −>a t ( 2 ) . t y p e = P r i m i t i t v e T y p e : : S t r i n g

e l s e
i f t y p e = # Timing then

i n p u t −>s i z e ( ) = 0 and o u t p u t −>s i z e ( ) = 0
e n d i f

e n d i f
e n d i f

e n d i f
e n d i f

e n d i f

[2] When type is #FileHandling the number of input pins and their names are re-
lated to mode.

i f t y p e = # F i l e H a n d l i n g then
v : i n p u t −>a t ( 1 ) . v a l u e ;

s t a t e s 2 p : Set {Touch , De le t e , Mkdir , Rmdir , C l e a n D i r } ;
s t a t e s 3 p : Set {Rename , Copy , Open , Chown } ;

i f s t a t e s 2 p −>c o n t a i n s ( v . v a l u e ) then
−− n o t h i n g s p e c i a l
e l s e

i f v . v a l u e = #Copy or v . v a l u e = #Rename then
i n p u t −>a t ( 3 ) . name = " newpath " and
i n p u t −>a t ( 3 ) . t y p e = P r i m i t i t v e T y p e : : S t r i n g

e l s e
i f v . v a l u e = #Chown then

i n p u t −>a t ( 3 ) . name = " owner " and
i n p u t −>a t ( 3 ) . t y p e = P r i m i t i t v e T y p e : : I n t e g e r

e l s e
i f v . v a l u e = #Open then

i n p u t −>a t ( 3 ) . name = " f i l e m o d e " and
i n p u t −>a t ( 3 ) . t y p e = P r i m i t i t v e T y p e : : S t r i n g

e l s e
−− Someth ing i s wrong ;−(

e n d i f
e n d i f

e n d i f
e n d i f

e n d i f

[3] When type is #Timing the incoming flow must have ForkNode or InitialNode as
source.

t y p e = # Timing and incoming−>s i z e ( ) = 1 i m p l i e s
incoming−>a t ( 1 ) . s o u r c e . o c l I s K i n d O f ( ForkNode ) or
incoming−>a t ( 1 ) . s o u r c e . o c l I s K i n d O f ( I n i t i a l N o d e )

6.6.2 Atomic

«Atomic» extends the UML metaclass Activity (from from Basic-
Activities, CompleteActivities, FundamentalActivities,
StructuredActivities) and is used as a safeguard for non-interruptible
Action executions. An atomic Activity cannot be interrupted by any external event,
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when it is entered it has to be finished. When an atomic activity is entered the
Activity has to be performed in total before any new received events are handled.
In case the atomic Activity is performed as an opaque thread, any received event
can be performed by other threads. In addition they will no longer be available
for later Actions which follow until the atomic Activity. It is necessary that all
actions have an outgoing edge for subsequent actions. Otherwise it is possible that
an external action is invoked and «Atomic» is not freed, i.e. the operation is still
in process and cannot be executed again.

UML MetaClass
Activity (from BasicActivities, CompleteActivities, FundamentalActivities, Struc-
turedActivities) [125, Chapter 12.3.4]

Tag-Values
deadline : Integer = -1 – Any Activity extended by «Atomic» has a deadline,
which is used to specify when «Atomic» has to be finished at the latest. The
deadline is endless when the default value is used.

Associations
No additional associations.

Informal and OCL Constraints
[1] All included InvocationsActions must have an outgoing edge.
[2] When an exception is raised «Atomic» will process forward until the FinalNode
is reached. It is not guaranteed that the exception is still valid until «Atomic» has
completed.

6.6.3 Checkpoint

«Checkpoint» extends the UML metaclass Class (from Kernel) and is used
to specify how checkpoint files are structured. Fig. 6.10 shows the simplified
structure of checkpoint specifications. Datafield is borrowed from the workunit
UML4BOINC profile specification and is used with the same restrictions.

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
name : String [1] – The file name of the checkpoint file.

Associations
variables : Datafield [*] – A checkpoint file can have several data fields and each
can have several sub-elements. type is used to specify the type of the data field. In
case type is valued with FileType::File a physical file is used and the related asso-
ciation cannot have sub-elements (Section 6.8.1).
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Informal and OCL Constraints
No additional constraints.

Figure 6.10: «Checkpoint» uses the same specification elements for the structure as used
for workunit specification. Different types of the data fields are possible. If the type is File-
Type::File then a physical file is used and the opening process is responsible for the current
opening, otherwise «Datafield» offers the current opening functionality (Section 6.8.1).

6.6.4 ComputationData
«ComputationData» extends the UML metaclass ParameterSet (from
CompleteActivities) and is used for input and output data objects and
tokens for «ScientificApplication» instances typed as #Application, #Wrapper or
#Task. The Parameters of ParameterSets can be used as input and output parame-
ters. The associated Parameters are used to offer an interface between «InputFile»
and «ScientificApplication»; the same principles are used for the result files of
a computation. The use of external ObjectNodes is not required, the Parameters
themselves can be typed with «Input» or «Checkpoint» extended data types. The
only reason for the use of a ParameterSet is to make the visualisation within the
Application diagram more compact. It would be possible to use several Parame-
ters, but ParameterSet makes it possible to combine all necessary data values and
tokens. The number of Parameters within «ComputationData» is related to the
number of modelled «Input» files of a workunit and if a checkpoint is available.
Also the number of Parameters for computational results is related to the number
of modelled «Result» files of a workunit.

UML MetaClass
ParameterSet (from CompleteActivities) [125, Chapter 12.3.43]

Tag-Values and Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] For input data the number of Parameters is the number of input files of a worku-
nit plus one (checkpoint) and for output data the number of Parameters is the num-
ber of result files of a workunit.
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[2] All Parameters in this set can have an incoming object flow which is connected
to an ObjectNode extended by «InputFile» or the owned Parameters are typed with
«Input» or «Checkpoint» data types.

6.6.5 ComputingState
«ComputingState» extends the UML metaclasses SendObjectAction (from
IntermediateActions) and SendSignalAction (from BasicAc-
tions) and is used to announce that the scientific application is finished. It is
used by «ScientificApplication» typed as: #Application or #Wrapper. A screen-
saver or tasks do not need any invocation actions, because it has no relevance in the
context of the computation handling. «ScientificApplication» can only send two
different state descriptions:

• for signalling that the computation is finished, or

• to signal that the computation failed.

#Suspended could be a third state but this state cannot be controlled by the sci-
entific application itself, only external control events can be used to suspend any
«ScientificApplication» instance.

UML MetaClass
SendObjectAction (from IntermediateActions) [125, Chapter 11.3.44]
SendSignalAction (from BasicActions) [125, Chapter 11.3.45]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] «ComputingState» can only have incoming edges from Activities extended by
«ScientificApplication».

incoming−>f o r A l l ( i | i s S t e r e o t y p e d B y ( i , S c i e n t i f i c A p p l i c a t i o n ) )

[2] No outgoing edges are allowed.
ou tg o ing −>s i z e ( ) = 0

[3] Only two instances are allowed.
a l l I n s t a n c e s ( )−> s i z e ( ) <= 2

6.6.6 Control
«Control» extends the UML metaclass AcceptEventAction (from Com-
pleteActions) and is used to control the execution of scientific applications
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extended by «ScientificApplication» and typed as #Application or #Wrapper. The
events themselves do not provide any restrictions on how the events must be han-
dled by the scientific application. An application’s implementation itself is respon-
sible for this. It is not necessary to add any «Control» events, in case an event is
sent but no receivers are available the events are mapped as followed:

• event(Suspend): The scientific application will start at the initial point of the
activity diagram.

• event(Resume): The scientific application will resume at the initial point of
the activity diagram.

• event(Quit): The related scientific application activity is exited and no com-
putation result is created.

• event(Abort): The related scientific application activity is exited and no com-
putation result is created.

UML MetaClass
AcceptEventAction (from CompleteActions) [125, Chapter 11.3.2]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] «Control» can be used to handle four different events: Suspend, Resume, Quit
and Abort as discussed in Section 5.4.

s e l f . name = " Suspend " or s e l f . name = " Resume " or
s e l f . name = " Qu i t " or s e l f . name = " Abor t "

[2] «Control» must be owned by an Activity which is extended by «ScientificAp-
plication» and which is not typed as a Screensaver.

i s S t e r e o t y p e d B y ( contex t , S c i e n t i f i c A p p l i c a t i o n ) i m p l i e s
c o n t e x t . t y p e <> S c r e e n s a v e r

6.6.7 Exchange

«Exchange» extends the UML metaclasses InputPin (from Complete-
StructuredActivities) and OutputPin (from CompleteStruc-
turedActivities, StructuredActivities). These UML meta-
classes are only allowed for data object and token exchange between an instance
of «ScientificApplication» and an instance of «Exchanger». During runtime the
pins always have the up-to-date data objects or tokens which are usable within
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the implementation of «ScientificApplication» or can be read by other instances of
«ScientificApplication». At any time the data objects and tokens are up-to-date to
all associated instances of «ScientificApplication». OutputPins extended by «Ex-
change» are never used as an output of the control flow. UML defines Actions as
“[...] when completed, an action execution offers any object tokens that have been
placed on its output pins and control tokens on all its outgoing control flows (im-
plicit fork), [...]” [125, p.321]. Under any circumstances the output pins extended
by «Exchange» are never used as transition for the control flow, an available output
pin (not extended by «Exchange») or an outgoing control flow is used always. It
is not explicitly specified by UML4BOINC that an Action must have an outgoing
control flow or OutputPin to guarantee a fully operable Activity.

UML MetaClass
InputPin (from CompleteStructuredActivities) [125, Chapter 12.3.32]
OutputPin (from CompleteStructuredActivities, StructuredActivities) [125, Chap-
ter 12.3.40]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] Instances of «Exchange» can only be used by Actions when they are owned by
instances of «ScientificApplication».

i s S t e r e o t y p e d B y ( s e l f . owner , S c i e n t i f i c A p p l i c a t i o n )

[2] PortOutput can only be used by Actions when the owning Activity has type
valued as #Application or #Wrapper.

s e l f . owner−>a p p l i c a t i o n T y p e = # Wrapper or
s e l f . owner−>a p p l i c a t i o n T y p e = # A p p l i c a t i o n

[3] OutputPins extended by «Exchanger» are never used as control flow exit or
object flow exit.

6.6.8 Exchanger

«Exchanger» extends the UML metaclass DataStoreNode (from Inter-
mediateActivities) and is used to share data between different «Scientifi-
cApplication» instances within a BOINC slot. Only applications within a BOINC
slot are allowed to access «Exchanger». Section 7.3 describes how this stereotype
has to be used.

UML MetaClass
DataStoreNode (from IntermediateActivities) [125, Chapter 12.3.21]

Tag-Values & Associations
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No additional tag-values and associations.

Informal and OCL Constraints
[1] The objects are ordered and the access is possible via an index or a name (index
range is defined in the OCL [127, Section 11.6.3]).

s e l f . o r d e r i n g = o r d e r e d

[2] This object node can be used in three states: (1) #Computing, (2) #Reporting
and (3) #Checkpointing.

s e l f . i n S t a t e −>s i z e ( ) = 3 i m p l i e s
s e l f . i n S t a t e −>i n c l u d i n g ( Set {

" Computing " , " R e p o r t i n g " , " C h e c k p o i n t i n g "
} )

[3] «Exchanger» is only visible for instances within the state OnClient.

6.6.9 FileActionMode

«FileActionMode» is an enumeration of the following values as shown in Fig. 6.9:

• #Touch – A file is created or the timestamp is updated at the point of time of
the call (when the file exists).

• #Delete – Removes a file.

• #Mkdir – Creates a new directory.

• #Rmdir – Removes an available directory.

• #CleanDir – Removes the content of a directory.

• #Open – Opens a file for writing and reading.

• #Rename – Changes the name of a file or directory.

• #Chown – Changes the file owner and assigned group.

BOINC itself supports a generalized interface for the use on Windows, Linux and
Mac OS X systems. «FileActionMode» can be mapped directly between the UML
model and BOINC’s functionalities.

UML MetaClass
Enumeration (from Kernel) [125, Chapter 7.3.16]

Informal and OCL Constraints
[1] «FileActionMode» cannot be extended by enumeration literals.
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6.6.10 FileInformation
«FileInformation» extends the metaclass Class (from Kernel) and is used
for storing file information, e.g. the byte size a specific physical file has. This
Class is filled by «Action» when the tag-value type is set to #FileInfo.

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
type : FileKind = #Unknown [1] – Type of file, e.g. directory or symbolic-link.
cwd : String– The current working directory; not related to the file.
filesize : Integer = 0 – The file size in bytes.
dirsize : Integer = 0 – The directory size in bytes.
absolutePath – The absolute path of the file, i.e. /home/cr/file1 on UNIX
systems or c:\home\cr\file1 on Windows systems.
freeSpace : Integer = 0 – The free and open for use disc space in bytes of the device
which provides the file.
totalSpace : Integer = 0 –The total available disc space in bytes of the device which
provides the file.

Operations
FileInformation::query(path : String) : FileInformation – Used to query file infor-
mation which are stored in FileInformation’s tag-values.

Informal and OCL Constraints
No additional constraints.

6.6.11 FileKind
«FileKind» is an enumeration of the following values as shown in Fig. 6.9:

• #Unknown – The type of the file is unknown.

• #File – It is a general file.

• #Directory – The file is a directory.

• #Symlink – The file is a symbolic-link.

It depends on the underlying operating system how many file types are possible, i.e.
UNIX systems support file based FIFOs (First-in-First-out) or MMAPs (memory-
mapped file input/output). Here, only three specific file types are recognised, others
are typed as #Unknown. Additional type checks can be added in specialisation
of «FileKind» and «Action». Furthermore, symbolic-links are not supported on
Windows systems, as a consequence #Symlink can be set to #Unknown. «FileKind»
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is only used once by «FileInformation» in Section 6.6.10.

UML MetaClass
Enumeration (from Kernel) [125, Chapter 7.3.16]

Informal and OCL Constraints
[1] This Enumeration can be extended by enumeration literals to add more file
types.
[2] #Symlink is not available on Windows systems.

6.6.12 InputFile
«InputFile» extends the UML metaclass ObjectNode (from BasicActi-
vities, CompleteActivities) and is used for the specification of input
files of an «ScientificApplication» instance. How input files are processed is de-
cided by the Datafield::FileType values of «Datafield» which are associated by «In-
put». For primitive datatypes UML4BOINC supports them out of the box [126],
for additional specialised datatypes the operation Datafield::open() is defined and
can be used. This ObjectNode has no selection behaviour. All data objects and
tokens are available within the scientific application context. This stereotype must
have an outgoing object flow which can be charged with selection behaviour. At
any time «InputFile» allows only one data token, i.e. this is the physical file (input
or checkpoint) itself which has its own structure specification as presented in Sec-
tion 6.8.1.

UML MetaClass
ObjectNode (from BasicActivities, CompleteActivities) [125, 12.3.38]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] This ObjectNode can only be stereotyped by «Input» or «Checkpoint».

i s S t e r e o t y p e d B y ( s e l f . type , I n p u t ) or
i s S t e r e o t y p e d B y ( s e l f . type , C h e c k p o i n t )

[2] This ObjectNode is read-only, i.e. no incoming object flows are allowed.
s e l f . incoming−>isEmpty ( ) and
s e l f . ou tgo ing −>notEmpty ( )

[3] Only one data token is allowed (the physical input file).
s e l f . upperBound = 1

[4] This ObjectNode has no selection behaviour. The selection is controlled by
outgoing object flows.

s e l f . s e l e c t i o n −>isEmpty ( )
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[5] This ObjectNode can only be used in the states OnClient (SPoV) and Comput-
ing (CPoV).

i n S t a t e −>i n c l u d i n g ( Set { OnCl ien t , Computing } )

6.6.13 IsStandalone
«IsStandalone» extends the UML metaclass DecisionNode (from Inter-
mediateActivities) and is used for checks if the current execution is in a
namespace of the BOINC client. It is possible that a scientific application is exe-
cuted without any BOINC control mechanism, i.e. to enable one to check the run-
time behaviour during the development of a scientific application. «IsStandalone»
allows the creation of computational flows with different control flows; one can be
used with necessary BOINC functionalities, and in case the scientific application
is not in the namespace of a BOINC project the flow can be created with dummy
functions for BOINC methods, e.g. with default values. UML4BOINC does not
restrict the use to where the outgoing edges are connected with the same following
Actions.

UML MetaClass
DecisionNode (from IntermediateActivities) [125, Chapter 12.3.22]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] «IsStandalone» must have two outgoing edges. One of these edges must have a
guard valued by true and the other must be valued with false.

s e l f . ou tgo ing −>s i z e ( ) = 2 i m p l i e s
s e l f . ou tgo ing −> s e l e c t ( o | o . gua rd = t r u e )−> s i z e ( ) = 1 and
s e l f . ou tgo ing −> s e l e c t ( o | o . gua rd = f a l s e )−> s i z e ( ) = 1

[2] For the decision no input data is necessary.
s e l f . d e c i s i o n I n p u t F l o w −>empty ( )

6.6.14 Processing
«Processing» extends the UML metaclass State (from BehaviorState-
Machines, ProtocolStateMachines) and is used to model the be-
haviour of how asynchronous messages, checkpointing and computational process-
ing are handled. Fig. 6.8 gives an overview of the relation between the stereotypes
in Sections 6.6.14 to 6.6.19.



6.6. Application 117

UML MetaClass
State (from BehaviorStateMachines, ProtocolStateMachines) [125, Chapter
15.3.11]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] This state has a maximum of three and a minimum of two regions.

r e g i o n −>s i z e ( ) >= 2 and r e g i o n −>s i z e ( ) <= 3
i m p l i e s i s O r t h o g o n a l = t r u e

[2] The individual regions do not own a final state.
r e g i o n −>f o r A l l ( s u b v e r t e x −> s e l e c t ( o c l I s K i n d O f ( F i n a l S t a t e ) )−> s i z e ( ) = 0 )

[3] Only one instance of «Processing» is allowed for a scientific application.
a l l I n s t a n c e s ( )−> s i z e ( ) = 1

[4] Outgoing transitions must use an exit point extended by «ProcessingExit».
[5] «Processing» is a composite and orthogonal state. It must have an entry or an
exit Pseudostate.

i s C o m p o s i t e = t r u e and i s O r t h o g o n a l = t r u e and
i s S u b m a c h i n e S t a t e = f a l s e and i s S i m p l e = f a l s e i m p l i e s

c o n n e c t i o n P o i n t −>notEmpty ( )

[6] This state does not have any behaviour when it is entered, exited or in use. The
behaviour is described by its owned regions and states.

d o A c t i v i t y −>empty ( ) and e n t r y −>empty ( ) and e x i t −>empty ( )

6.6.15 ProcessingEntry

«ProcessingEntry» extends the UML metaclass Pseudostate (from Be-
haviorStateMachines) and is used as an entry point for the computational
region of «Processing».

UML MetaClass
Pseudostate (from BehaviorStateMachines) [125, Chapter 15.3.8]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] This Pseudostate describes an entry point.

k ind = P s e u d o s t a t e K i n d : : e n t r y P o i n t
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[2] The owner of this entry Pseudostate must be extended by «Processing».
i s S t e r e o t y p e d B y ( s e l f . s t a t e , P r o c e s s i n g )

6.6.16 ProcessingExit
«ProcessingExit» extends the UML metaclass Pseudostate (from Be-
haviorStateMachines) and is used as an exit point for the computational
region of «Processing».

UML MetaClass
Pseudostate (from BehaviorStateMachines) [125, Chapter 15.3.8]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] This Pseudostate describes an exit point.

k ind = P s e u d o s t a t e K i n d : : e x i t P o i n t

[2] The owner of this entry pseudostate must be extended by «Processing».
i s S t e r e o t y p e d B y ( s e l f . s t a t e , P r o c e s s i n g )

6.6.17 ProcessingHistory
«ProcessingHistory» extends the UML metaclass Pseudostate (from Be-
haviorStateMachines) and is used as a shallow or deep history point for
the computational region of «Processing». It describes the initial point when a
checkpoint is created and the scientific application is resumed.

UML MetaClass
Pseudostate (from BehaviorStateMachines) [125, Chapter 15.3.8]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] This Pseudostate describes a history point.

k ind = P s e u d o s t a t e K i n d : : s h a l l o w H i s t o r y or
k ind = P s e u d o s t a t e K i n d : : d e e p H i s t o r y

[2] The owner of this entry pseudostate must be extended by «Processing».
i s S t e r e o t y p e d B y ( s e l f . s t a t e , P r o c e s s i n g )

[3] Only one history state can exist.
a l l I n s t a n c e s −>s i z e ( ) <= 1
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6.6.18 ProcessingState
«ProcessingState» extends the UML metaclass State (from Behavior-
StateMachines, ProtocolStateMachines). A scientific application
can have several states. It depends on the type of the scientific application which
states are necessary to model. Section 7.3 describes some possible scenarios and
how «ProcessingState» can be used.

UML MetaClass
State (from BehaviorStateMachines, ProtocolStateMachines) [125, Chapter
15.3.11]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] «ProcessingState» has no regions.

r e g i o n −>s i z e ( ) = 0

[2] «ProcessingState» is not composite nor a submachine state. As a consequence
«ProcessingState» cannot have any entry or exit points and describes a simple state.

i s C o m p o s i t e = f a l s e and i s O r t h o g o n a l = f a l s e and
i s S u b m a c h i n e S t a t e = f a l s e

i m p l i e s
i s S i m p l e = t r u e and
c o n n e c t i o n −>empty ( ) and
c o n n e c t i o n P o i n t −>empty ( )

[3] This state has a behaviour.
d o A c t i v i t y −>notEmpty ( )

[4] The owner is stereotyped by «OnClient» or «Processing» when the state is part
of a region.

i f s e l f . r e g i o n −>notEmpty ( ) then
r e g i o n −>f o r A l l ( i s S t e r e o t y p e d B y ( s t a t e M a c h i n e , P r o c e s s i n g ) )

e l s e
i s S t e r e o t y p e d B y ( submachine , O n C l i e n t )

e n d i f

[5] A minimum of two exit pseudostates must exist to allow the handling of finished
or suspended computations. Section 7.3 shows an example of how this constraint
is used by a scientific application.

a l l I n s t a n c e s ( )−> s i z e ( ) >= 2

6.6.19 ProcessingTerminate
«ProcessingTerminate» extends the UML metaclass Pseudostate (from
BehaviorStateMachines) and is used to terminate the execution of a sci-
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entific application. When this pseudostate is used to terminate the execution, no
BOINC checkpoint has to be created, and no clean-up handling is called. This ter-
mination is comparable with the kill call on UNIX systems [94].

UML MetaClass
Pseudostate (from BehaviorStateMachines) [125, Chapter 15.3.8]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] Only one termination state is allowed on the client-side.

a l l I n s t a n c e s ( )−> s i z e ( ) <= 1

[2] The termination state is owned by the Activity which is extended by «On-
Client».

6.6.20 ScientificApplication
«ScientificApplication» extends the UML metaclass Activity (from
BasicActivities, CompleteActivities, FundamentalActi-
vities, StructuredActivities) and is used to specify a scientific
application. During runtime of a BOINC project, only one instance of «Scien-
tificApplication» is necessary, but this one can be available in different versions
for different platforms, e.g. version 1.0 for Windows systems or version 1.3
only for Linux systems. Within this Activity the use of ActionNodes is not
restricted, all structures are allowed. The call of this «ScientificApplication»
is restricted, it can only be executed once and additional invocations will not
create and execute additional «ScientificApplication» instances. Furthermore,
«ScientificApplication» can only be invoked on CPoV. «ScientificApplication»
does not specify how the specified applicationType is used, it is assumed that
the vendor of code generation systems specifies any relevant enumeration literals
which are supported by individual systems. applicationType is used to specify
which independent-software vendor (ISV) application has to be wrapped.

UML MetaClass
Activity (from BasicActivities, CompleteActivities, FundamentalActivities, Struc-
turedActivities) [125, Chapter 12.3.4]

Tag-Values
type : Kernel::Enumeration – This tag-value is used to specify which kind of
«ScientificApplication» is modelled. Default values are: #Application, #Wrapper,
#Task, and #Screensaver.
applicationType : Kernel::Enumeration – This tag-value is recognised when type
is #Wrapper. It is used to specify which ISV application is wrapped.
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Associations
No additional associations.

Informal and OCL Constraints
[1] Minimum enumeration literals for type are: #Application, #Wrapper, #Task,
and #Screensaver.

s e l f . type−>i n c l u d i n g ( Set { A p p l i c a t i o n , Wrapper , Task , S c r e e n s a v e r } )

[2] applicationType is recognised only when type is #Wrapper.
[3] «ScientificApplication» can only own one ParameterSet and this must be stereo-
typed as «ComputationData».

s e l f . ownedParamete rSe t−>s i z e ( ) = 1 i m p l i e s
i s S t e r e o t y p e d B y ( s e l f . ownedParamete rSe t−>a t ( 1 ) , Computa t ionData )

[4] The Activity can only be invoked one time and it cannot be called again when
it is still running.

s e l f . i s S i n g l e E x e c u t i o n = t r u e and s e l f . i s R e e n t r a n t = f a l s e

[5] Only one instance of «ScientificApplication» is allowed.
s e l f . a l l I n s t a n c e s ( )−> s i z e ( ) = 1

[6] «ScientificApplication» allows manipulating non-local variables when a Data-
StoreNode extended by «Exchanger» is available for data exchange between appli-
cations, i.e. a scientific application and a screensaver.

s e l f . edge−> s e l e c t ( e |
i s S t e r e o t y p e d B y ( e . t a r g e t , Exchanger ) )−> s i z e ( ) = 1

i m p l i e s s e l f . i sReadOnly = f a l s e

[7] Each «ScientificApplication» instance with a different type exists only once.
a l l I n s t a n c e s ( )−> f o r A l l ( t | a l l I n s t a n c e s −> s e l e c t ( t y p e = t )−> s i z e ( ) <= 1)

[8] Only two instances of «ScientificApplication» are allowed and one of them
must be used for a screensaver.

a l l I n s t a n c e s ( )−> s i z e ( ) = 2 i m p l i e s
a l l I n s t a n c e s ( )−> s e l e c t (

a | a . t y p e = S c r e e n s a v e r
)−> s i z e ( ) = 1

[9] This Activity and any specialisation cannot be called directly by other Activities
or Actions.

6.6.21 Sync
«Sync» extends the UML metaclass ObjectFlow (from BasicActivi-
ties, CompleteActivities) and is used to exchange data objects and to-
kens between scientific applications in BOINC’s slots on the CPoV. In Activity di-
agrams the use of two outgoing flows (ControlFlow and ObjectFlow) are allowed.
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ObjectFlows are only used to store data objects or tokens in the DataStoreNode and
the execution of the scientific application will step forward. The used transition
must be a ObjectFlow or a ControlFlow and should not be extended by «Sync».
The selection of the next flow is determined by the guards of the flows. Storing
of data objects and tokens is only allowed by instances of «ScientificApplication»
when they are typed as #Wrapper or #Application. Restoring of data objects and to-
kens is allowed by all instances of «ScientificApplication». #Screensavers can only
restore data objects and tokens and never have storing access to a DataStoreNode.
«Sync» can be used between UML Activities extended by «ScientificApplication»
or OutputPins extended by «Exchange» and InputPins extended by «Exchange» of
UML Actions.

UML MetaClass
ObjectFlow (from BasicActivities, CompleteActivities) [125, Chapter 12.3.37]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] It is only permitted to send or receive data objects or tokens on a single flow,
i.e. only one sender and receiver.

s e l f . i s M u l t i c a s t = f a l s e and s e l f . i s M u l t i r e c e i v e = f a l s e

[2] If the source of «Sync» is an OutputPin extended by «Exchange», then the
target must be a DataStoreNode extended by «Exchanger». This constraint is used
to store data objects and tokens in a DataStoreNode.

i s S t e r e o t y p e d B y ( sou rce , Exchange )
i m p l i e s i s S t e r e o t y p e d B y ( t a r g e t , Exchanger )

[3] If the source is a DataStoreNode extended by «Exchanger», then the target
must be an Activity extended by «ScientificApplication» or an InputPin extended
by «Exchange».

i s S t e r e o t y p e d B y ( sou rce , Exchanger ) i m p l i e s
i s S t e r e o t y p e d B y ( t a r g e t , S c i e n t i f i c A p p l i c a t i o n ) or
i s S t e r e o t y p e d B y ( t a r g e t , Exchange )

[4] If the source is a DataStoreNode extended by «Exchanger», then the selection
behaviour returns the object with a specific index or name.

Objec tF low : : s e l e c t i o n ( i n d e x : I n t e g e r ) : Any
body { s o u r c e . ownedElement −>( i n d e x ) }

Objec tF low : : s e l e c t i o n ( n : S t r i n g ) : Any
body { s o u r c e . ownedElement−> s e l e c t ( name = n ) }
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6.6.22 Timing
«Timing» extends the UML metaclass Activity (from BasicAc-
tivities, CompleteActivities, FundamentalActivities,
StructuredActivities) and is used to specify periodically executed
operations. «Timing» is processed in a thread and can have several different
Actions. UML4BOINC does not specify how the data is synchronised between
Actions. «Timing» can have several input parameters which are changeable by all
embedded Actions. «Timing» has only one initial node which can be connected to
a ForkNode or directly to ActionNodes. Fig. 7.4 shows on the top right-hand side
a small example of how «Timing» is used: There is one InitialNode connected to a
ForkNode, which has three outgoing edges. The first edge has an InvocationAction
as target and the other two are used for Actions. The InvocationAction symbolises
the end of the flow; in the other two cases the flow is directly finished by a
FinalNode. There, the ForkNode creates three threads in which the Actions
are performed. Within BOINC’s implementation the «Timing» is entered every
second, «TimingFlow» is used to specify different execution behaviours. «Timing»
has to be run in an extra thread but this is organised by BOINC’s API and the
modeller has only to fill the function by its own implementation.

UML MetaClass
Activity (from BasicActivities, CompleteActivities, FundamentalActivities, Struc-
turedActivities) [125, Chapter 12.3.4]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
No additional constraints.

6.6.23 TimingFlow
«TimingFlow» extends the UML metaclass ControlFlow (from BasicAc-
tivities) and is used to connect Actions within «Timing». delay can be used
to set-up different offsets when Actions have to be executed for the first time until
the scientific application has started, e.g. one Action is executed 10 seconds from
the first initialisation of the scientific application.

UML MetaClass
ControlFlow (from BasicActivities) [125, Chapter 12.3.19]

Tag-Values
delay : Integer = 1 [1] – A value in seconds when an Action is executed after the
first entering of «Timing» or last execution of the related Actions.
moment : Integer = -1 [1] – Instant of time when the «TimingFlow» has to be used
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to execute the target action.

Associations
No additional associations.

Informal and OCL Constraints
[1] When a ForkNode is available in «Timing», «TimingFlow» can only be used
between a ForkNode and Actions, otherwise «TimingFlow» has to be used between
the InitialNode and an Action.

s e l f . a c t i v i t y . node−> s e l e c t ( o c l I s K i n d O f ( ForkNode ) )−> s i z e ( ) = 1 i m p l i e s
s o u r c e . o c l I s K i n d O f ( ForkNode ) and (

t a r g e t . i s S t e r e o t y p e d B y ( T i m i n g S i g n a l ) or
t a r g e t . i s S t e r e o t y p e d B y ( Ac t io n ) )

[2] delay specifies a value in seconds. When the connected Actions
or InvocationAction is entered, moment is set to the future timestamp
which describes the period when the action has to be executed again, i.e.
moment = CURRENTTIMESTAMP + delay.

6.6.24 TimingSignal
«TimingSignal» extends the UML metaclass InvocationAction (from
BasicActions) and is used to send signals to client’s statemachine (Sec-
tion 6.6). It can be used for periodic execution of checkpoint creation. With the
help of «TimingFlow» the checkpoint period can be handled by the developer of
the scientific application.

UML MetaClass
InvocationAction (from BasicActions) [125, Chapter 11.3.20]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] «TimingSignal» is not allowed to have outgoing control flows. The incoming
control flow must have ForkNode as source and only one incoming flow is allowed.

s e l f . ou tgo ing −>isEmpty ( ) and
s e l f . incoming−>s i z e ( ) = 1 i m p l i e s

s e l f . incoming−>a t ( 1 ) . o c l I s K i n d O f ( ForkNode )

[2] «TimingSignal» can only be added to «Timing».
i s S t e r e o t y p e d B y ( s e l f . a c t i v i t y , Timing )

6.6.25 TrickleUp
«TrickleUp» extends the UML metaclass SendObjectAction (from In-
termediateActions) and is used to signal to a client’s statemachine that an
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asynchronous message is available which has to be sent to the BOINC project
server. When the signal is invoked, the execution of the current flow is contin-
ued immediately. The asynchronous message is removed by «TrickleUp» after
handling and an attached outgoing control flow is used.

UML MetaClass
SendObjectAction (from IntermediateActions) [125, Chapter 11.3.44]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] The outgoing flows are control flows.

s e l f . ou tgo ing −>f o r A l l ( o | o c l I s K i n d O f ( Con t ro lF low ) )

[2] «TrickleUp» has two InputPins.
−− [ 1 ] v a r i e t y
−− [ 2 ] : T r i c k l e M e s s a g e
i n p u t −>s i z e ( ) = 2

6.6.26 WaitForNetwork
«WaitForNetwork» extends the UML metaclass StructuredActivityNode
(from CompleteStructuredActivities, StructuredActivi-
ties) and is used for waiting for an available network interconnection, e.g.
when a BOINC project needs to communicate to external internet services.
«WaitForNetwork» does not need any parameter values. tries is used as an
execution constraint which describes how often a network check is performed.
«WaitForNetwork» checks periodically every tries seconds, i.e. one check each
second. Two outgoing flows are specified to describe the result of the waiting
process:

• one for an available network connection and

• one when no network connection is available; it is used for tries seconds.

UML MetaClass
StructuredActivityNode (from CompleteStructuredActivities, StructuredActivi-
ties) [125, Chapter 12.3.48]

Tag-Values
tries : Integer = 10 [1] – Specifies how often this Activity will check for an avail-
able network connection. This value describes seconds, default is 10 seconds.
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Associations
No additional associations.

Informal and OCL Constraints
[1] «WaitForNetwork» has two outgoing control flows: (1) is guarded by true and
(2) is guarded by false.

s e l f . ou tgo ing −>s i z e ( ) = 2 i m p l i e s
s e l f . ou tgo ing −>a t ( 1 ) . gua rd = t r u e and
s e l f . ou tgo ing −>a t ( 2 ) . gua rd = f a l s e
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Figure 6.11: Stereotypes for the creation of Role-based Access Control (RBAC) models.

6.7 Permissions

In [36] the authors give an idea of an approach for specifying user control mecha-
nisms where each user can be associated to roles, sets of permissions and individual
resources; this approach is extended in this thesis. This thesis introduces restric-
tions that «Permission» descriptions can only be associated to elements which are
extended by «Resource» and are used as UML UseCases. Individual users can be
added as Actors extended by «User» or «UserRemote», roles can be specified as
Actors extended by «Role», and a set of permissions can be specified with Actors
extended by «Permissions». Based on this, there is a strict coherence in how as-
sociations must be used, i.e. «User» instances must be associated to «Roles» and
these to «Permissions». Finally, «Permissions» can be associated with elements
extended by «Resource».

Fig. 6.12 shows the general approach of the Permission diagram and how the
introduced stereotypes are applicable. «Share» and «PortExport» are extended to
allow user authenticated access to previously provided data shares (Section 6.5).
For this case each «Share» can have an individual set of permissions or the whole
Port has one set of permissions which is used for all associated shares.

6.7.1 Permission

«Permission» extends the UML metaclass Actor (from UseCases) and is
used to specify a set of allowed permissions which are associated by roles. «Per-
mission» can be associated to several «Resource» elements, the maximum number



128 Chapter 6. UML for BOINC Profile Definition

Figure 6.12: Example of «PortExport» and «PortImport» with additional stereotype «Re-
source» to allow «Permission» assignments.

of associations can be restricted with maxAllowedResources.

UML MetaClass
Actor (from UseCases) [125, Chapter 16.3.1]

Tag-Values
maxAllowedResources : Integer = -1 [1] – Maximum number of «Resource» ele-
ments permitted for «Permission».

Associations
No additional associations.

Informal and OCL Constraints
[1] If maxAllowedResources is -1 then the value is not limited.

6.7.2 PermissionAssignment
«PermissionAssignment» extends the UML metaclass Association (from
Kernel) and assigns «Roles» to «Permissions».

UML MetaClass
Association (from Kernel) [125, Chapter 7.3.3]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] One side of this association is connected to «Permission» and the other side is
connected to «Resource».
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memberEnd−> s e l e c t ( p | i s S t e r e o t y p e d B y ( p , P e r m i s s i o n ) )−> s i z e ( ) = 1 and
memberEnd−> s e l e c t ( p | i s S t e r e o t y p e d B y ( p , Resource ) )−> s i z e ( ) >= 1

6.7.3 Resource

«Resource» extends the UML metaclasses Classifier (from UseCases)
and UseCase (from UseCases) and is used to specify BOINC components
as resources which are usable by external actors, e.g. real persons or system tools.

UML MetaClass
Classifier (from UseCases) [125, Chapter 16.3.2]
UseCase (from UseCases) [125, Chapter 16.3.6]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] Only elements extended by stereotypes of the Infrastructure package can be
extended by «Resource», in particular: «Service», «Host», «Database», «PortEx-
port», «Share», «DB», and «SAN».
[2] «Permission» can only be assigned to elements extended by «Resource».

6.7.4 ResourceAssignment

«ResourceAssignment» extends the metaclass Association (from
Kernel) and assigns «Permissions» to instances of a BOINC project which
are extended by «Resource», e.g. provided interfaces extended by «Share» to
exchange files between hosts.

UML MetaClass
Association (from Kernel) [125, Chapter 7.3.3]

Tag-Values
No additional tag-values.

Associations
allowedUserOperations : UserOperation [*] – List of operations which users
can execute. These operations are modelled by administrators or developers, i.e.
scripts to create specific statistics or to call an individual script within a BOINC
project.
allowedSystemOperations : SystemOperation [*] – List of operations which
administrators or system tools can execute. These operations are available on hosts
of the server-side. The difference between this association and resourceActions
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is, that this association describes only operations which are modelled by the
developer.
resourceActions : ResourceAction [*] – These are actions of operations by a
specific BOINC resource, i.e. start and stop scripts of a BOINC project. Any
resource can have optional constraints for how these actions have to be called and
which parameter should be used, e.g. copy calls need information what should be
copied and where it should be stored; in this case two parameters are needed.

Informal and OCL Constraints
[1] One end of this association is connected to «Permission» and the other end is
connected to «Resource».

s e l f . memberEnd−> s e l e c t ( p | i s S t e r e o t y p e d B y ( p , P e r m i s s i o n ) )−> s i z e ( ) = 1 and
s e l f . memberEnd−> s e l e c t ( p | i s S t e r e o t y p e d B y ( p , Resource ) )−> s i z e ( ) >= 1

6.7.5 Role

«Role» extends the UML metaclass Actor (from UseCases) and specifies
«Roles» for «Users». Users can not be associated directly to system resources.
They must have a role which is associated by a set of permissions. Roles can be
used by several users and therefore the administration of user memberships to re-
sources can be administrated effortlessly, i.e. an association of an user to a role can
be removed and this can involve the removing of several associated permissions,
otherwise the user assignment to all resources assigned by the related role has to be
removed in single steps. The number of assigned permissions is restricted by the
value of maxAllowedPermissions.

UML MetaClass
Actor (from UseCases) [125, Chapter 16.3.1]

Tag-Values
maxAllowedPermissions : Integer = -1 [1] – Maximum number of «Permissions»
permitted for a «Role».

Associations
No additional associations.

Informal and OCL Constraints
[1] If maxAllowedPermissions is -1 then the value is not limited.

6.7.6 User

«User» extends the UML metaclass Actor (from UseCases) and describes
a physical user which has different permissions within a BOINC project. In par-
ticular, the user’s access control and administration permissions is described by
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associations to «Roles» and «Permissions».

UML MetaClass
Actor (from UseCases) [125, Chapter 16.3.1]

Tag-Values
username : String [1] – Name of this user.
email : String [1] – E-mail address of this user, necessary for log-in.
password : String [1] – Password for this user, necessary to log-in.
maxAllowedRoles : Integer = -1 [1] – Maximum number of allowed roles for this
user.

Associations
groups : Class [*] – Groups in which this user can be a member.

Informal and OCL Constraints
[1] If maxAllowedRoles is -1 then the value is not limited.

6.7.7 UserAssignment

«UserAssignment» extends the UML metaclass Association (from
Kernel) and assigns «Users» to «Roles».

UML MetaClass
Association (from Kernel) [125, Chapter 7.3.3]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] One side must be connected to «User» and the other side must be connected to
«Role».

s e l f . memberEnd−> s e l e c t ( p | i s S t e r e o t y p e d B y ( p , User ) )−> s i z e ( ) = 1 and
s e l f . memberEnd−> s e l e c t ( p | i s S t e r e o t y p e d B y ( p , Role ) )−> s i z e ( ) >= 1

6.7.8 UserRemote

«UserRemote» specialises «User» and adds remote functionalities to allow the lo-
gin of a user by use of the secure-shell (SSH).

UML MetaClass
Actor (from UseCases) [125, Chapter 16.3.1]

Tag-Values
No additional tag-valus.
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Associations
key : Artifact [*] – These are Secure Shell (SSH) keys for an automatic log-in on
one server-side host. More than one is allowed because the user can enable auto-
matic logins from several client-side hosts.

Informal and OCL Constraints
[1] Key must be set.

s e l f . key−>notEmpty ( )

[2] Only this user can login to hosts on the server-side, i.e. for manual administra-
tion tasks.
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6.8 Workunit Structure

For computations with BOINC it is necessary to have one or more workunits which
contain descriptive information on how to handle these workunits by computa-
tions. Workunits could contain several files, e.g. additional configurations, data
sets, definitions of algorithms and arbitrary extra files. Fig. 6.13 shows the part of
UML4BOINC’s definition for workunit structures. The three stereotypes «Worku-
nit», «Input», and «Output» are directly based on BOINC’s workunit system. All
tag-values of these three stereotypes are mapped to attributes of BOINC’s workunit
template files. The only exception is the tag-value unique. If unique is true, then
all input files are renamed to be unique within a BOINC project. The other pre-
sented stereotypes are extensions to fulfil UML4BOINC’s workunit handling and
processing approach as described in more detail in Section 7.4. Some tag-values
of the stereotypes in this section have a specific datatype: Any. Any is a special
naming and means that every dataset is allowed, i.e. during runtime the correct
datatype is automatically selected and used.

Figure 6.13: This abstract model describes the functionality of dynamic series creation.
Workunit’s result files can be specified as input files for subsequent workunits. Further-
more, the structure allows validation and assimilation processes to be specified.

6.8.1 Datafield

«Datafield» extends the UML metaclass Class (from Kernel). All in-
stances of «Datafield» have two associations which can be used to create tree
structures with several pieces of information for a «Workunit» embedded in an
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«Input» instance. With this methodology different structures are possible as shown
in Section 7.4. When type is FileType::File, open() and store() must be specified
by the user. UML4BOINC does not specify how the files can be expressed with
the help of UML. The user is responsible for correct file handling, e.g. if the file is
a ZIP-archive a corresponding correct implementation of ZIP-functionalities must
be used when datasets are accessed or stored.

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
name : String – Name of the «Datafield» itself.
type : FileType – Specifies the type for an instance of «Datafield».
data : Any – Contains the set of data. Any is a place holder and specifies that any
type of data can be added.
optional : Boolean = true – The data field is optional and must not be specified
during runtime.

Associations
fields : Datafield [0..*] – The data field can have several leaf data fields. This as-
sociation makes it possible to create hierarchies of data.
attributes : Datafield [0..*] – A data field can have attributes, to specify a data
values with more details, e.g. a currency value has a specific currency unit.
input : Input [0..1] – Owner of an instance of «Datafield».
output : Output [0..1] – Owner of an instance of «Datafield».

Operations
open() : Any – This operation is used to add a special implementation to open a
«Datafield», i.e. each datafield can be specified by an arbitrary datatype, in case
user-defined datatypes are used an additional open() implementation can support
this arbitrary datatype.
store() : Boolean – The opposite of opening is storing and this operation is used to
implement a special implementation for additional arbitrary datatypes.

Informal and OCL Constraints
[1] If a «Datafield» contains a physical file, type is set to FileType::File and no
associated data fields or attributes are allowed.

s e l f . t y p e = F i l e T y p e : : F i l e i m p l i e s
s e l f . a t t r i b u t e s −>isEmpty ( ) and
s e l f . f i e l d s −>isEmpty ( )

[2] «Datafield» can only be owned by «Input» or «Output».
i n p u t −>notEmpty ( ) or o u t p u t −>notEmpty ( )

[3] UML’s primitive datatypes must be supported without any additional open()
and store() operations [126].
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[4] For selecting and data access purposes the name must be set.
name−>notEmpty ( )

6.8.2 FileType

«FileType» extends the UML metaclass Enumeration (from Kernel) and
is used to specify user-defined datatypes which are used for input and output file
attributes. As a default the UML PrimitiveTypes without UnlimitedNatural have to
be supported by all implementations [126, p.213]. A developer can add their own
datatype specification. The UML PrimitiveType Real is supported by Double and
Float.

UML MetaClass
Enumeration (from Kernel) [125, Chapter 7.3.16]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] Most of the UML infrastructure specification PrimitiveTypes must be sup-
ported [126], e.g. Boolean, Integer, or String.

o w n e d L i t e r a l −>i n c l u d e s ( Set { Boolean , In teger , Str ing ,
Double , F l o a t , F i l e } )

6.8.3 Input (implements «InterfaceDataset»)

«Input» extends the UML metaclass Class (from Kernel) and specifies
an input file of a workunit. An «Input» classifier can have unlimited embedded
data fields associated by datafield. BOINC itself defines a fragile way of worku-
nit creation based on virtual and physical file names. UML4BOINC works with
an arbitrary name for input and output files and physical files are associated by
«Datafield». The tag-values copyfile, sticky, nodelete, and report_on_rpc are de-
scribed in BOINC’s wiki [167]

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
name : String – The name of the input file which is used within the implementa-
tions, e.g. scientific applications or workunit creation processes. This name can
be seen as a virtual file name, similar to BOINC’s system. It depends on the data
fields for how the name is used in the context of UML4BOINC. If the type of a
data field is FileType::File then the name of the input file is mapped to the physical
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file. Under other circumstances a temporary file is created and the input filename
is mapped to this physically created file.
copyfile : Boolean = true – The file is copied into job’s slot directory.
sticky : Boolean = false – The file remains on the client after the computation is
finished.
nodelete : Boolean = false – The file is not deleted from the server after the com-
putation is completed.
report_on_rpc : Boolean = true – If present report file in each Scheduler re-
quest (sticky files).
unique : Boolean = true – If unique is true all input files are renamed to be unique
within a BOINC project.

Associations
workunit : Workunit [1..*] – Owner of input files.
datafield : Datafield [*] – Data fields of an input file.

Informal and OCL Constraints
[1] Each «Input» classifier must have an owner associated by workunit.

s e l f . workun i t −>notEmpty ( )

[2] The name of an input file must be unique in the namespace of a specific BOINC
project.

a l l I n s t a n c e s −>f o r A l l ( c1 , c2 | c1 . name <> c2 . name )

6.8.4 Output (implements «InterfaceDataset»)

«Output» extends the UML metaclass Class (from Kernel) and describes
how output files are structured. Results of workunit processing can create several
output files. In case a result file is optional the tag-value optional is set to true.
The tag-values name, generated_locally, upload_when_Present, max_nbytes, url,
no_validate, no_delete and optional are described in BOINC’s wiki [167].

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
name : String – Similar to the «Input» stereotype (Section 6.8.3).
generated_locally : Boolean = true – Always include this for output files.
upload_when_present : Boolean = true – If present, clients will report this compu-
tation immediately after the output files are uploaded. Otherwise they may wait up
to a day.
max_nbytes : Integer = 1024 – Maximum file size. If the actual size exceeds this,
the file will not be uploaded, and the job will be marked as an error.
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url : String – The URL of the file upload handler. It can be set explicitly, or
<UPLOAD_URL/> can be used to fill url automatically by the BOINC framework.
copy_file : Boolean = true – If present, the file will be generated in the slot direc-
tory, and copied to the project directory after the job has finished. Use this for ISV
applications.
optional : Boolean = false – If output files are absent, the scientific application
must create the file, otherwise the computation will be marked as an error.
no_validate : Boolean = false – If true, this file is not included in the result valida-
tion process; relevant only if BOINC’s standard sample bitwise validator is used.
no_delete : Boolean = false – If present, the file will not be deleted on the server
even after the computation is finished.

Associations
useAs : Input [0..1] – In case a workunit is part of a sequence to be performed
«Series» this file is used as an input file for workunits to be performed later.
workunit : Workunit [1..*] – Owner of this result.
datafield : Datafield [*] – Describes the structure of the result file.

Informal and OCL Constraints
No additional constraints.

6.8.5 Range

«Range» extends the UML metaclass Class (from Kernel) and can be used
for the specification for how attributes of workunit input files are valued in a dy-
namically executed context. Two specializations are provided by UML4BOINC’s
«RangeRule» and «RangeSimple».

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
No additional tag-values.

Associations
series : Series [1..*] – One «Range» can be owned by several «Series» specifiers.
datafield : Datafield [1] – One specific data field of a workunit input file is valued
by «Range». In case a workunit has one input file with several data fields, each
field can be set automatically by «Range».

Operations
getValue() : Any – This operation returns a value which is used to set attributes of
«Datafield». In implementation it must be a virtual operation and must be offered
by specializations of «Range».
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Informal and OCL Constraints
[1] «Range» is abstract.

i s A b s t r a c t = t r u e

6.8.6 RangeRule

«RangeRule» extends the UML metaclass Class (from Kernel) and spe-
cializes «Range» (Section 6.8.5). This stereotype is used to specify rules for range
creation. The tag-value rule can be used to add a user specific script or implemen-
tation which is used during runtime to create user-defined ranges.

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
rule : String – This tag-value can contain a user-specific rule how the tag-value
data of «Datafield» has to be set. The interpretation of this rule is provided by the
development environment.

Associations
No additional associations.

Informal and OCL Constraints
No additional constraints.

6.8.7 RangeSimple

«RangeSimple» extends the UML metaclass Class (from Kernel) and spe-
cializes «Range» (Section 6.8.5). This stereotype can be used as a default set for
different ranges, where a specific value is set for variables during runtime, e.g. start
is set to 1.0f, stop to 10.0f and step is 0.1f then the creation of ninety-one workunits
will use 1.0f, 1.1f, . . . , 10.0f as values and all workunits differ. The same rule can
be created manually by the user when «RangeRule» is used.

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
start : Float = 1.0f – First used value for the tag-value data of «Datafield».
stop : Float = 1.0f – Last used value for the tag-value data of «Datafield».
step : Float = 1.0f – Steps between last and new used values for the tag-value data
of «Datafield».

Associations
No additional associations.
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Informal and OCL Constraints
No additional constraints.

6.8.8 Series
«Series» extends the UML metaclass Class (from Kernel) and is used to
set-up workunits which are performed sequentially, i.e. one workunit needs input
data or results of previous workunits and not until they are finished can new worku-
nits after current position in the sequence be created. UML4BOINC supports three
«Series» approaches as described in Section 7.4.3.

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
name : String [1] – Any «Series» must have a specific name. This name must be
unique in the BOINC project environment. There is no direct use for this name
within UML4BOINC, but for later implementation in an Integrated Development
Environment (IDE) this name can be used as an associative association.
deadline : Integer = -1 – This tag-value is used as a UNIX timestamp based dead-
line. A «Series» must be finished before this deadline is reached. In cases where
this is not possible, the deadline can be set to -1; then the deadline is not set and the
workunit’s creation part of a BOINC project will wait indefinitely until all worku-
nits of a «Series» are finished or the project administrator cancels the execution
manually.
activated : Boolean = false – This tag-value describes if a «Series» is activated and
is enabled for processing. If false, no workunits of this «Series» will be created.
As a consequence, in the case that three «Series» are defined, and the first and third
«Series» are activated and the second is not activated, the third «Series» will never
be processed. The process will get stuck at the end of the first «Series».

Associations
ranges : Range [0..*] – An association to a rule-set for how attributes of workunits
are valued when workunits are created.
workunit : Workunit [1..*] – «Series» owns several workunits which have to be
performed.

Informal and OCL Constraints
No additional contraints.

6.8.9 Workunit
«Workunit» extends the UML metaclass Class (from Kernel) and is the
root of a workunit specification within a BOINC project. In UML4BOINC the root
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is changed to «Series» which has an association to several «Workunit» instances.
Furthermore, «Workunit» has associations to «Input» instances to describe which
files are necessary to start the computation, secondly associations to «Output» in-
stances are used to create the correct number of output files. Within BOINC a
workunit is a fundamental part of a computation beside the scientific application,
validation and assimilation parts. When no workunit is defined a BOINC project
could be started but no computations are performed. It is possible to create only
one workunit which is used by any client, therefore max_total_results has to be set
to a value of how many clients are planned.

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7] (implements «InterfaceWorkunit»)

Tag-Values
id : Integer – An unique identifier for a workunit in the context of a BOINC project.
name : String – An unique name for a workunit in the context of a BOINC project.
rsc_fpops_est : Float – The estimated number of floating-point operations on the
client-side.
rsc_fpops_bound : Float – Number of floating-point operations which can be used
for the computation of a workunit on the client-side.
rsc_memory_bound : Float – Number of bytes which a workunit can use on the
client-side.
delay_bound : Float – Deadline of a workunit. The workunit has to be performed
until this point in time.
min_quorum : Integer = 2 – Defines how many times a workunit has to be per-
formed before it is passed to the next step within BOINC’s processing chain, i.e. to
mark a workunit as ready for validation.
target_nresults : Integer – This value is used to initialize the number of workunits
when a workunit is flagged as ready for computation. It defines how many parallel
computations can be performed of the same workunit. This value must be positive
and not zero and may not exceed max_success_results.
max_error_results : Integer – Number of failed workunit results, when it is ex-
ceeded the workunit is marked as failed.
max_total_results : Integer – Maximum number of workunit computation
tries (Section 5.3.9).
max_success_results : Integer – Maximum number of successfully processed parts
of a workunit.

Associations
series : Series [1] – Any «Workunit» is owned by a «Series» instance.
files : Input [1..*] {ordered} – Input files which are used to add data for computa-
tions.
results : Output [1..*] {ordered} – Output file specification and description for how
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the result has to be stored until the computation has finished.
workunitAssociation : WorkunitAssociation [0..1] – This association is used in the
context of a dynamic «Series». The association is used by BOINC’s assimilation
process to check if a workunit is part of a sequence and if a following workunit has
to be created.
workunitState : WorkunitState [1] – Information of the processing state of this
«Workunit» instance.

Informal and OCL Constraints
[1] A workunit has several attributes which are related to each other. BOINC pro-
vides an interface for workunit creation and following constraints are based on
BOINC’s implementation.3

r s c _ f p o p s _ e s t > 0 and
r s c _ f p o p s _ b o u n d > 0 and
r s c _ d i s k _ b o u n d > 0 and
t a r g e t _ n r e s u l t s > 0 and
m a x _ e r r o r _ r e s u l t s > 0 and
m a x _ t o t a l _ r e s u l t s > 0 and
m a x _ s u c e s s _ r e s u l t s > 0 and
m a x _ s u c e s s _ r e s u l t s <= m a x _ t o t a l _ r e s u l t s and
m a x _ e r r o r _ r e s u l t s <= m a x _ t o t a l _ r e s u l t s and
t a r g e t _ n r e s u l t s <= m a x _ s u c e s s _ r e s u l t s
−− At t h i s p o s i t i o n a check f o r a s s i g n e d w o r k u n i t s i s p o s s i b l e .
−− In a d d i t i o n , i f an i d e n t i f i e r i s s e t t h e w o r k u n i t
−− i s upda ted and n o t c r e a t e d .

6.8.10 WorkunitAssociation
«WorkunitAssociation» extends the UML metaclass Association (from
Kernel) and enables one to define a «Series» with sequential computations. «In-
terfaceAssimilate» delegates these computations and can have an association to
«WorkunitAssociation». As described in Section 6.10 the “Next” exit pseudostate
in Fig. 7.6 is used when one workunit is assimilated and has additional workunits
to be performed. The following pseudocode demonstrates how the assimilation
process can decide if one workunit is in a sequence and if a workunit follows:
Let ws As w o r k u n i t A s s o c i a t i o n . w o r k u n i t . w o r k u n i t S t a t e
I f ws . s e q i d < ws . maximum_sequence Then

For ro In Outpu t
Set w o r k u n i t A s s o c i a t i o n . i n p u t = ro

Where
w o r k u n i t A s s o c i a t i o n . i n p u t . name = ro . useAs . name

EndFor
EndIf
ws . s e q i d = ws . s e q i d + 1

A new workunit is filled with «Datafield» values of one «Output» when they are
associated by useAs. As a consequence, useAs must only be set when «Output»

3Revision 22328



142 Chapter 6. UML for BOINC Profile Definition

is used for one «Input» configuration. The fact is, when no useAs is available
then it makes no sense to check for a sequence. In the case when all results of a
workunit are required, BOINC’s Assimilator can create additional workunits with
a duplicated configuration, e.g. a workunit is missed to complete a sequence and
is cancelled by BOINC clients too often or workunit’s delay_bound4 is reached.
For this occurrence the workunit can be copied and added to a «Series». When a
workunit is part of a sequence, the workunit’s name has a special format to distin-
guish workunits. A similar approach for rBOINC is used [9]. rBOINC defines a
specialized workunit name and this format is modified to “NNN-SEQ-XX-YY”:

• NNN is the name of the WU, and

• SEQ is a start pattern for a sequence description.

The embedded string "-XX-YY-" is defined as follows: XX is the current se-
quence identifier and YY is used for the maximum number of sequences. This
workunit name format is used to select sequenced workunits (see Operation
querySequencedWorkunits()).

UML MetaClass
Association (from Kernel) [125, Chapter 7.3.3]

Tag-Values
No additional tag-values.

Associations
workunit : Workunit [1] – Owner of a «WorkunitAssociation» instance.
series : Series [*] – This association can be used to connect workunits with any
«Series».
input : Input [*] {ordered} – This association can be used to fill input files for
workunits to be performed later.

Operations
A workunit can be cancelled at any time. This is achieved by InterfaceWorku-
nit::cancel() and it is necessary to cancel workunits which are related to a cancelled
workunit, i.e. when the current WU is cancelled and has associated workunits,
these must be also cancelled because they can never be processed with missing
«Input» values. «WorkunitAssociation» has an additional OCL operation to query
which workunits are in the current sequence:

que rySequencedWorkun i t s ( s e q i d : In teger , name : S t r i n g ) : Set ( I n p u t ) ;
que rySequencedWorkun i t s = s e l f . s e r i e s −> s e l e c t (

s | s . workun i t −> s e l e c t (w | w. w o r k u n i t S t a t e . s e q i d > s e q i d AND
−− NNN−SEQ−XX−YY
w. name . s u b s t r i n g ( 1 , w. name . s t r p o s ("−SEQ " ) = name )

)

4Deadline of a workunit.
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With this OCL statement, workunits can be selected which are later defined within
a sequence and as a consequence they can be cancelled. Cancelled workunits can
have other associated workunits and they must be cancelled as well. The call of
Workunit::cancel() is used to cancel one workunit. «Series» can be cancelled with
this concept, it is sufficient to call cancel() during the iteration of all associated
workunits.

Informal and OCL Constraints
No additional constraints.

6.8.11 WorkunitState

«WorkunitState» extends the UML metaclass Class (from Kernel) and
adds information on the processing state of a specific «Workunit» instance.
«WorkunitState» is associated by «Workunit» and from the beginning of its ex-
istence the state of a workunit can be queried at any time. The tag-value state holds
the current state and can be valued with the following variables:

• Created Workunit is created.

• Failed Workunit has failed and cannot be finished.

• Validation Workunit has to be validated.

• Assimilation Workunit has to be assimilated.

• Computation Workunit is in progress and clients work on it.

• Done Enough clients have worked on one workunit and it can be moved to
the validation and assimilation process.

• Finished Workunit is finished and ready for later use, e.g. to create a new
«Series» or to use their computational results.

• Canceled Workunit is cancelled by an administrator or by other processes,
e.g. when sequenced workunits have failed or are cancelled.

For UML4BOINC it is important what the state of a workunit is; as a matter of
fact, the state value is responsible for deciding which actions are performed during
the workunit processing, i.e. when a workunit fails the assimilation process has to
decide if it should be performed again. The accessory method check() is used to
query the current state of a workunit and returns a descriptive text value, i.e. the
string contains the current state with additional, more precise, information such as
the timestamp of the last check or how long a workunit is currently processing. The
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other two tag-values maximum_sequence and seqid are used for the «WorkunitAs-
sociation» in the next section.

UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
state : Enumeration – Specifies the current workunit processing state.
maximum_sequence : Integer = 1 – Maximum identifier for workunits.
seqiq : Integer = 1 – Identifier of the current workunit within a sequence.

Associations
workunit : Workunit [1] – Associated workunit for this state information.

Operations
check() : String – Queries the current state of a workunit and returns a descriptive
text value.

Informal and OCL Constraints
[1] Allowed processing states of a workunit.

s t a t e = # C r e a t e d or s t a t e = # F a i l e d or
s t a t e = # Computa t ion or s t a t e = #Done or
s t a t e = # V a l i d a t i o n or s t a t e = # A s s i m i l a t i o n or
s t a t e = # Cance led or s t a t e = # F i n i s h e d
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6.9 Workunit Handling
BOINC has several components which need to access «Input», «Output» and
their embedded «Datafield» fields. Fig. 6.13 shows three interfaces to access
them: (1) «InterfaceAssimilate», (2) «InterfaceDataset» and (3) «InterfaceVali-
date».

6.9.1 InterfaceAssimilate

«InterfaceAssimilate» extends the UML metaclass Interface (from In-
terfaces) and is used to access workunit output files and to create new worku-
nits.

UML MetaClass
Interface (from Interfaces) [125, Chapter 7.3.24]

Tag-Values
No additional tag-values.

Associations
workunitAssociation : WorkunitAssociation [0..*] – This association is used to cre-
ate additional workunits when «Series» to be performed later are defined.

Informal and OCL Constraints
No additional constraints.

6.9.2 InterfaceDataset

«InterfaceDataset» extends the UML metaclass Interface (from Inter-
faces). This interface is used to allow external applications to open input and
output files on a standard way and always with the same procedure, e.g. Fig. 6.13
shows two interfaces («InterfaceValidate» and «InterfaceAssimilate») which use
«InterfaceDataset» to access input and output files and their embedded data fields.

UML MetaClass
Interface (from Interfaces) [125, Chapter 7.3.24]

Tag-Values & Associations
No additional tag-values and associations.

Operations
open(name : String) : Any – This operation is used to open a data field of an input
or output file. The name is mapped to the corresponding data field. It returns the
data of the data field which is returned by Datafield::open().
exists(name : String) : Boolean – This operation is used to check if specific data



146 Chapter 6. UML for BOINC Profile Definition

fields of an input or output file exist. The name is mapped to the corresponding data
field. This operation returns true if the data field exists, otherwise false is returned.

Informal and OCL Constraints
[1] The additional operations are included in ownedOperation.

s e l f . ownedOpera t ion−>i n c l u d e s ( Set { open , e x i s t s } )

6.9.3 InterfaceDataSource
«InterfaceDataSource» extends the UML metaclass Interface (from In-
terfaces). «InterfaceDataSource» (IDS) is an interface which is implemented
by a «Service» component for workunit creation [55]. This component can have
several connections to data sources. When these data sources signal new available
data packages, IDS provides, with the help of getPath(), a file path which is usable
for «Input» and a corresponding «Datafield» has #File as type.

UML MetaClass
Interface (from Interfaces) [125, Chapter 7.3.24]

Tag-Values & Associations
No additional tag-values and associations.

Operations
getPath() : String – Returns the file path of a physical file.

Informal and OCL Constraints
[1] The additional operation is included in ownedOperation.

s e l f . ownedOpera t ion−>i n c l u d e s ( Set { g e t P a t h } )

6.9.4 InterfaceValidate
«InterfaceValidate» extends the UML metaclass Interface (from
Interfaces). All implementations of this interface have access to the
output files of a workunit. Only then it is possible to validate completed workunits.

UML MetaClass
Interface (from Interfaces) [125, Chapter 7.3.24]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
No additional constraints.
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6.10 Workunit Creation

This section presents an idea of new stereotypes which support developers with the
ability to define the chain of workunit creation, processing and finishing.

6.10.1 Assimilation

«Assimilation» extends the UML metaclass StateMachine (from Beha-
viorStateMachines). This statemachine is used to model the assimilation
process for a specific BOINC project. Fig. 6.14 shows how BOINC’s assimilation
process can be abstracted with the help of UML.

UML MetaClass
StateMachine (from BehaviorStateMachines) [125, Chapter 15.3.12]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] «Assimilation» can only be part of SPoV.

i s S t e r e o t y p e d B y ( r e g i o n , W o r k u n i t P r o c e s s i n g )

[2] This stereotype can only own exit points extended by «WorkunitExit» and
which are typed as Retry or Next.

c o n n e c t i o n P o i n t −>f o r A l l ( p |
i s S t e r e o t y p e d B y ( p , W o r k u n i t E x i t ) and
( p . t y p e = # R e t r y or p . t y p e = # Next ) )

6.10.2 MonitorFinished

«MonitorFinished» extends the UML metaclass FinalState (from Beha-
viorStateMachines) and is used as an end of state machines within «Worku-
nitMonitor». Any instance of a final state within the same context has the same
behaviour and exits the execution of a workunit monitoring (mode is #Workunit) or
a whole workunit series (mode is #Series).

UML MetaClass
FinalState (from BehaviorStateMachines) [125, Chapter 15.3.2]

Tag-Values
mode : Enumeration [1] – The finished «WorkunitMonitor» extended Region.

Associations
No additional associations.
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Figure 6.14: BOINC’s assimilation process can use BOINC’s offered standard Assimilator
which will only store correct and failed result files in specific places or the BOINC project
developer/administrator can implement their own assimilation process.

Informal and OCL Constraints
[1] «MonitorFinished» is used to finish a workunit series or the monitoring process
of any workunit.

mode . o w n e d L i t e r a l s −>i n c l u d i n g ( Set { S e r i e s , Workuni t } )

[2] The mode specifies which region of «WorkunitMonitor» owns an instance of
«MonitorFinished».

i f mode = # S e r i e s then
i s S t e r e o t y p e d B y ( s e l f . r e g i o n , S e r i e s R e g i o n )

e l s e
i f mode = # Workuni t then

i s S t e r e o t y p e d B y ( s e l f . r e g i o n , Workuni tRegion )
e n d i f

e n d i f

6.10.3 OnClient

«OnClient» extends the UML metaclass StateMachine (from Behavior-
StateMachines) and is modelled as a statemachine for the execution of a sci-
entific application on the CPoV. Any owned structure or behaviour is executed on
the client-side. Workunits in this state can only be controlled by asynchronous
messages (Section 6.11).

UML MetaClass
StateMachine (from BehaviorStateMachines) [125, Chapter 15.3.12]



6.10. Workunit Creation 149

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] «OnClient» has no behaviour on the server-side.
[2] «OnClient» has only one region and only one incoming edge.
[3] Only one instance of this stereotype is allowed.

a l l I n s t a n c e s ( )−> s i z e ( ) = 1

6.10.4 SeriesRegion
«SeriesRegion» extends the UML metaclass Region (from Behavior-
StateMachines). This region is only used for the monitoring of a whole «Se-
ries» and only three states need to be described:

Processing: A «Series» is in process. This is the case when one workunit is still
open for processing, which is neither performed by a client nor cancelled by
a BOINC administrator.

Finishing: In this state no workunits are open for processing. All workunits are
finished and returned back to the BOINC project, validated and assimilated.

Cancellation: In this state the «Series» is no longer performed, all open (i.e. not
already performed) workunits will be cancelled. In addition all subsequent
workunits or series are cancelled.

When a series is cancelled the monitoring process is terminated and all related data
can be removed and the environment can be cleaned.

UML MetaClass
Region (from BehaviorStateMachines) [125, Chapter 15.3.10]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] This region must have at least one UML FinalNode extended by «SeriesFin-
ished».

s e l f . s u b v e r t e x −>c o n t a i n ( v | i s S t e r e o t y p e d B y ( v , S e r i e s F i n i s h e d ) )

6.10.5 SeriesState
«SeriesState» extends the UML metaclass State (from BehaviorState-
Machines). This state is used to describe the current state of a series lifetime. A
series can be in three states:
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Processing: A series has workunits to be performed.

Cancellation: BOINC project’s administrator has requested to cancel a series. All
related workunits have to be cancelled. In addition all by the current series
followed series have to be cancelled. Workunits can be still performed on the
client-side, the current state machine is on the server-side and is terminated
after all workunits and series are cancelled. Already performed workunits
can be cancelled by asynchronous messages. If they are not cancelled by this
technique, they will be finished on the client-side and returned after the com-
putation is finished. They are not performed by any validation or assimilation
process on the server-side.

Finishing: There are no additional workunits to be performed. In this state the
series is checked for subsequent series definitions. If subsequent series are
defined the workunits will be created and then the state machine of the cur-
rent series is exited. The new workunits are created within a new series and
as a consequence a new state machine is created.

«SeriesState» can only be part of a region extended by «SeriesRegion» (Sec-
tion 6.10.4).

UML MetaClass
State (from BehaviorStateMachines) [125, Chapter 15.3.11]

Tag-Values
type : Enumeration [1] – Specifies which kind of state is specified.

Associations
No additional associations.

Informal and OCL Constraints
[1] «SeriesState» is used to model three different processing states.

t y p e = # P r o c e s s i n g or t y p e = # C a n c e l l a t i o n or t y p e = # F i n i s h i n g

[2] «SeriesState» can only owned by a UML Region extended by «SeriesRegion».
i s S t e r e o t y p e d B y ( owner , S e r i e s R e g i o n )

6.10.6 SeriesTerminated

«SeriesTerminated» extends the UML metaclass PseudoState (from Be-
haviorStateMachines). This state terminates the monitoring process and
cancels all currently performed workunits. When this state is entered the current
series and subsequent series with all related workunits are cancelled.
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UML MetaClass
PseudoState (from BehaviorStateMachines) [125, Chapter 15.3.9]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] This PseudoState is used as a terminate node.

s e l f . k ind = # t e r m i n a t e

6.10.7 Validation
«Validation» extends the UML metaclass StateMachine (from Beha-
viorStateMachines) and is used to show that a workunit is currently in val-
idation. The validation process can have two results: (i) the workunit’s result is
valid or (ii) the result is not valid. In both cases the workunit has to be performed
by BOINC’s Assimilator, but the assimilation process differs. If a workunit is
not valid the exit point typed #NotValidated is used and passes over to the entry
point typed #Failed of the UML Activity extended by «Assimilation». In the other
case the UML Activity is exited normally and the assimilation process is entered.
BOINC offers standard validators which are applicable directly when no individ-
ual validation procedures are necessary. Fig. 6.15 describes how the validation
process is achieved on SPoV. As described in Section 5.2, two standard validators
are provided by BOINC:

Bitwise Validator: Checks if the MD5 checksums of two result files are equal.

Trivial Validator: Checks if the amount of CPU time for the computation is not
exceeded.

In addition, the developer of a BOINC project can implement their own validation
process specification.

UML MetaClass
StateMachine (from BehaviorStateMachines) [125, Chapter 15.3.12]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] If the validation failed the exit point typed #NotValidated has to be used.

6.10.8 WorkunitEntry
«WorkunitEntry» extends the UML metaclass PseudoState (from Beha-
viorStateMachines). This stereotype is used to start the assimilation process
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Figure 6.15: BOINC’s validation process can use one of two standard Validators or the
developer can implement their own validation process.

for failed workunits. With the state machine «Assimilation» it can be made distinct
where failed or successfully performed workunits are stored, additionally, whether
a workunit is stored in a database or within the file system can be defined.

UML MetaClass
PseudoState (from BehaviorStateMachines) [125, Chapter 15.3.8]

Tag-Values
type : Enumeration [1] – Defines the behaviour of this exit point.

Associations
No additional associations.

Informal and OCL Constraints
[1] «WorkunitEntry» is used as an entry point.

s e l f . k ind = # e n t r y P o i n t

[2] The entry point can be used to model a specific behaviour and therefore it can
be owned by only one specific UML StateMachine extended by «Assimilation».

t y p e = # F a i l e d i m p l i e s i s S t e r e o t y p e d B y ( owner , A s s i m i l a t i o n )

6.10.9 WorkunitExit
«WorkunitExit» extends the UML metaclass PseudoState (from Beha-
viorStateMachines) and is used as an exit point. This exit point can have
three behaviours selected by the user:

NotValidated: The result is not validated.

Retry: The workunit of a result has to be performed again.
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Next: The workunit of the result is part of a sequence and the following workunit
has to be created and performed.

It depends on the selected behaviour which UML element is allowed to own
«WorkunitExit». This exit point is used by validation and assimilation processes
and describes the results of both activities.

UML MetaClass
PseudoState (from BehaviorStateMachines) [125, Chapter 15.3.8]

Tag-Values
type : Enumeration [1] – Specifies which behaviour is described by this exit point.

Associations
No additional associations.

Informal and OCL Constraints
[1] «WorkunitExit» is used as an exit point.

s e l f . k ind = # e x i t P o i n t

[2] The exit point can be used to model three behaviours.
t y p e . o w n e d L i t e r a l s −>i n c l u d i n g ( Set { N o t V a l i d a t e d , Ret ry , Next } )

[3] It depends on the value of type which UML Element can own this instance.
i f t y p e = # N o t V a l i d a t e d then

i s S t e r e o t y p e d B y ( owner , V a l i d a t i o n )
e l s e

i f t y p e = # R e t r y or t y p e = # Next then
i s S t e r e o t y p e d B y ( owner , A s s i m i l a t i o n )

e n d i f
e n d i f

6.10.10 WorkunitMonitor

«WorkunitMonitor» extends the UML metaclass State (from Behavior-
StateMachines). «WorkunitMonitor» extended States have two regions. The
first one is used to monitor a series specification and the second one is used to
monitor the lifetime of all workunits of a specific «Series» instance. In any case, if
a sequence of workunits is defined or not, there is always an instance of a «Series»
monitoring region.

UML MetaClass
State (from BehaviorStateMachines) [125, Chapter 15.3.11]

Tag-Values & Associations
No additional tag-values and associations.
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Informal and OCL Constraints
[1] This state must have two regions: (i) to monitor the state of one workunit, (ii) to
monitor the state of a whole series.

r e g i o n −>s i z e ( ) = 2 i m p l i e s
r e g i o n −> s e l e c t ( r | i s S t e r e o t y p e d B y ( r , Workuni tRegion ) )−> s i z e ( ) = 1 and
r e g i o n −> s e l e c t ( r | i s S t e r e o t y p e d B y ( r , S e r i e s R e g i o n ) )−> s i z e ( ) = 1

6.10.11 WorkunitProcessing
«WorkunitProcessing» extends the UML metaclass StateMachine (from
BehaviorStateMachines). Fig. 7.6 shows the embedded structure of this
state machine. Any workunit has a dedicated instance of this state machine for pro-
cessing them. It is possible to define individual validation and assimilation imple-
mentations for each workunit. Workunits can be distinct based on their id. With the
help of «WorkunitProcessing» the BOINC project administrator can query where a
specific workunit is currently performed.

UML MetaClass
StateMachine (from BehaviorStateMachines) [125, Chapter 15.3.12]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
No additional constraints.

6.10.12 WorkunitRegion
«WorkunitRegion» extends the UML metaclass Region (from Behavior-
StateMachines) and is used to monitor all workunits of a specific series. Only
two different state kinds are defined to be added for this region (Section 6.8.11).

UML MetaClass
Region (from BehaviorStateMachines) [125, Chapter 15.3.10]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] This Region has at least one UML FinalNode extended by «WorkunitFinished».

s e l f . s u b v e r t e x −>c o n t a i n ( v | i s S t e r e o t y p e d B y ( v , W o r k u n i t F i n i s h e d ) )

[2] All UML States have to be extended by «WorkunitState».
s e l f . s u b v e r t e x −> s e l e c t ( o c l I s K i n d O f ( S t a t e ) )

−> f o r A l l ( s | i s S t e r e o t y p e d B y ( s , W o r k u n i t S t a t e ) ) )
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6.10.13 WorkunitState

«WorkunitState» extends the UML metaclass State (from Behavior-
StateMachines). It depends on the state kind as to which elements are allowed
to own a specific state. #Idle and #Process are allowed to be defined within a UML
Region extended by «WorkunitRegion». #Created, #Finished and #Canceled are
owned by a UML StateMachine extended by «WorkunitProcessing». The kind of
states has following meaning:

#Idle No workunits are created nor available for computations.

#Process Workunits are distributed or ready for distribution to clients.

#Created A state machine extended by «WorkunitProcessing» is created and the
workunit is ready to be performed by clients.

#Finished A workunit is already performed by a client and the workunit is ready
for validation.

#Canceled The processing of a workunit failed on the client-side or the workunit
is cancelled by a BOINC administrator, i.e. cancelled by an asynchronous
message (Section 6.11).

All kinds are required to be defined for a BOINC project. Fig. 7.5 and 7.6 show
how the different states have to be connected.

UML MetaClass
State (from BehaviorStateMachines) [125, Chapter 15.3.11]

Tag-Values
type : Enumeration [1] – Specifies which kind of state is specified.

Associations
No additional associations.

Informal and OCL Constraints
[1] «WorkunitState» is used to model five different processing states.

t y p e = # C r e a t e d or t y p e = # F i n i s h e d or
t y p e = # Cance led or t y p e = # I d l e or
t y p e = # P r o c e s s

6.10.14 WorkunitTransition

«WorkunitTransition» extends the UML metaclass Transition (from Be-
haviorStateMachines).
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UML MetaClass
Transition (from BehaviorStateMachines) [125, Chapter 15.3.14]

Tag-Values
mode : Enumeration [1] – Specifies how this Transition is used.

Associations
No additional associations.

Informal and OCL Constraints
[1] «WorkunitTransition» can be used in two modes: Detach and Scatter.

mode−>o w n e d L i t e r a l s −>i n c l u d i n g ( Set { Detach , S c a t t e r } )
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Figure 6.16: Metaclasses and stereotypes for the creation of asynchronous-message calls
for BOINC’s trickle messages.

6.11 Asynchronous-messages

BOINC’s trickle message facilities work through the use of asynchronous-
messages. Both sides — the BOINC project services on the server-side and partic-
ipants on the client-side — can start a communication. This communication has no
specific state frame. The server and clients send messages without any information
if the messages will be received in the future. If message handling and monitor-
ing of the message state is required, further implementation of the communication
infrastructure is necessary. The framework BOINC provides does not support this
out of the box. BOINC’s communication framework for trickle-messages can be
modelled by a small range of stereotypes as shown in Fig. 6.16. «TricklePartner»
is used to specify communication ends, e.g. an individual user specified by Trick-
lePartnerType::User or a BOINC service specified by TricklePartnerType::Server.
Between them, different messages can be transferred. Therefore it is the respon-
sibility of the modeller how the messages are structured. «TrickleMessageValue»
can contain arbitrary datasets.

6.11.1 TrickleMessage

«TrickleMessage> extends the UML metaclass Message (from BasicIn-
teractions) and is used to set-up the communication between a BOINC
project and user/participants of a BOINC project. Users are specified with two
types:
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• Users can be administrators, or actors with specific roles, e.g. scientist or
developer (Section 6.7.5).

• Users are participants of a BOINC project and spend their computational re-
sources, they can communicate with other participants but the main purpose
for «TrickleMessage» is to keep a BOINC project up-to-date on the compu-
tation process.

The use of this stereotype is specified by the Lifeline type (Section 6.11.3).

UML MetaClass
Message (from BasicInteractions) [125, Chapter 14.3.18]

Tag-Values
type : TrickleType = TrickleType::WorkunitState – type is used to specify the pur-
pose of an asynchronous-message. Predefined values are specified by TrickleType
in Section 6.11.5.
createtime : Integer = -1 – Point of time of the message’s creation.
timerange : Integer [1] – Definition of a deadline when a message has to be deliv-
ered.

Associations
No additional associations.

Informal and OCL Constraints
[1] «TrickleMessage» can only have «TrickleMessageValue» extended arguments.

s e l f . argument−>f o r A l l ( a | i s S t e r e o t y p e d B y ( a , T r i c k l e M e s s a g e V a l u e ) )

[2] «TrickleMessage» is an asynchronous-call.

m e s s a g e S o r t = MessageSor t : : a s y n c h C a l l

[3] Messages from Lifelines typed as Workunit and User can only be sent to Life-
lines typed as Server.

Notation
It is not necessary to show createtime in the graphical view. createtime must be
auto filled by model interpreters during the creation of new trickle messages.

6.11.2 TrickleMessageValue

«TrickleMessage» extends the UML metaclass Class (from Kernel) and is
used as a container for arbitrary structured asynchronous-messages. These mes-
sages are used as communication tokens between a BOINC server and correspond-
ing BOINC clients.
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UML MetaClass
Class (from Kernel) [125, Chapter 7.3.7]

Tag-Values
maxbytes : Integer = 1024 – Size in bytes of the maximum allowed message size.

Associations
receiver : User [*] – The message will be sent to all hosts of these users.
results : Workunit [*] {readonly} – A message is sent to individual users associated
by receiver. Each user can have several processing workunits. One message will
be multicast to any workunit of the user. The fact is the BOINC server does not
know which workunit is processed when the message is transmitted and therefore
the BOINC server does not know if the user can handle messages immediately.
messageFields : Datafield [*] – Developers can set-up individual asynchronous-
messages. Section 6.8.1 describes Datafield in more detail.

Informal and OCL Constraints
[1] The whole size of an asynchronous-message does not exceed maxbytes.
[2] «Datafield» can be used to describe physical files. When one or more are spec-
ified, the IDE should embed this physical file within the message.

Notation
It is not necessary to show maxbytes in the graphical view, but it can be shown in
curly brackets after or below the name of a trickle message.

6.11.3 TricklePartner

«TricklePartner» extends the UML metaclass Lifeline (from BasicIn-
teractions, Fragments) and is used to specify communication partners for
BOINC’s server-side and client-side.

UML MetaClass
Lifeline (from BasicInteractions, Fragments) [125, Chapter 14.3.17]

Tag-Values
type : TricklePartnerType = Server [1] – «TricklePartner» represents the Server,
Client or User life line.

Associations
No additional associations.

Informal and OCL Constraints
[1] Lifeline must represent the BOINC server components (Section 5.3) or the
client-side components specified by one of two specific modes: (i) Workunit or
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(ii) User (Section 5.4) or a BOINC project administrator on the server-side lifeline.
r e p r e s e n t s −>notEmpty ( ) i m p l i e s

i s S t e r e o t y p e d B y ( r e p r e s e n t s −>a t ( 1 ) . type , A p p l i c a t i o n ) or
i s S t e r e o t y p e d B y ( r e p r e s e n t s −>a t ( 1 ) . type , S e r v i c e ) or
i s S t e r e o t y p e d B y ( r e p r e s e n t s −>a t ( 1 ) . type , User )

[2] On the client-side the user’s (typed as TricklePartnerType::Users) lifeline is
multivalued, on the server-side the user’s (typed as TricklePartnerType::Controller)
Lifeline represents a single selected user, e.g. an administrator or scientist.

t y p e = C o n t r o l l e r i m p l i e s s e l e c t o r −>notEmpty ( )

Notation
The graphical view of the sequence diagram must not show all relevant data for the
success of asynchronous-messages. In reality some tag-values must be filled with
auto values, e.g. the point of creation must not be modelled by an administrator or
a user.

6.11.4 TricklePartnerType

«TrickleParterType» is an enumeration of the following values:

• Controller – This enumeration literal describes a user with specific adminis-
tration rights, i.e. a user can cancel one or more workunits or can transfer a
new set of data to specific hosts (in case they are computing a long-running
computation). Represented users of this Lifeline can be users which are
locally logged-in on BOINC’s project server or can be remotely logged-in
users.

• Server – The Lifeline is used to describe a BOINC project service, in partic-
ular an asynchronous-message handler.

• Workunit – Message is sent to a specific workunit to all hosts which compute
this workunit.

• User – Messages are sending to specific users.

The enumeration literals can be extending by user-defined literals.

Informal and OCL Constraints
[1] «TrickleParterType» has Controller, Server, Client or User as minimalistic enu-
meration literals.

s e l f . l i t e r a l s −>i n c l u d i n g ( Set { C o n t r o l l e r , Se rve r , Workunit , User } )
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6.11.5 TrickleType
«TrickleType» is an enumeration of the following values:

• ChatMessage – A new chat message is received and should be forwarded
to other BOINC users (server-side) or should be displayed in the BOINC
manager (client-side).

• WorkunitCancel – A specific workunit should be cancelled, the workunit has
to be specified in more detail within the messageFields of a trickle message.
This message is sent by a BOINC project and the client must not reply on
receiving.

• WorkunitStatus – A BOINC project can query the status of specific workunit
on the client-side. The workunit has to be specified in more detail within
the messageFields of a trickle message. Both, the server- and client-side can
initiate the communication for status requests or to inform the BOINC server
in advance.

• Dataset – This type is used to exchange data sets or tokens between the
server- and client-side. Section 6.11.1 describes this in more detail because
of the fact that the data has to be fitted into the trickle message and can not
exceed the maximum size in bytes of a trickle message.

UML4BOINC does not give any restrictions how the implementation of a scientific
application has to interact on different used types.

UML MetaClass
Enumeration (from Kernel) [125, Chapter 7.3.16]

Informal and OCL Constraints
[1] This Enumeration can be extended by arbitrary enumeration literals.
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6.12 Tasks and Timing
UML makes it possible to set-up observers for the execution of sequenced actions,
when it is necessary to start and finish the execution in a specific time window.
This is not necessary for BOINC and, as a consequence, all relevant UML clas-
sifiers are simplified. This section introduces stereotypes to specify periodically
executed tasks and applications. Fig. 6.17 gives an overview of the relations and
dependencies between all these stereotypes. BOINC is a framework without any
real-time restriction or guarantee of time of delivery, i.e. the shortest period be-
tween two task executions is one second. In addition, BOINC itself provides no
system to execute any tasks or application automatically. This is performed by
UNIX’s cron daemon.

Figure 6.17: Overview of the Timing classes and their relations and dependencies.

6.12.1 EventFlow
«EventFlow» extends the UML metaclass ControlFlow (from BasicAc-
tivities). guard of ActivityEdge (Package IntermediateActivities) can be
used; but for easier understanding and handling an extra tag-value is specified.
state is always true, when source is «TimeForTask» and target is «TaskFork».
EventFlow can be used to connect one «TimeForTask» specification with a «Task»
or «TaskFork». state can be used as ControlFlow’s guard [125, Fig. 12.11].
UML4BOINC specifies its own guard to enable the flow on «EventFlow» and let
the interpretation open if it should be handled by guard or state.

UML MetaClass
ControlFlow (from BasicActivities) [125, Chapter 12.3.19]
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Tag-Values
state: Boolean = true [1] – Enables/Disables transitions on this flow.

Associations
No additional associations.

Informal and OCL Constraints
[1] If an «EventFlow» is used between «TimeForTask» and «TaskFork» the tag-
value state is always true.

i s S t e r e o t y p e d B y ( t a r g e t , TaskFork ) i m p l i e s
i s S t e r e o t y p e d B y ( sou rce , TimeForTask ) and s t a t e = t r u e

[2] «EventFlow» cannot be redefined.

r e d e f i n e d E d g e −>empty ( )

[3] If more than one «Task» is planned to be executed a «TaskFork» must be used.

6.12.2 Task

«Task» extends several UML metaclasses and merges their attributes and conven-
tions. The specialized Action has ActivityNode as one of its base classes [125,
Sec.12.3.2]. A task must specialise a Component; in this case the «Task» can be de-
ployed on different hosts and necessary configuration values can be retrieved [160],
i.e. the hostname where hosts have to be executed. Furthermore, a Component of-
fers the implementation. The period of a task is specified by «TimeForTask» and
its related time expressions. The specification for whether a «Task» is enabled/dis-
abled is specified by «EventFlow» and its tag-value state (Section 6.12.1). «Task»
is only responsible for calls of Activities, therefore no input or output pins are nec-
essary. The called Activities are responsible for the handling of input and output
values.

UML MetaClass
Component (from BasicComponents, PackagingComponents) [125, Chapter 8.3.1]
Action (from CompleteActivities, FundamentalActivities, StructuredActivities,
CompleteStructuredActivities) [125, Chapter 12.3.2]

Tag-Values
always : Boolean = false [1] – This is a BOINC related tag-value [160]. It runs
this task regardless of whether or not the project is enabled (for example, a script
that logs the current CPU load of the host machine).
output : String [1] – This is a BOINC related tag-value [160]. Specifies the out-
put file to output; by default it is COMMAND_BASE_NAME.out. Output files are
stored in the directory log_X/ of the BOINC project installation, where X is the
host.
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Associations
No additional associations.

Informal and OCL Constraints
[1] Unnecessary tag-values and associations of the metaclasses.

−− A c t i o n ( from BasicComponents , PackagingComponents )
l o c a l P r e c o n d i t i o n −>empty ( ) AND
l o c a l P o s t c o n d i t i o n −>empty ( ) AND
i n p u t −>empty ( ) AND
o u t p u t −>empty ( )

[2] «Task» has only one incoming and one outgoing event flow.

incoming−>s i z e ( ) = 1 AND ou tgo in g −>s i z e ( ) = 1 i m p l i e s
incoming−>f o r A l l ( e | i s S t e r e o t y p e d B y ( e , EventFlow ) ) AND
ou tgo ing −>f o r A l l ( e | i s S t e r e o t y p e d B y ( e , EventFlow ) )

[3] «Task» is a specification of «Service» and has its own service type.

s e r v i c e T y p e = S e r v i c e T y p e : : Task

[4] Restriction for the base-class «Service».

−− The t a s k i t s e l f i s a lways enab le ,
−− t h e c o n t r o l i s done by <<EventFlow >>.
inv : s t a t e = t r u e
−− A t a s k must have an i m p l e m e n t a t i o n or p h y s i c a l a v a i l a b l e t o o l .
inv : not command−>empty ( )

[5] «Task» can only be started. Tasks are not allowed to act as daemons, they
should start and, when finished they should stop and exit. Service::stop()
and Service::restart() have no implementation.

6.12.3 TaskFork

«TaskFork» extends the UML metaclass ForkNode (from Intermediate-
Activities) and must be used when more than one task is executed when a
time event is triggered.

UML MetaClass
ForkNode (from IntermediateActivities) [125, Chapter 12.3.30]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] «TaskFork» can have only one incoming edge but several outgoing edges. An
incoming edge must have «TimeForTask» as source, outgoing targets must be
«Task» elements.
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6.12.4 TimeEvent

«TimeEvent» extends the UML metaclass TimeEvent (from Simple-
Time). This event is an expired deadline which is used periodically, i.e. when
the described time period is reached the same values are used for the next time.

UML MetaClass
TimeEvent (from SimpleTime) [125, Chapter 13.3.27]

Tag-Values
No additional tag-values.

Associations
when : TimeExpression [1..*] – The UML specifies ‘when’ as: association when :
TimeExpression [1]. This requires specifying duplicates of «TimeEvent» when dif-
ferent call periods are necessary for the same task. For this reason UML4BOINC
overwrites when with «TimeExpression» to allow multiple ‘when’ definitions.

Informal and OCL Constraints
[1] The time event is always relative.

i s R e l a t i v e = t r u e

6.12.5 TimeExpression

«TimeExpression» extends the UML metaclass TimeExpression (from
SimpleTime) and is used to specify time values, i.e. ‘2 hours’ or ‘10 minutes’.
This value must be constrained by valid values, which are based on BOINC’s spec-
ification. Only the following descriptions are allowed: n [days | hours | minutes |
seconds]. As a consequence, only valid related values are possible, e.g. for ‘hours’
only values between 1 and 24 are possible. In UML, expr can be specified as ‘rela-
tive’ or ‘absolute’, in the case of BOINC, only relative expressions are used. These
expressions are named “periods”. The UML specification constrains the use of
expr, the default value of expr has the form [125, p.468]: ‘after’ followed by given
time values, e.g. ‘after n days’.

UML MetaClass
TimeExpression (from SimpleTime) [125, Chapter 13.3.28]

Tag-Values & Associations
No additional tag-values and associations.

Informal and OCL Constraints
[1] observation is used for “[...] refers to the time and duration observations that
are involved in expr.” [125, Section 13.3.28]; here, referencing is not necessary for
BOINC’s case. UML4BOINC specifies fixed time values for execution.
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o b s e r v a t i o n −>isEmpty ( )

6.12.6 TimeForTask

«TimeForTask» extends the UML metaclass AcceptEventAction (as
specialized). BOINC’s time configuration is not real-time based, and this
makes it possible to use an approach for timing specifications. «TimeForTask» is
used to specify periodic tasks. Within AcceptEventAction it is specified which in-
terval tasks are executed. «TimeForTask» is the root for task definitions which are
executed in different periods. The base class AcceptEventAction allows triggering
this event manually by a user.

UML MetaClass
AcceptEventAction (as specialized) [125, Chapter 12.3.1]

Tag-Values
startTime : Integer = -1 [1] – This tag-value is used to specify the start time for a
task execution. The specification of startTime can be useful when more than one
task is specified on a host. In this case startTime is used as an offset and several
tasks can be configured to be executed as a sequence, i.e. during the start-up of a
BOINC project, the load of a host can be reduced.

Associations
event : TimeEvent [1] – This association specifies when this AcceptEventAction is
triggered.

Informal and OCL Constraints
No additional constraints.

6.13 Summary
In this chapter, the UML Profile for the Berkeley Open Infrastructure for Network
Computing (UML4BOINC) has been specified. The profile is described by a
set of semi-formal stereotypes. Additional tag-values and associations between
UML4BOINC’s stereotypes and UML metaclasses have been introduced. Most of
the stereotypes have been constrained by the use of a formal language, the Object
Constraint Language (OCL). Not all cases are possible to describe formally and, in
such cases, informal constraints are given. An informal overview of the semantic
and contextual relationship between the stereotypes and the BOINC-system is
given. Chapter 7 describes the semantic in more detail, depicted by short examples.

This chapter has given an overview of six new, introduced diagram types,
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which are used to create different viewpoints of a BOINC-based project. After
this, the different stereotypes for the context of these diagrams are presented.
The infrastructure stereotypes can be used for the creation of the infrastructure
on BOINC’s server-side and to specify which scientific applications for which
target platforms and architectures are used for distribution. This section is fol-
lowed by the introduction of stereotypes to allow developers modelling scientific
applications by the use of specific UML metaclasses. This is followed by the
presentation of stereotype specifications for the creation of Role-based access
control (RBAC) descriptions. After this, stereotypes for the specification of
workunits are proposed. This proposal allows specifying of the structure of
workunits, and how series of several autonomous or dependent series are handled
by a BOINC-project. The last two sections present stereotypes for the specification
of periodically executable tasks and event-handling aspects.





CHAPTER 7

Semantic of the UML4BOINC
Profile

All our work, our whole life is a matter
of semantics, because words are the tools
with which we work, the material out of
which laws are made, out of which the
Constitution was written. Everything de-
pends on our understanding of them.

FELIX FRANKFURTER

7.1 Introduction
This chapter explains UML4BOINC’s semantic of the stereotypes introduced in
Chapter 6. Six sections are used, one for every UML4BOINC package contain-
ing a diagram. Therefore the order of the sections in this chapter is as follows:
(1) Infrastructure in Section 7.2, (2) Application in Section 7.3, (3) Work in Sec-
tion 7.4, (4) Permission in Section 7.5, (5) Timing in Section 7.6, and (6) Event in
Section 7.7. The semantic is illustrated by using UML examples. Some are created
within Visu@lGrid [184] and others with VisualParadigm [207].

7.2 Semantic of the Infrastructure Modelling
The Infrastructure diagram is used for the creation of a viewpoint which enables
the recognition of how a BOINC project server-side is configured. «Host» is a
component which can include several «Service» or «Database» components. Every
service must be added and specified as a BOINC service, i.e. as BOINC’s Feeder or
Transitioner. Furthermore, the component can be used as a Task. The enumeration
«ServiceType» provides six different types for the specification of these services.
When a BOINC service needs advanced software or libraries for starting execution
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or during runtime, the software and libraries can be added in different versions
through instances of «Software».

«Database» is a service which can be added to any «Host». A database itself
is a specialisation of a BOINC service which can be started, stopped or restarted
by the operations being part of «Service». Three different database types can be
specified (Section 5.3.1):

• a BOINC project database as shown in Fig. 6.3,

• a science database to store computational results or other datasets and

• database replications for the previous databases.

«Database» itself is only used as a place-holder for additional database contexts.
This concept is related to MySQL, i.e. MySQL is the software which provides the
option to add a high number of individual databases. UML4BOINC works simi-
larly and «Database» services need so-called contexts to specify usable database
storages which are, in turn, specified by «DB». «Database» can have an unlimited
number of «DB» contexts; including a unique name and several individual tables
specified by «Table». The two tag-values isProjectDB and isScienceDB of «DB»
specify how the context is used within a BOINC project. When «DB» is defined as
the project database, UML4BOINC specifies that it cannot be used as a scientific
database at the same time, i.e. a second database context has to be added. Thus,
only one context can be specified as a project database; it has to be used by all ser-
vices when access to project information and datasets is necessary. The structure of
the database context is predetermined by BOINC’s framework developers and it is
not necessary that it can be changed by UML4BOINC. In other cases the structure
can be specified by the use of «Tables» and «Column». When a database is used
as a replication, the database is represented by an optionally connected «Replica-
tionAssociation». Any database context can be specified as a replication instance.
Therefore neither isProjectDB nor isScienceDB is recognised and it is used only
when associated to a second database, namely a project or science database. In ad-
dition, it is possible to associate two distributed database contexts which are located
on different hosts. The association has to be made via two network-interface cards;
each must be part of the relevant host. This modelling approach allows restriction
of the communication pathway. Besides, two database contexts can be associated
directly on the same host.

Any «Host» or «SAN» needs a network specification, otherwise communi-
cation is not granted and clients cannot connect to a BOINC project in order to
retrieve workunits. In case the «Host» or «SAN» have more than one network-
interface card, they can be used to restrict the communication pathways, e.g.
database connections are only allowed on specific network-interface cards which
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are used as in-house network devices and not linked to internet-connected net-
works.

Fig. 7.1 shows an example of how the Infrastructure diagram can be used.
The diagram contains two hosts: (1) lmboinc-main and (2) lmboinc-tasks, and one
storage area network: lmboinc-images. lmboinc-main is specified as the BOINC
project’s main host. It has the BOINC project installation and provides the instal-
lation containing the directory to the second host lmboinc-tasks. The two hosts
have individual export and import ports named “BOINC” and are connected via an
interface extended by «Share». This configuration provides the BOINC project in-
stallation to external hosts and is required for the execution of self-implemented
Tasks and services on the hosts. All hosts within a BOINC project can share
data among each other; accordingly they get ports extended by «PortExport» and
«PortImport» which must be associated to each other by «Share» instances. A
«PortExport» with a provided «Share» can be used by more than one «PortIm-
port», i.e. a «PortExport» is a global definition within a BOINC project. When the
user wants authorised access, both Ports must be extended by «Resource» and asso-
ciated to a set of «Permissions» (Section 6.7). The same methodology is specified
for databases and tables, i.e. «DB» is like the two ports described and a «Table» is
like a «Share». These principles are based on the UML specification for creating
components which are fully replaceable when all ports of another component are
equal [125, Section 8.3.1].

Figure 7.1: Example for the use of an Infrastructure diagram.

lmboinc-main possesses on the one hand an Assimilator as a service which
obtains on the other hand a «PortImport» to store computational results in a specific
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target. In this case, the import uses two exported «Share» interfaces of the storage
area network lmboinc-images. The Assimilator can use any target directory or
«Table» and «Column» descriptor of «DB» contexts (described later). The model
interpreter or code-generation facility is responsible for handling different cases:
(i) filesystem-based storing or (ii) database-based storing of computational results.
The Assimilator can have unlimited import ports.

7.3 Semantic of the Application Modelling

A science application is specified by «ScientificApplication» and all supported
target platforms must be added to targetType, e.g. #Linux32 or #Linux64. Soft-
ware packages and libraries can be specified by additional «Software» associations.
The lifetime of a scientific application can be expressed by a UML StateMachine.
Fig. 7.2 shows the investigated state machine which is used in order to express the
lifetime of BOINC-based scientific applications. Section 6.6 has introduced and
specified several stereotypes which are applied in this state machine. The execu-
tion of this example state machine starts at “Initialization” on the bottom left-hand
side and follows the transitions. In “Ready“, a general set-up can be performed,
e.g. executed, and repetitive methods can be added (Section 6.6.22) or handling
of asynchronous-messages can be activated (Section 8.10). When the state “Pro-
cessing” with its three regions is reached, the process will split into three orthog-
onally executed processes. Regions can only be part of UML States. In addition,
every UML Region must offer its own UML States and UML Transitions [125,
Chapter 15]. The bottom UML Region can have a history state which is used for
BOINC’s checkpoint mechanism. When a computation is resumed and a check-
point available, the history state is used to enter the computation. After restoring,
the computation starts in the state “Computing” again.

In Fig. 7.2 the top and middle UML Regions are optional. The top is used for
asynchronous-messages, the middle for checkpoint creation or updates when one
checkpoint is already present. The structure of these two regions is minimalistic:
they are entered and the process will idle until the transitions from “IdleCheck-
pointing” to “Checkpointing” or from “IdleReports” to “Reporting” are triggered.
These two regions work in an iterative manner until the states “Checkpointing” or
“Reporting” are finished or the idle states are entered again. The transitions from
the left to the right can be activated by various triggers: (i) time triggers, e.g. after
60-seconds, or (ii) external triggers, e.g. from other states. The BOINC Manager
can arrange time trigger defaults on any BOINC user or host.
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Figure 7.2: UML4BOINC’s fundamental UML Statemachine for the lifetime of a BOINC
scientific application.

7.3.1 Client’s States
Several states are considered for scientific applications. It is not necessary that
all states are used but in this thesis they are the pathfinder for the abstraction of
runtime behaviour. Ten states will be introduced and analysed in total. Four of
them, namely — IdleCheckpointing, Checkpointing, IdleReports, and Reporting —
are, as mentioned in the previous section, optional.

Actions and Activities

The following actions or activities are recommended for the several state nodes:

Initialization: BOINC’s client runtime is initialised at this stage, e.g. diagnostic
flags are set, the target device (e.g. GPU) is opened and reserved, start pa-
rameters are parsed, the existence of all input files is checked, asynchronous-
message handling is activated and the inter-process communication starts.

Ready: The initialisation is performed and the computation can start. In addi-
tion, pre-conditioning of Markov chain Monte Carlo (MCMC) methods can
begin [80].

Computing: Computation’s core is processed, i.e. the actions for resolving the
engineering or scientific problem are executed.
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Pause: Clean-up and creation of scientific application and specifically formatted
checkpoint files.

ReadCheckpoint: An available checkpoint is opened and all datasets are read-in.
The core computation can resume at the last saved position.

Troubleshooting: During computation progress failures can occur and thus han-
dled at this state. If it is impossible to deal with the failure, the scientific
application will be terminated or the computation resumed.

IdleCheckpointing: This state idles until a checkpoint has to be created or up-
dated.

Checkpointing: A checkpoint will be created.

IdleReports: This state idles until one or more asynchronous-messages are re-
ceived, or have to be transmitted. In addition, exchanges of datasets for the
inter-process communication can be performed.

Reporting: Asynchronous-messages are handled and the inter-process communi-
cation is performed.

Transitions Events

The following Events are recommended concerning several transitions:

ComputingFailed: This event occurs when exceptions or general failures have
been signalled during the computation.

ComputingCancel: This event is accomplished by the BOINC-client.

ComputingFinished: The computation has finished, so this event must be sent
from the scientific application implementation.

ComputingSuspend: This event is established by the BOINC-client.

ComputingCheckpoint: This event can be sent at any time from every external
action. In general, it will be forwarded in a timing interval which can be
initialised in the state “Initialization”.

TrickleUp: A trickle-message is ready for transmitting.

Transitions Actions

The following action is recommended concerning several transitions:

Resume: The computation has to be started at a specific point which enables the
restoration of the checkpoint datasets.
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7.3.2 Computing on the Client Side

It is important to note that the execution is encapsulated in a specific namespace,
i.e. the execution is within a slot on the client-side (Section 5.4). For all UML
elements within an application where the execution’s behaviour is affected by the
developer or user, this behaviour influences only this slot, e.g. a UML Activity has
the attribute isSingleExecution; when it is set to true, all invocations of the UML
Activity are handled by the same execution instance [125, p.326]. The implemen-
tation of scientific applications can be performed by UML Activities and UML
Actions [51]. For this purpose all UML ControlNodes are allowed to be used:

• decision/merge node

• fork/join node

• initial node

• activity/flow final nodes

Fig. 7.3 shows three different «ScientificApplication» instances. Each of them has
a different type definition:

• the top one is typed as #Application,

• the middle one is typed as #Screensaver, and

• the bottom one is typed as #Wrapper.

The «ScientificApplication» in the middle has a final node; the other two have out-
going transitions with target nodes for sending signals. A screensaver is an external
application and is only used in order to visualise the computation process for users
(Section 5.4.2). These three different applications are connected to a UML Data-
StoreNode [125, Chapter 12.3.21] and extended by «Exchanger». UML’s DataS-
toreNode is used for data exchange between applications on BOINC’s client-side.
Whereas all actions within activities that are extended by «ScientificApplication»
are allowed to synchronise data values with this UML DataStoreNode, the «Sci-
entificApplication» types as #Screensaver have solely read-only access. For this
purpose, a UML ObjectFlow which is extended by «Sync» (Section 6.6.21) and
a UML OutputPin/InputPin which is extended by «Exchange» (Section 6.6.7) are
specified.

UML4BOINC specifies that final nodes for «ScientificApplication» are op-
tional. It is allowed to send signals in order to inform other parts of the application
when the execution has finished or when a failure occured. The represented state
machine in Fig. 7.2 catches these signals and acts on them. When the computation
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is finished successfully, the signal “ComputingFinished” is sent, if not, “Comput-
ingFailed” will be forwarded.

The state machine decides thereupon which exit node is used. “ComputingFin-
ished” uses the exit node “Finished” and the state machine ends; “Computing-
Failed” uses “Failure” as the exit node. An error handling can be used in this case.
In addition, the state “Troubleshooting” is activated in order to handle failures. If
the failure can be handled and the computation resumed, the entry node “GoAhead”
will resume the computation; otherwise the state machine is terminated.

The start-up of «ScientificApplication» needs only a small set of file informa-
tion: (i) checkpoint, (ii) input files and (iii) output files descriptions. Section 6.6.3
introduces the first one. Section 6.8 introduces stereotypes for the other two de-
scriptions. Fig. 7.3 shows an application with three input files at the top: (i) f1,
(2) f2, and (3) c. The first two are input files which are defined by the workunit
input and the output files descriptions; a «Checkpoint» file can be used optionally.
The input files are provided as UML ObjectNodes; thus, the embedded data can be
selected for UML’s ObjectFlow of nodes and Parameters which respectively con-
sist of a UML ParameterSet attached to «ScientificApplication». «ScientificAppli-
cation» typed as #Wrapper can be seen as an opaque application with a specific
interface to the environment. During the execution of «ScientificApplication», the
process can only be controlled by external signals and the «ScientificApplication»
element can be checked by four Remote Procedure Calls (RPCs) as presented in
Section 5.4: Suspend, Resume, Quit and Abort. Fig. 7.3 shows three of them.

7.3.3 Actions and Activities

BOINC offers a handful API functionalities. They enable the execution of methods
and operations within an atomic context or in time periods, to query file informa-
tion, to check the computation state and so-called fraction done values, to send
and receive asynchronous-messages between BOINC participants or to manipulate
physical files by their file name, e.g. to rename or to erase them. Fig. 7.4 shows an
overview of all UML4BOINC’s specified stereotypes which support the develop-
ment of BOINC-related scientific applications.

7.4 Semantic of the Workunit Modelling

BOINC projects use a fine-grained file-based system to set-up workunits. For com-
putations with BOINC it is necessary to have one or more workunits which con-
tain descriptive information about how computations can handle these workunits.
Workunits can contain several files, e.g. additional configurations, datasets, defini-
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Figure 7.3: Three «ScientificApplication» instances with individual purposes: a manually
modelled scientific application is situated at the top, a wrapper which is used for an Inde-
pendent Software Vendor (ISV) application is at the bottom and a screensaver implementa-
tion in the middle. All three applications can exchange datasets through a DataStoreNode
which is extended by «Exchanger».

tions of algorithms and arbitrary extra files. Section 6.8 introduces stereotypes to
cope with these modelling aspects. UML4BOINC allows one to define a workunit’s
input, output files and multiple data fields for these files and how they are related
within a computation process, e.g. if results are used for subsequent computations.
With UML4BOINC, workunits can be specified by the Work package (Section 6.8)
which includes all required modelling aspects to create workunit packages with all
relevant information to perform specific computational tasks [31]. Before a worku-
nit can be added to a BOINC project, it is necessary to create several input files for
a computation and datasets. As a consequence, two additional template files are
required for describing the structure of a workunit package:

1. Listing 7.1 demonstrates an input template example and describes which files
are used as input and which flags are set, and

2. Listing 7.2 shows a result template example to describe how output files must
be named by the scientific application or how many bytes they can allocate
during the storing.
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Figure 7.4: Eight stereotypes are defined for the abstraction of BOINC’s general function-
alities, e.g. to rename files or to query a network connection. «Action», situated on the
bottom right-hand side, covers 13 functions which have to be activated by the tag-value
type of «Action» and the input parameter mode (Section 6.6.1). «Atomic» is used to have
atomic execution areas where the execution cannot be interrupted and has to be finished
before subsequent actions are performed. The decision node «IsStandalone» is used to
check if the execution of a scientific application is performed in a BOINC context or not
(useful for executions with a testing purpose). «TrickleUp» is used to send asynchronous
messages to a BOINC project. «WaitForNetwork» informs the BOINC user that a network
connection is necessary to perform computational steps and that «Timing» and its nodes
are executed periodically when a scientific application is performed.
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1 < f i l e _ i n f o >
2 <number> 0 < / number>
3 < / f i l e _ i n f o >
4 < f i l e _ i n f o >
5 <number> 1 < / number>
6 < / f i l e _ i n f o >
7 < w o r k u n i t >
8 < f i l e _ r e f >
9 < f i l e _ n u m b e r > 0 < / f i l e _ n u m b e r >

10 <open_name> lmboinc . xml < / open_name>
11 < / f i l e _ r e f >
12 < f i l e _ r e f >
13 < f i l e _ n u m b e r > 1 < / f i l e _ n u m b e r >
14 <open_name> a r c h i v e _ i n . z i p < / open_name>
15 < / f i l e _ r e f >
16 < r s c _ f p o p s _ e s t > 1 e +10 < / r s c _ f p o p s _ e s t >
17 < r s c _ f p o p s _ b o u n d > 1 e +11 < / r s c _ f p o p s _ b o u n d >
18 <rsc_memory_bound> 1 e +08 < / rsc_memory_bound>
19 < r s c _ d i s k _ b o u n d > 1 e +08 < / r s c _ d i s k _ b o u n d >
20 < de lay_bound > 604800 < / de lay_bound >
21 <min_quorum> 2 < / min_quorum>
22 < t a r g e t _ n r e s u l t s > 3 < / t a r g e t _ n r e s u l t s >
23 < m a x _ e r r o r _ r e s u l t s > 1 < / m a x _ e r r o r _ r e s u l t s >
24 < m a x _ t o t a l _ r e s u l t s > 10 < / m a x _ t o t a l _ r e s u l t s >
25 < m a x _ s u c c e s s _ r e s u l t s > 10 < / m a x _ s u c c e s s _ r e s u l t s >
26 < / w o r k u n i t >

Listing 7.1: An example of a BOINC template input file; it describes two input files
(lmboinc.xml and archive_in.zip), how many floating-point operations per
seconds (flops) are estimated for the complete computation, how much memory in bytes
can be allocated or how long the computation can take. Additional information is used
for the server-side scheduling of workunits: either the minimal amount of valid workunit
results required in order to validate the individual workunit or the number of distribution
or it will be flagged as failed (Section 5.3.9).

1 < f i l e _ i n f o >
2 <name> <OUTFILE_0 / > < / name>
3 <max_nbytes > 1000000000 < / max_nbytes >
4 < u r l > <UPLOAD_URL/ > < / u r l >
5 < g e n e r a t e d _ l o c a l l y / >
6 < u p l o a d _ w h e n _ p r e s e n t / >
7 < / f i l e _ i n f o >
8 < r e s u l t >
9 < f i l e _ r e f >

10 < f i l e _ n a m e > <OUTFILE_0 / > < / f i l e _ n a m e >
11 <open_name> a r c h i v e _ o u t . z i p < / open_name>
12 < c o p y _ f i l e / >
13 < / f i l e _ r e f >
14 < / r e s u l t >

Listing 7.2: An example of a BOINC template output file; it specifies the name of the result
file (archive_out.zip) or how many bytes the result file can allocate on the hard-disk
drive.
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Fig. 6.13 shows the introduced stereotypes which allow specifying the structure of
workunits and how they can be opened and stored. «Input» is used to describe input
files and «Output» describes result files. A workunit can own several file instances
and each of them can have a distinct «Datafield». «Datafield» is used to describe
data values for input files. The data format is not restricted and, for this reason, two
methods are defined:

1. open() is used to access datasets and

2. store() is used to store datasets.

The reason for these additional methods is that the embedded data can have differ-
ent formats, i.e. values have to be encrypted during saving or specific embedded
function-calls must be used during data access in case a file is packed as a ZIP-
archive [168, Zip_(file_format)]. These functions can be set by a developer to sup-
ply special opening and storing methods for currently unknown data types. There
is no reason to allow a «Datafield» to be used by «Input» and «Output» at the same
time. As a consequence, only one owner of the root «Datafield» is allowed. This
root and all other instances of «Datafield» have two associations which can be used
to create tree structures with several pieces of information for a workunit which is
embedded in an «Input» file. This methodology enables different structures, e.g.
a XML-structure can be created as shown in Listing 7.3. The use of these asso-
ciations is restricted. If one «Datafield» is associated by attributes, then it cannot
have additional associations. Each «Datafield» has the tag-values name, type, data,
and optional. At any rate, name must be user-defined when a «Datafield» is used,
whereas the other tag-values are optional and their use depends on the function.
Listing 7.3 shows an example of the first three tag-values [54]:

name: person, interests, and topics are names,

type: “C.B.Ries” and “Research, Sport” are of the enumeration type File-
Type::String, and

data: mentioned string values are the real embedded information.

<person name="C . B . R ie s ">
< i n t e r e s t s t o p i c s =" Research , S p o r t " / >

</ person >

Listing 7.3: Example of «Datafield» usage to define a XML structure.
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7.4.1 Data values of Workunits

«Range» is used for the specification of how attributes of workunit input files are
valued in a dynamically executed context. During workunit creation, data fields of
input files or the input files themselves can be specified by «Range». Thus values
can be generated by «Range» specializations:

(a) «RangeRule» (Section 6.8.6) and

(b) «RangeSimple» (Section 6.8.7).

«Range» is an abstract classifier and must be specialised by «RangeRule» or «Ran-
geSimple» or an individual specialisation. «RangeRule» can specify a rule-set for
value creation. Accordingly, the tag-value rule can be filled with a user-defined
rule, e.g. each workunit within a specific «Series» can have a corresponding mode
for algorithms. «Range» specifies an operation getValue() which is used to query
the related «Datafield» value. As shown in Fig. 6.13, each rule can modify only
one «Datafield». «RangeSimple» is used to have a range-loop for one specific
«Datafield»; three tag-values are specified for this scope: (1) start, (2) stop, and
(3) step. In combination with different additional rules each call of getValue()
can increment the lower-bound value start by step to the upper-bound stop. One
«Range» can be owned by several «Series». As a consequence it must be possible
to retrieve which «Series» is calling getValue(). For this reason tag-value acti-
vated is defined. When this tag-value is valued by true, the association between
«Range» and «Series» can be used to query the currently used «Series». This al-
lows «Range» to access all information of a «Series» with associated «Workunits».

7.4.2 Lifetime of Workunits

Fig. 7.5 shows the first state machine diagram for UML4BOINC’s workunit mod-
elling approach. Depending on the computation scenario covered in the BOINC
project, it is possible to define how workunits are created. The state machine will
always start at the initial point in the top-left corner and the process is directly sub-
divided into two parts with two transitions stereotyped by «WorkunitTransition».
BOINC’s workunits are working on the client side and independently from other
processes. In addition, they are structured elements and in this regard not con-
ceived to have behaviour. As a consequence, other components which may possess
behaviour definitions have to deal with them. As all workunits are public within
BOINC’s domain, every component can have access and modify them. «Workunit-
Transition» in mode Detach creates two orthogonal regions for the lifetime mon-
itoring of a «Series» and all associated workunits. The top region is responsible
for workunit monitoring and the bottom region controls the current «Series». The
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transition between “Idle” and “Process” is triggered by dataAvailable and nextSe-
quence. dataAvailable is called by the «InterfaceDataSource» and thereupon the
file path is used to define a new workunit. Fig. 7.6 shows the state machine of
a single workunit. In that state machine “Assimilation” has a “Next” named exit
pseudostate and nextSequence is triggered when this exit is entered. As a result, a
new workunit is created. It is defined that this exit pseudostate can only be used
when a workunit is part of a sequence as described in the next section. All avail-
able and new workunits are scattered and monitored at the initial point of the state
machine. The top region turns to the left when no more workunits are in process.
The bottom region monitors the lifetime of a «Series» and the “Processing” is only
left under two circumstances: (1) the «Series» has to be cancelled and (2) the pro-
cessing is complete and all results can be merged in “Finishing”, e.g. an average of
all results of a Monte Carlo method computation can be calculated.

Figure 7.5: First part of UML4BOINC’s state machine for workunit creation and moni-
toring «Workunit» and «Series» instances. The State’s top region is responsible for the
workunit monitoring and creates new workunits when either the data is available or the
following workunit of a sequence has to be performed. The bottom region monitors a «Se-
ries»; it handles the cancelling events for a «Series» instance and states when it is finished
or whether results can be merged.

7.4.3 Series Creation and Handling
«Series» allows the creation of different computational series, whereas the result
of one series can be used by subsequent series. It is possible to associate individual
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Figure 7.6: Second part of UML4BOINC’s workunit state machine diagram. During the
computation of a workunit, clients can decide to cancel a current workunit and thus need to
change a workunit’s state. It will be validated after completion; when the validation fails,
the exit pseudostate is used. The following assimilation state repeats this workunit and
creates a new one with same «Input» values. “Next” is used when the workunit reaches a
sequence, otherwise the state machine is finished.

workunit results and specify them as input files for other workunits. «Series» can
be used in three different approaches. Fig. 7.7 shows them:

• Static Series: All workunits are created before a «Series» will be created.
Only these known workunits are handled by a BOINC project.

• Continuous Series: This configuration has no workunits at the beginning of
a «Series». Workunits are created on demand, e.g. when new data packages
are available or when a time slot is reached.

• Dynamic Series: In this configuration the previous two possibilities are
merged.

Any «Series» instance has a deadline which specifies when it has to be finished.

7.5 Semantic of the RBAC Modelling

Fig. 7.8 shows the use of the Role-based Access Control (RBAC) stereotypes for
a BOINC project. In [36], the authors give an idea of an approach to define a user
control mechanism by the use of UML; each user can be added to roles and indi-
vidual resources. This approach is adapted and extended a little. UML4BOINC
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Figure 7.7: UML4BOINC allows «Series» to be defined in three different ways: (1) all
workunits must be available before a BOINC project starts, (2) workunits are created and
added continuously during runtime and (3) a mix of the first and second; some workunits
are available at the beginning, and others are added to a BOINC project during runtime.

defines that permission rules can only be associated with elements which are ex-
tended by «Resource». Individual users can be defined with classes extended by
«User», roles are defined with classes extended by «Role» and a set of permissions
is defined with classes extended by «Permissions». Accordingly, there is a strict co-
herence of how associations must be used, i.e. «User» instances must be associated
to «Roles» and these to «Permissions». Finally, «Permissions» could be associated
with elements extended by «Resource». Fig. 6.3 shows a first example of how
RBAC can be applied to models based on UML4BOINC. On the right-hand side,
the BOINC project “lmboinc” and relevant information are shown. In this case,
two resources are illustrated: (i) Result handling and (ii) Workunit handling. The
RBAC describes restrictions of the users “C.B.Ries” (U1) and “C.Schröder” (U2.
Both have different roles and possess an associated set of permissions. U1 has the
permissions to open, rename or to remove computational results, whereas U2 is
allowed to create new workunits and series.

Figure 7.8: Example for a Role-based Access Control (RBAC).



7.6. Semantic of the Timing Modelling 185

7.6 Semantic of the Timing Modelling
BOINC’s timing events are trivial and have no real-time requirements or require-
ment to be synchronised. The Timing diagram is only used to specify executed
activities regularly. These activities can contain arbitrary actions. In particular, it
is not of interest what the activities are doing during their execution, but only that
they have an initial point for entering them. Fig. 7.9 shows seven tasks which are
executed in four different periods: (1) each day, (2) once a week, (3) after 12-hours
and (4) after 6-hours. From this specification, it is not clear when the tasks are
really executed because this behaviour depends on two values:

• A task or an application will only be started when the previous run is fin-
ished. Therefore, the execution can be disabled for several periods due to
long running activities.

• BOINC keeps track when the tasks are finally executed. The cron dae-
mon [155, cron] tries to execute all tasks every five minutes as a default
configuration. In this case the execution of the tasks can have an offset of
five minutes from the first execution.

Figure 7.9: Timing diagram for timed Tasks which are executed in a specific period.

In order to handle this problem, it is possible to set a first start time by use of the
tag-value startTime (Section 6.12.6). According to this, the tool vendor can recog-
nise this value to set-up a specific tool for handling the execution or to start the
cron daemon directly when the start time is reached. In addition, BOINC’s five-
minute default for the cron daemon can be configured automatically by the greatest
common time value divisor of all available and enabled tasks. This will reduce
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the number of checks for the cron daemon. The «EventFlow» connectors can be
enabled or disabled at any time. state is used as a guard to decide whether the
«EventFlow» is feasible for following the control flow. «EventFlow» connectors
can connect «TimeForTask», «TaskFork» and «Task» elements. When the con-
nector between «TimeForTask» and «TaskFork» is disabled, no following «Task»
is executed. In the circumstances that the «EventFlow» is enabled but one of the
three following connectors is disabled, only the connected «Task» of the disabled
connector is not executed; the other tasks will be executed. One time expression
can be used for several tasks. Hence, the event acceptor has to connect to a «Task-
Fork» element which will split the control flow; the individual flows work inde-
pendently from the others and are used to execute tasks. The flow finishes after the
execution of the task. «Task» itself is not implemented in the Timing diagram. It
has to be performed within the Application diagram. The visualisation is realized
within the Timing Diagram and referred to as a feature of the UML Classifier base
class (Section 4.3.1).

7.7 Semantic of the Event Modelling

BOINC supports asynchronous-messages for which a BOINC service has to be
added on the server-side; the client-side must support the handling of sending and
receiving messages. The communication can be unidirectional or bidirectional. On
the one hand, both communication partners can be configured as sender or receiver,
further, they can support the sending and receiving of asynchronous-messages at
the same time. The message handling is based on a BOINC service which is a sin-
gle application on the server-side. This service has to be added to a host within the
Infrastructure diagram. In particular, this service is used to handle specific variety
identifiers (Section 6.6.25). Asynchronous-messages can be visualised by UML’s
sequence diagram. The BOINC project, registered users or hosts can be modelled
by Lifelines. A third Lifeline can be used for user interactions, e.g. when the
BOINC project administrator wants to cancel the processing of a specific worku-
nit. UML4BOINC sequences can be added within the events diagram and used
for asynchronous-messages or events. On the client side two different types of
receivers are possible.

• A workunit or

• the user who is registered on a BOINC project.

In the first case only the workunit is affected, whereas the second case only sends
messages to hosts of a specific user. Thus, the message is sent as a multicast to
all hosts of a user. A user can be applied for a representation on the server- and/or
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client-side. A «TrickleMessage» can consist of different states: complete, lost and
found [125, p.508]. A message is lost when the receiver vanishes and the mes-
sage cannot be delivered within a specific time range specified by the tag-value
TrickleMessage::timerange. This value can be a specific time in the future or a
delta value calculated by the TrickleMessageValue::createtime, i.e. TrickleMes-
sageValue::createtime plus TrickleMessage::timerange is the time when a mes-
sage has to be delivered. The recognition depends on the implementation of the
UML4BOINC supporting tool.

Fig. 7.10 shows how the user “C.B.Ries” cancels the performing of workunits
which are named “wu*”1. In this case, the message 1: cancelWorkunits is
sent to the asynchronous-message handler on the server-side. The handler relays
this message as 1.1: cancelWorkunits to all users which are registered and
which are performing workunits of a specific scientific application. As a conse-
quence, the workunits are cancelled and the execution of the scientific application
is terminated. Section 8.10 shows how such a sequence diagram is transformed
into executable code.

Figure 7.10: Illustration of sequences to cancel the performing of specific workunits; the
user “C.B.Ries” cancels the execution of all workunits which are named “wu*”.

7.8 Summary
This chapter presents the semantic of UML4BOINC. It has been demonstrated how
the infrastructure of a BOINC project can be specified through the use of the In-
frastructure package. The next step explains how the stereotype of the Application
package is relevant in order to model a scientific application with different num-
bers of input/output files used. Furthermore, examples for the usage of the state
machine and the handling of asynchronous-messages and the checkpointing have
been presented thoroughly and the semantics for modelling activities and actions
are introduced. The second half of this chapter demonstrates the semantic of work

1The star is a wildcard and means: all variants are selected.
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handling, how permission control can be modelled and how timed tasks can be
executed. The chapter closes with the handling of asynchronous-messages, which
allow sending commands or general informal messages. Beside the concepts avail-
able in UML, the focus of this chapter is on the new language features described in
Chapter 6.



CHAPTER 8

Code Generation Methodologies

In the practical world of computing, it is
rather uncommon that a program, once it
performs correctly and satisfactorily, re-
mains unchanged forever.

NIKLAUS WIRTH

8.1 Introduction
This chapter describes the verification process of the UML4BOINC stereotypes
(Chapter 6) and the semantic (Chapter 7) of the stereotypes. Several methods en-
able the verification and this thesis presents three different methods (Section 8.2.1):
(i) specifications of Domain-specific Modeling Languages (DSMLs), (ii) the use of
C++-Models, and (iii) the use of Visual-Models created with Visu@lGrid [184]. As
a consequence, specific code-generators for the transformation of these models are
implemented into applicable parts for a BOINC project. As for the understand-
ing of how the transformation is realised, a brief introduction about the language-
recognition and how code-generators can be implemented by use of ANTLR (AN-
other Tool for Language Recognition) [89] is given. This chapter does not cover
all transformations because most of them can vary, i.e. they depend on the target
language (e.g. C++) and how tool-vendors handle semantic-models. In addition,
steps three and four are realised within the research iterations (Section 1.4) of this
thesis.

8.2 Code Generation

8.2.1 Approaches

The code-generation generator-backend is often realised by one of the following
three approaches [44]:
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Patterns: This approach allows a search pattern to be specified on the model
graph. A specific output is generated for every match.

Templates: Code-generation is based on templates in most language workbenches
or IDEs. As the name suggests, code-files are the basis in the target language.
Expressions of a macro language are inserted or replacement patterns are
used for specifying the generator instructions. Ordinary programming lan-
guages are often used in order to describe the behaviour of the generator and
to state which instructions are used for the target code, e.g. Java or C/C++ in
ANTLR.

Tree-traversing: This kind of code generation approach specifies a predetermined
iteration path over the Abstract-syntax Tree (AST). Generation instructions
are defined for every node type or leaf and executed when a node or leaf is
passed. This kind of generation approach is mainly used in classical compiler
construction and textual languages, e.g. as used by ANTLR in Section 8.2.2.

The three code generation approaches can be combined. Accordingly, this thesis
applies a combination of the second and third approach, i.e. when the AST is
created, the leaves of the AST are transformed into code-fragments and merged
in existing template files. An AST is not always created before the templates are
filled, in some cases the DSL-/C++-/Visual-Model (Section 8.1) are directly used
to emit the BOINC parts, e.g. when the task configuration is generated for the
server-side.

Fig. 8.1 shows the code-generation processing parts which are used in this the-
sis. In particular, seven parts are used to verify the UML4BOINC approach. Sec-
tion 8.3 introduces the first part (1) and the result of it allows the generation of
C++-code which is usable for the creation of semantic models. Such a semantic
model can be created in several ways: (3) with a Domain-specific Modeling Lan-
guage (DSML) description, (4) as a direct C++ implementation based on the previ-
ously created semantic model and (5) as a visual description, such as UML or with
the help of UML4BOINC’s specific tool Visu@lGrid as shown in Fig. 7.1. These
three approaches conclude in (6) and describe a BOINC project. The description is
transformed in different parts which are relevant for BOINC, e.g. configurations,
implementations of services and scientific applications or the creation of workunits
(Chapter 5). For the steps between (1), (2), (6), and the creation of BOINC parts,
the software library libries (7) [185] is used.

8.2.2 ANother Tool for Language Recognition (ANTLR)

ANTLR (ANother Tool for Language Recognition) [89] is a parser generator used
to implement DSL interpreters, compilers and other translators, e.g. for the han-
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Figure 8.1: Architecture of the code-generation process; different models are used to gen-
erate a BOINC project with the components and configurations it uses.

dling of specific configuration file formats, network protocols, text-processing lan-
guages, protein patterns and genome sequences. A minimum set of two steps is
necessary for language recognition: lexical analysis and parsing [21]. Fig. 8.2
shows how language recognition works in general. An input stream such as 1 +
21 => res consists of different bytes. This stream can be filtered by a lexer1

which will split the different independent bytes into constituent tokens. This pro-
cess is based on a user-defined rule-set, a so-called syntax or grammar definition.
The connection between the lexer and parser and the input stream is shown below.
Every number is defined as an INT (integer), the plus sign as ADD (addition or
summation) and => is used to assign (ASSIGN) ‘something’ to res (ID, an identi-
fier or an arbitrary name). The underscores are only shown in order to visualise the
gaps (so-called whitespace) between the tokens; they are not recognisable by the
parser. At this stage, the input stream is only filtered and transformed into several
tokens. The parser2 is the core component for interpreting the first input stream.
The allowed order of tokens is defined by the given syntax. Every token has its
own meaning, e.g. ADD can be used to add-up or subtract two integers. In addition,
the chain of different tokens can have a different meaning. The parser is used to
interpret the tokens, i.e. either an optional Abstract-syntax Tree (Section 8.2.3) can
be created and analysed or the tokens are interpreted in order to execute specific
behaviours directly.

1A lexer is a tool for lexical analysis.
2The parser takes the list of tokens produced by the lexer and arranges them optionally into a

tree-structure (called the syntax tree) that reflects the structure of the program [21].
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Figure 8.2: General process description of language recognition.

8.2.3 Abstract-syntax Tree (AST)

Generally, an Abstract-syntax Tree (AST) is an abstract representation of any for-
matted input or token stream. As illustrated in Fig. 8.2, the creation of an AST is
optional. It is possible to parse, interpret and act on the input stream directly, i.e.
for simple input it can be an easier approach. When the syntax and complexity
of the input becomes more extensive, the transformation to an AST can make the
interpretation more efficient, i.e. for the computer and more importantly for the de-
veloper. Furthermore, the maintaining syntax and relevant AST-structure become
more manageable. The AST is created by adding mapping rules directly to the
syntax of the new language:

m u l t i p l i c a t i o n : v1=INT ’∗ ’ v2=INT −> ^ (MUL $v1 $v2 ) ;

The operator -> introduces the tree construction rules. The body of the rule is a
list where the first element is the node type (MUL) and followed by the child nodes
which are the factors for the multiplication in this case [82]. By means of this
approach two syntax trees are defined, i.e. an input syntax on the left-hand side
and an AST-syntax on the right-hand side.

8.2.4 ANTLR and the Extended Backus-Naur Form (EBNF)

The EBNF (Extended Backus-Naur Form) is a syntactic metalanguage which is
a notation for defining the syntax of a language through a set of rules. Each rule
names a part of the language (called a non-terminal symbol of a language) and then
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defines its possible forms. A terminal symbol of a language is an atom that cannot
be split into smaller components of the language [119]. The EBNF has a small set
of syntax rules [137] and ANTLR applies most of the EBNFs with modifications
as shown in Table 8.1. Fig. 8.2 shows a small summation of two integer values and

EBNF ANTLR
‘a’ zero or one time [a] a?
‘a’ zero or more {a} a*
‘a’ minimum of one a {a} a+
‘a’ or ’b’ a | b a | b
(‘a’ or ’b’) and ‘c’ (a | b) c (a | b) c

Table 8.1: Excerpt of the comparison of EBNF’s and ANTLR’s syntax [89, 119, 136, 130].

an assignment to the variable res. Listing 8.1 states the EBNF-syntax of this small
command. The first line defines which tokens are applied and how the addition has
to be written by users. Any token is defined in the last five lines, i.e. integers only
consist of numbers, the identifiers (IDs) can be written by a chain of characters,
numbers and underscores but have to start with a character. The last line defines
whitespaces (WSs) and includes an ANTLR specific part. It is possible to define
channels which are used within ANTLR and during the lexical analysis and parsing
process. In this case WSs are written to HIDDEN, i.e. they are removed from the
token stream.
summation : INT ADD INT ASSIGN ID ;

ADD: ’+ ’ ;
ASSIGN : ’= > ’ ;
INT : ’ 0 ’ . . ’ 9 ’ + ;
ID : ( ’ a ’ . . ’ z ’ | ’ A’ . . ’ Z ’ | ’ _ ’ ) ( ’ a ’ . . ’ z ’ | ’ A’ . . ’ Z ’ | ’ 0 ’ . . ’ 9 ’ | ’ _ ’ ) ∗ ;
WS: ( ’ ’ | ’ \ n ’ | ’ \ r ’ | ’ \ t ’ ) + { $ c h a n n e l =HIDDEN; } ;

Listing 8.1: EBNF-syntax for the addition of two integers and assignment to a variable.

The main problem of this small example is that only one addition can consist of two
integers. Listing 8.2 includes a small modification which allows creating unlimited
lines of additions and chains of additions as shown in Listing 8.3.
summation : ( INT (ADD INT ) ∗ ASSIGN ID ) + ;

Listing 8.2: Improved EBNF-syntax to allow unlimited additions.

10 + 11 => r e s u l t _ a d d i t i o n 1
20 + 22 + 222 => r e s u l t _ a d d i t i o n 2

Listing 8.3: Example of how to use the EBNF of Listing 8.2.

Finally, the ANTLR syntax enables direct AST creation. Listing 8.4 shows how
the AST on the bottom right-hand side of Fig. 8.2 can be described. The ANTLR
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operator -> is used to map the EBNF-syntax to a valid AST-syntax. The result
of this mapping and its dataset is shown in Fig. 8.3. Appendix C.1 includes the
complete sources for this example and can be used directly.
summation : l e a f ∗ −> l e a f ∗ ;
l e a f : INT ( ’+ ’ INT ) ∗ ’= > ’ ID −> ^ ( ASSIGN ^ (ADD INT∗ ) ID ) ;

Listing 8.4: Definition of the Abstract-syntax Tree (AST) of the summation in Fig. 8.2.

Figure 8.3: Abstract-syntax Tree (AST) for the summation of unlimited integer values.

8.2.5 Result
Fig. 8.2 shows the parser during the language-recognition and with two outgoing
transitions: (1) a direct transition to output and (2) a detour of AST creation and
subsequently finished by an output generation.

Parser ⇒ Output

This approach is also called “embedded translation” because it populates the se-
mantic model from the embedding code to the parser; it implements the semantic
model at appropriate points in the parse [82]. In this case the summation of List-
ing 8.3 is interpreted when it is read. Listing 8.5 shows a modification of the pre-
vious example in order to sum-up an unlimited amount of integers and for printing
the result. Two variables are initialised at the start: (i) to store a variable name and
(ii) to store the sum of the summation. Whenever a summation begins, the vari-
ables are initialised in a new way and previous values are not valid. Lines 6-7 are
used to do the summation, in line 8 the name of the variable is cached in the vari-
able name. Finally, line 10 prints the result of the summation. During the research
process of this thesis, it was not easy to maintain the approach, especially when the
syntax and the generation became more complex. The DSLs have been changed
often and with the direct interpretation of the input the output generation must be
adjusted within the generation process. By use of an AST between the interpreting
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of input data and the generation of usable sourcecode the transformation can be
unified. Changes of the DSL only influence the description how the AST has to be
formed which is more compact in its description format as the generation of output.

1 l e a f / / Java−based embedded t r a n s l a t i o n
2 @ini t {
3 S t r i n g name = " " ;
4 i n t v a l u e = 0 ;
5 } :
6 v1=INT { v a l u e += I n t e g e r . p a r s e I n t ( $v1 . t e x t ) ; } ( ’+ ’
7 v2=INT { v a l u e += I n t e g e r . p a r s e I n t ( $v2 . t e x t ) ; } ) ∗
8 ’= > ’ n=ID {name=$n . t e x t ; }
9 {

10 System . o u t . p r i n t l n ( name + " : " + v a l u e ) ;
11 } −> ^ ( ASSIGN ^ (ADD INT∗ ) ID ) ;

Listing 8.5: Example of an embedded translation.

Parser ⇒ AST ⇒ Output

The use of an additional AST can be more explicit and easier to maintain [98].
Listing 8.6 shows the same result as the previous example in Listing 8.5 but with
less code and a clearer code view.

1 r o o t / / Java−based AST t r a n s l a t i o n
2 @ini t {
3 S t r i n g name = " " ;
4 i n t v a l u e = 0 ;
5 } : ^ ( ASSIGN ^ (ADD ( v=INT{ v a l u e += I n t e g e r . p a r s e I n t ( $v . t e x t ) ; } ) ∗ )
6 n=ID {name=$n . t e x t ; } )
7 {
8 System . o u t . p r i n t l n ( name + " : " + v a l u e ) ;
9 } ;

Listing 8.6: Example of an AST code-generation.

8.3 Generation of the Semantic Models

The research for this thesis required the implementation of different approaches,
in order to verify and modify models in an iterative way (Section 1.4). All mod-
els are based on an object-oriented hierarchy implemented in the C++ program-
ming language. The creation of the hierarchy is supported by a self-defined DSML
and allows the specification of all necessary information in a compact manner:
(i) datatype specifications, (ii) creation of enumerations, (iii) classes with attributes
and methods, (iv) derivations of classes and (v) different kinds of associations be-
tween classes and their different multiplicities, i.e. compositions and aggregations.
This approach allows any unscheduled requirement changes to be handled during
the research process. One major advantage is that the creation of class-hierarchies
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is much easier and the produced code has an improved quality. Furthermore, archi-
tectural changes to the class-hierarchy can be performed in the code-generator or
its code-templates; thus, it is directly used for all parts of the class-hierarchy.

Listing 8.7 shows an example of the created DSML. The complete syntax for
this DSML, its AST and parser can be found in Appendix C.1. Line 1 of List-
ing 8.7 specifies additional header files. Lines 3-4 indicate a mapping of used
datatypes within the DSML which are therefore mapped in the target’s program-
ming language datatypes. Lines 6-8 specify an enumeration which can be used
as a datatype within the DSL. The remaining lines specify three classes: Project,
Host and NIC. Project has one attribute name and one association to one or more
Host instances. Host itself is a composition of one or more NIC instances. The
code-generation produces setter and getter methods and routines automatically in
order to check the multiplicities during the adherence of instances to associations
or compositions. Finally, every class gets factory and destroyer functionality [83].

1 i n c l u d e s { " G e n e r a l . h " }
2

3 d a t a t y p e S t r i n g " s t d : : s t r i n g " ;
4 d a t a t y p e I n t e g e r " i n t " ;
5

6 O p e r a t i n g S y s t e m [
7 Ubuntu = 1 , Ubun tuSe rve r = 2
8 ] { /∗ empty ∗ / }
9

10 P r o j e c t {
11 name : S t r i n g [ 1 ] ;
12 / / c o m p o s i t i o n a p p l i c a t i o n : A p p l i c a t i o n [ 1 ] ;
13 a s s o c i a t i o n h o s t s : Host [ 1 . . ∗ ] ;
14 }
15

16 Host {
17 c o m p o s i t i o n ne twork : NIC [ 1 . . ∗ ] ;
18 / / a s s o c i a t i o n : NIC [ 1 . . ∗ ] ;
19 }
20

21 NIC {
22 d e v i c e : S t r i n g [ 1 ] ;
23 i p v a l u e : S t r i n g [ 0 . . 1 ] ;
24 }

Listing 8.7: DSML description for the creation of a class-hierarchy.

Fig. 8.4 shows the resulting AST generated by Graphviz’s tool dot, i.e. the align-
ment of all nodes is performed automatically and appears therefore unstructured.
The root is the node VGSMSTART in the middle. The enumeration leaf is shown
on the left-hand side, the directives and datatype specifications are below and the
classes and attributes, compositions and associations are specified at the top-right-
hand side.
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VGSMSTART
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Figure 8.4: AST of the semantic model for the DSML description of Listing 8.7.

8.4 Generation of Statemachines

UML’s StateMachine package has been used for the research of this thesis [125,
Chapter 15]. There are some state machine implementations for the combina-
tion with C++ [178, 180, 72] which are partly based on the UML specification.
All of them are restricted in their use (e.g. orthogonal regions are not supported)
and do not support all ways of UML’s StateMachine modelling (e.g. entry and
exit points are not supported). Concerning this, the UML 2 Statemachine for
C++ (UML2STM4CPP) [183] and UML’s StateMachine in version 2.4 support
have been created and applied for all relevant scenarios. UML2STM4CPP is
a developer framework which enables the implementation of applications with
state machines as an implementation frame. By means of UML2STM4CPP only
one DSL specification is needed to create executable applications for Linux,
Mac OS X, and Microsoft Windows. Appendix C.2 includes the DSL-syntax.
UML2STM4CPP hides the complexity of software systems through the modelling
language. UML2STM4CPP’s DSL – named after its author – Ries Statemachine
(RSM) enables the creation of hierarchy state machine constructs. This DSL is
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used and transformed into a C++ code. RSM is especially implemented for this
research and can be used for other projects [183].

Fig. 8.5 shows a small state machine which is based on an initialisation state,
choice state, two system states, and a final state. The initialisation state has only
one outgoing transition and a choice state as target which possess three outgoing
transitions: (a) two are guarded and (b) one is used as default. Choice states set up
the separation of transitions into multiple outgoing paths. The decision is made by
the transition’s guards. When more than one guard evaluates to true, an arbitrary
path is selected; but when there is no evaluation to true, the model is consid-
ered to be ill-formed. In order to avoid this case, it is recommended to define one
outgoing transition as a predefined “else” guard for every choice vertex [125]. In

Figure 8.5: Use of UML Pseudostates with guarded transitions and a default transition.

this example Processing and Close do not include complex behaviours, i.e. they
are used to show some information for internal available variables. When End is
reached, the execution of the state machine finishes. The decision has two outgo-
ing transitions with guards: (a) tester.x() == 1 and (b) tester.x() >
1. tester is an instance of a so-called UML2STM4CPP anchor element as seen
in lines 1-5. Anchors are used to fill state machine states with functionality. In
appendix C.2, Listings C.7 and C.8 contain an example of a tester’s class-type.

Listing 8.8 shows the DSL definition for the state machine in Fig. 8.5. The
state machine has two areas: (1) States{...} defines states and regions,
and (2) Transitions{...} defines transitions, guards and events between
states and regions. The DSL defines all used nodes, i.e. decision node, initial
node, action node, and final node. Not all pseudo nodes are supported directly, i.e.
they are simulated by the definition of relevant incoming and outgoing transitions,
e.g. a decision node is just a node with one incoming transition and one or more
guarded outgoing transitions. As a consequence, transitions can be created between
a source node and a target node. The outgoing transitions are interpreted as a deci-
sion node. When the source node is finished, the guarded transitions are evaluated
and the first true evaluated transition or the default transition is used. Finally, the
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DSL is equipped with extra code anchors:

<[onEntry CODE -]> This code is executed when a state is entered.

<[- CODE -]> This code is the main part of a state. When this execution is
finished, it is followed by an optional onExit code.

<[onExit CODE -]> This code is executed when the state is left. The execu-
tion is started and finished before the action of the next transition has to be
performed.

The combination of these three anchors with the first anchor in lines 1-5 allows the
fulfilling of the state machine with arbitrary behaviour.

1 Anchors <[−−
2 # i n c l u d e < T e s t e r . h>
3 T e s t e r t e s t e r ; i n t x ;
4 −−]>
5

6 S t a t e m a c h i n e P s e u d o s t a t e s {
7 S t a t e s {
8 I n i t i a l S t a r t
9 Simple P r o c e s s i n g <[ onEn t ry t e s t e r . show ( ) ; −−]>

10 <[−− t e s t e r . p r o c e s s i n g ( ) ; −−]>
11 <[ o n E x i t t e s t e r . show ( ) ; −−]>
12 Simple Close
13 <[ onEn t ry
14 x = t e s t e r . x ( ) ; t e s t e r . show ( ) ; t e s t e r . se tX ( 3 4 5 ) ;
15 −−]>
16 <[−− t e s t e r . c l o s e ( ) ; −−]>
17 <[ o n E x i t
18 t e s t e r . se tX ( x ) ; t e s t e r . show ( ) ;
19 −−]>
20 F i n a l End
21 }
22

23 T r a n s i t i o n s {
24 / / Owner s o u r c e + e v e n t [ gua rd ] / a c t i o n == t a r g e t
25 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
26 RegionMain : S t a r t [ t e s t e r . x ( ) == 1] / t e s t e r . se tX ( 2 ) == P r o c e s s i n g
27 RegionMain : S t a r t [ t e s t e r . x ( ) > 1 ] / t e s t e r . se tX ( 3 ) == Close
28 RegionMain : S t a r t == End
29 RegionMain : P r o c e s s i n g == End
30 RegionMain : C lose / t e s t e r . show ( ) == End
31 }
32 }

Listing 8.8: A UML2STM4CPP DSL example of the state machine in Fig. 8.5.

8.5 Scientific Application
BOINC offers an Application-programming Interface (API) for the procedural im-
plementation of scientific applications. UML is mainly an object-orientated spec-
ification and modelling approach. The developer is responsible for handling of



200 Chapter 8. Code Generation Methodologies

asynchronous-messages in the procedural approach, for sending status messages
or the current state of computation to the BOINC client, for handling input and
output files, for initialising the application and finishing the execution. Gener-
ally, some tasks have to be performed whenever a new scientific application has
to be implemented. In order to avoid these incidents, an Object-orientated Pro-
gramming (OOP) abstraction is implemented and set up on the top of BOINC’s
API [58]. Fig. 8.6 shows the abstraction layers of this approach. The OOP layer
provides a top-down approach where most of BOINC’s functionalities are merged
in encapsulated objects and used as building blocks [185]. The biggest issue for

Figure 8.6: Object-orientated Programming layer for BOINC.

a scientific application is the computation’s core. The core provides the “intelli-
gence” and creates engineering or scientific results. As a matter of fact, it makes
sense that only this core function has to be implemented for a scientific application
and all other parts should be normalised or not implemented when not necessary to
fulfil the computational task. Fig. 8.7 shows an excerpt of the OOP approach. In
this case, two scientific applications are given: (i) LMBoinc (see Section 9.3) and
(ii) Spinhenge (see Section 9.2). In both cases, only the doWork method has to
be implemented. The computation is called within Main and is responsible for the
instantiation of the BOINC framework and OOP layers, i.e. this can be a function,
object or application implementation. This example specifies and initialises input
and output files, variables for storing the checkpoint file and exchanging the inter-
process communication. Main is instantiated by BOINC’s client. The client has
access to the MVC::Handler which provides information about the computation
state; in addition, the handler receives the signals which are used to pause, resume,
exit and abort the execution. In this thesis, Main is implemented as a state machine
which is introduced by the UML stereotypes of Chapter 6 and shown in Fig. 7.2.

8.5.1 State Machine of a Scientific Application
Listing 8.9 contains the state machine which is specified by the RSM DSL from
Section 8.4. The same names are used for the state nodes. The fundamental idea
of the state machine is based on the fact that only relevant functions are used for
creating various state nodes, i.e. the state “Initialization” is used for initializing
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Figure 8.7: Object-orientated Abstraction of BOINC’s procedural API.

BOINC’s runtime environment or “Computing” is used for processing the core
computation; thus, it will be called doWork() as in the previous Section 8.5. The
state machine possesses three Regions:

R1: This Region is used for the reporting process and handling of asynchronous-
messages,

R2: the second Region is used for the checkpointing process and the inter-process
communication, and

R3: this Region specifies the computation, checkpointing and incoming and out-
going transitions of the scientific application.

The Transitions of the processing state and the three Regions can be triggered by
external events and are able to call actions when they are used. Section 7.3.1 de-
scribes which implementation is recommended for these actions.

1 Anchors <[−− . . . −−]>
2

3 S t a t e m a c h i n e T h e s i s S t a t e M a c h i n e
4 {
5 S t a t e s {
6 I n i t i a l S t a r t
7 Simple I n i t i a l i z a t i o n
8 Simple Ready
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9 Regions P r o c e s s i n g {
10 R0 { S t a t e s {
11 I n i t i a l S t a r t 0
12 Simple I d l e R e p o r t s
13 Simple R e p o r t i n g
14 } }
15 R1 { S t a t e s {
16 I n i t i a l S t a r t 1
17 Simple I d l e C h e c k p o i n t i n g
18 Simple C h e c k p o i n t i n g
19 } }
20 R2 { S t a t e s {
21 I n i t i a l S t a r t 2
22 H i s t o r y H2
23 Simple ReadCheckpoin t
24 Simple Computing
25 } } :
26 E n t r y GoAhead
27 E x i t F a i l u r e
28 E x i t Suspend
29 E x i t F i n i s h e d
30 :
31 }
32 Simple Pause
33 Simple T r o u b l e s h o o t i n g
34 F i n a l F i n i s h
35 T e r m i n a t e Abor t
36 }
37

38 T r a n s i t i o n s {
39 / / Owner s o u r c e + e v e n t [ gua rd ] / a c t i o n == t a r g e t
40 RegionMain : S t a r == I n i t i a l i z a t i o n
41 RegionMain : I n i t i a l i z a t i o n == Ready
42 RegionMain : Ready == P r o c e s s i n g
43

44 RegionMain : F a i l u r e == T r o u b l e s h o o t i n g
45 RegionMain : T r o u b l e s h o o t i n g [ f a l s e ] == Abor t
46 RegionMain : T r o u b l e s h o o t i n g [ t r u e ] == GoAhead
47 RegionMain : GoAhead == Computing
48

49 RegionMain : Suspend == Pause
50 RegionMain : Pause == F i n i s h
51 RegionMain : F i n i s h e d == F i n i s h
52

53 R0 : S t a r t 0 == I d l e R e p o r t s
54 R0 : I d l e R e p o r t + T r i c k l e U p == R e p o r t i n g
55 R0 : R e p o r t i n g == I d l e R e p o r t s
56

57 R1 : S t a r t 1 == I d l e C h e c k p o i n t i n g
58 R1 : I d l e C h e c k p o i n t i n g + Comput ingCheckpoin t == C h e c k p o i n t i n g
59 R1 : C h e c k p o i n t i n g == I d l e C h e c k p o i n t i n g
60

61 R2 : S t a r t 2 == Computing
62 R2 : H2 == ReadCheckpoin t
63 R2 : ReadCheckpoin t / Resume ( ) == Computing
64 R2 : Computing + Compu t ingFa i l ed == F a i l u r e
65 R2 : Computing + ComputingSuspend == Suspend
66 R2 : Computing + Co mpu t ingF in i sh ed Comput ingCancel == F i n i s h e d
67 }
68 }

Listing 8.9: RSM Statemachine of the UML Statemachine of Fig. 7.2.
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8.5.2 Mapping of Activities and Actions
Most of UML4BOINC’s stereotypes can be mapped directly to BOINC’s API-calls
or with less code-complexity. Section 6.6 introduces a handful of stereotypes which
are used to abstract BOINC’s API functions. The current section illustrates how the
code-generation from stereotypes to implementation code can be performed.

«Atomic» and its Code-Mapping

Atomic functions cannot be interrupted and have to be finished before subsequent
actions or activities are executed. Listing 8.10 shows a small code-snippet. Line 2
opens and line 5 closes the atomic area; thus, any action or activity is called and
cannot be interrupted between these calls. Fig. 8.8 shows a UML model consisting
of an atomic area. It executes an activity with an initialisation and final node and
then executes the “transferMoney()” action. An additional exception transition can
be added in order to recognize the visualisation. It starts and ends with the atomic
activity. Accordingly, exceptions cannot interrupt the execution.

Figure 8.8: Code-mapping for UML4BOINC’s «Atomic».

1 / / / S t a r t : <<Atomic >>
2 b o i n c _ b e g i n _ c r i t i c a l _ s e c t i o n ( ) ;
3 t r a n s f e r M o n e y ( ) ;
4 /∗ . . . ∗ /
5 b o i n c _ e n d _ c r i t i c a l _ s e c t i o n ( ) ;
6 / / / End : <<Atomic >>

Listing 8.10: Code-implementation example of BOINC’s atomic mechanism.

«Action» & type=#FractionDone and its Code-Mapping

This type of «Action» is used in order to inform the BOINC client how much work
has been accomplished. It is a value between zero and one, i.e. this value can
be used as a percentage descriptor. The mapping of «Action» in BOINC’s API is
a single line: boinc_fraction_done (fdone). fdone is the input pin and requires a floating-
point value (PrimitiveType::Real [126]) which has to be calculated by the scientific
application developer.
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«Action» & type=#FileInfo and its Code-Mapping

Section 6.6.10 introduces the stereotype «FileInformation» as an extension of
UML’s metaclass Class and with several tag-values and an operation. It is possible
to query general information of specific files in combination with «Action» and
type = #FileInfo. Listing 8.11 implements «FileInformation» directly as a C++-
class, namely tag-values as attributes and the operations as methods. «Action» is
mapped to line 29: (a) the input pin parameter path is used as query’s parameter,
and (b) the output pin finfo as a new variable which assigns the returned value of
query.

Figure 8.9: «Action» to query file information.

1 c l a s s F i l e I n f o r m a t i o n {
2 p u b l i c :
3 enum F i l e K i n d {Unknown =0 , F i l e =1 , D i r e c t o r y =2 , Symlink =3} ;
4

5 s t a t i c F i l e K i n d t y p e ;
6 s t a t i c s t d : : s t r i n g cwd , a b s o l u t e P a t h ;
7 s t a t i c double f i l e s i z e , d i r s i z e ;
8 s t a t i c double t o t a l S p a c e , f r e e S p a c e ;
9

10 s t a t i c F i l e I n f o r m a t i o n que ry ( c o n s t char ∗ p a t h ) {
11 F i l e I n f o r m a t i o n f i ;
12 i f ( i s _ f i l e ( p a t h ) ) t y p e = F i l e K i n d : : F i l e ;
13 e l s e i f ( i s _ d i r ( p a t h ) ) t y p e = F i l e K i n d : : D i r e c t o r y ;
14 e l s e i f ( i s _ s y m l i n k ( p a t h ) ) t y p e = F i l e K i n d : : Symlink ;
15 e l s e t y p e = Unknown ;
16 char b u f f e r [ 4 0 9 6 ] = { ’ \ 0 ’ } ;
17 bo inc_ge tcwd ( b u f f e r ) ; cwd = b u f f e r ;
18 r e l a t i v e _ t o _ a b s o l u t e ( pa th , b u f f e r ) ; a b s o l u t e P a t h = b u f f e r ;
19 f i l e _ s i z e ( pa th , f i l e s i z e ) ;
20 d i r _ s i z e ( pa th , d i r s i z e ) ;
21 g e t _ f i l e s y s t e m _ i n f o ( t o t a l S p a c e , f r e e S p a c e ) ;
22 re turn f i ;
23 }
24 } ;
25

26 /∗ . . . i n i t i a l i s e d e f a u l t v a l u e s ! ∗ /
27

28 i n t main ( i n t argc , char ∗∗ a rgv ) {
29 F i l e I n f o r m a t i o n f i n f o = F i l e I n f o r m a t i o n : : que ry ( " F i l e I n f o r m a t i o n . cpp " ) ;
30 /∗ . . . ∗ /
31 }

Listing 8.11: Code-mapping for UML4BOINC’s stereotypes «FileInformation» and
«Action» for file information queries.
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«Action» & type=#Locking and its Code-Mapping

BOINC provides the functionality for preventing access to specific files, i.e. the
BOINC-structure FILE_LOCK is used for locking and unlocking a file. Every
file needs its own locking instance. Fig. 8.10 shows «Action» with one input pin
to lock/unlock the file “FileInformation.cpp”. The state of the lock/unlock-call
is stored in the output pin state after execution. When something goes wrong,
an exception called ExceptionLocking, which can be caught and handled individ-
ually, will be raised. Listing 8.12 shows an extension of FILE_LOCK. It will
be extended by an exception handler when the locking or unlocking fails. Every
locking mechanism is only usable in its context. When a global lock has to be
used for specific files, it is necessary to define its lock instance in a global man-
ner. The locking mechanism is implemented in lines 1-24- It must be provided by
tool developers when being used. The instance lockInstance01 realises the
approach within the main-function. Lines 29-33 lock access to the file “FileIn-
formation.cpp”, whereas lines 37-41 unlock the file. Arbitrary function calls are
possible between these parts and additional UML parts can be transformed into a
code in order to fill this area.

Figure 8.10: «Action» for locking/unlocking files.

1 c l a s s E x c e p t i o n L o c k i n g : p u b l i c s t d : : e x c e p t i o n {
2 s t d : : s t r i n g m_errmsg ;
3 p u b l i c :
4 E x c e p t i o n L o c k i n g ( c o n s t char ∗ e r rmsg )
5 : s t d : : e x c e p t i o n ( ) , m_errmsg ( e r rmsg )
6 { /∗ . . . ∗ / }
7 ~ E x c e p t i o n L o c k i n g ( ) throw ( ) { /∗ . . . ∗ / }
8 v i r t u a l c o n s t char∗ what ( ) c o n s t throw ( ) {
9 re turn m_errmsg . c _ s t r ( ) ;

10 }
11 } ;
12

13 s t r u c t Locking : p u b l i c FILE_LOCK {
14 bool operator ( ) ( c o n s t char ∗ p a t h ) {
15 i f ( ! l o c k e d ) {
16 i f ( l o c k ( p a t h ) < 0)
17 throw E x c e p t i o n L o c k i n g ( " l o c k ( ) f a i l e d " ) ;
18 } e l s e {
19 i f ( un lo ck ( p a t h ) < 0)
20 throw E x c e p t i o n L o c k i n g ( " un l oc k ( ) f a i l e d " ) ;
21 }
22 re turn l o c k e d ;
23 }



206 Chapter 8. Code Generation Methodologies

24 } ;
25

26 i n t main ( i n t argc , char ∗∗ a rgv ) {
27 Locking l o c k I n s t a n c e 0 1 ;
28

29 t r y {
30 bool s t a t e = l o c k I n s t a n c e 0 1 ( " F i l e I n f o r m a t i o n . cpp " ) ;
31 } catch ( E x c e p t i o n L o c k i n g & ex ) {
32 s t d : : c o u t << " Locking f a i l e d : " << ex . what ( ) << s t d : : e n d l ;
33 }
34

35 / / . . . do s o m e t h i n g !
36

37 t r y {
38 bool s t a t e = l o c k I n s t a n c e 0 1 ( " F i l e I n f o r m a t i o n . cpp " ) ;
39 } catch ( E x c e p t i o n L o c k i n g & ex ) {
40 s t d : : c o u t << " Locking f a i l e d : " << ex . what ( ) << s t d : : e n d l ;
41 }
42 }

Listing 8.12: Code-mapping for locking/unlocking files.

«Action» & type=#FileHandling and its Code-Mapping

Fig. 8.11 and Fig. 8.12 show how UML modelling can be realised when
UML4BOINC’s «Action» and type=#FileHandling are used. «Action»’s charac-
teristic is specified by the input pin mode; it states how many input pins can exist
in one action. The notes in Fig. 8.11 and Fig. 8.12 describe the modes with one
and two additional input pins. These actions and individual characteristics can be
directly transformed into C++-implementations. Table 8.2 shows the related map-
ping of mode’s value to the suitable BOINC API-call. This is a trivial approach
and some modes can need more specific implementation, e.g. the mode Open can
be used for virtual filenames or/and for filenames with immediate access. In case
the filename is a virtual name, it is necessary to resolve the physical filename. List-
ing 8.13 shows a general approach for file opening. Various problems can arise
when the file is in a specific file format, e.g. it is a ZIP-archive and the opening
differs from these approaches. Opening approaches can be handled directly by the
code-generation or implemented in the OOP abstraction layer (Section 8.5). In
this regard, code-generation is mostly a tool-specific task and can be handled in
different ways.

1 s t d : : s t r i n g i n p u t D a t a I n ;
2 b o i n c _ r e s o l v e _ f i l e n a m e _ s ( pa th , i n p u t D a t a I n ) ;
3 i n t r e s = b o i n c _ f o p e n ( i n p u t D a t a I n , f i l e m o d e ) ;

Listing 8.13: General code-implementation for file opening.
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Figure 8.11: «Action» for file handling with two parameters.

Figure 8.12: «Action» for file handling with three parameters.

Mode BOINC’s Function Call
one additional input pin

Touch int res = boinc_touch_file (path) ;

Delete int res = boinc_delete_file (path) ;

Mkdir int res = boinc_mkdir(path) ;

Rmdir int res = boinc_rmdir(path) ;

Cleandir int res = clean_out_dir (path) ;

two additional input pins
Copy int res = boinc_copy(path , newpath);

Chown int res = boinc_chown(path, owner);

Rename int res = boinc_rename(path, newpath);

Open FILE ∗res = boinc_fopen(path , filemode) ;

Table 8.2: Mapping of UML to BOINC’s API.

«Action» & type=#TrickleDown and its Code-Mapping

Trickle-messages which are received on the client-side are not handled immedi-
ately. The scientific application is responsible for collecting all trickle-messages;
for this reason UML’s AcceptEventAction [125, Section 12.4] is not used. The
collection process can be performed in the first region of the state machine as in
Fig. 7.2. The trickle-messages are provided by the output pin of «Action». List-
ing 8.14 shows the receiving of trickle-messages and a suggestion for handling
them.
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1 char t r i c k l e F i l e n a m e [ 3 2 ] = { ’ \ 0 ’ } ;
2 i n t r e t v a l = b o i n c _ r e c e i v e _ t r i c k l e _ d o w n ( t r i c k l e F i l e n a m e , 32) ;
3 FILE ∗ t r i c k l e F i l e = b o i n c _ f o p e n ( t r i c k l e F i l e n a m e , " r " ) ;
4 i f ( t r i c k l e F i l e ) {
5 / / / ( 1 ) read i n t h e t r i c k l e −message c o n t e n t
6 / / / ( 2 ) p a r s e t h e c o n t e n t
7 / / / ( 3 ) c r e a t e a s p e c i f i c T r i c k l e M e s s a g e i n s t a n c e
8 / / / and f i l l t h i s i n s t a n c e w i t h c o n t e n t o f t h e message
9 }

Listing 8.14: Approach of how the trickle-message handlers can be implemented on the
client-side.

«TrickleUp» and its Code-Mapping

Fig. 8.13 shows UML4BOINC’s stereotype «TrickleUp» for sending trickle-
messages from every host to a BOINC project. Generally, this stereotype can only
be used by clients. Listing 8.15 shows an example of how the stereotype can be
implemented. A vector container for storing string values is defined in the first line.
This container provides the planned content of the trickle-message which is created
in lines 5-10. The sending itself is performed in line 11. The stereotype does not
provide an output pin for handling the return value of the sending function. Thus,
it is checked in order to enable error treatment. However, the reception of trickle-
messages and their handling on the server-side require more work (Section 8.10).
Thus, the content of the trickle-message must be parsed and handled individually.
Section 6.11 describes the trickle-message stereotypes in more detail.

Figure 8.13: Code-mapping for UML4BOINC’s «TrickleUp».

1 s t d : : v e c t o r < s t d : : s t r i n g > m e s s a g e F i e l d s ;
2 /∗ . . . f i l l m e s s a g e F i e l d s w i t h da ta ! ∗ /
3 i f ( m e s s a g e F i e l d s . s i z e ( ) >= 3) {
4 char msgUp [ 1 0 2 4 ] = { ’ \ 0 ’ } ;
5 s n p r i n t f ( msgUp , 1024 ,
6 "< to >%s </ to > \ n<from>%s </ from >\ n<msg>%s </ msg >\ n " ,
7 m e s s a g e F i e l d s [ 0 ] ,
8 m e s s a g e F i e l d s [ 1 ] ,
9 m e s s a g e F i e l d s [ 2 ]

10 }
11 i n t r e t = b o i n c _ s e n d _ t r i c k l e _ u p ( ( char ∗ ) v a r i e t y , msgUp ) ;
12 i f ( r e t ) {
13 / / / Error−hand l ing , t h r o w i n g o f an e x c e p t i o n , s o m e t h i n g e l s e . . .
14 }

Listing 8.15: Code-implementation example for trickle-message sending on the client-side.
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Figure 8.14: Code-mapping for UML4BOINC’s «Timing».

«Timing» and its Code-Mapping

Periodically executed function-calls can be implemented in a scientific application,
e.g. to calculate an average value or to handle input-/output calls. BOINC pro-
vides a mechanism which enables adding of specific functions. Accordingly, a
function can be used as callback-function by BOINC’s internal. UML4BOINC
specifies «Timing» in order to add several different function calls as shown in
Fig. 8.14. Only «Timing» has to be added to BOINC’s callback mechanism. List-
ing 8.16 shows what the generated code of Fig. 8.14 can look like. The first three
lines are dummy implementations and can be replaced by more complex action
flows. The last execution is compared to its individual delay (Section 6.6.23)
value (Line 5) by timingFunction. When the current time is less than the
last timingMoments value plus the timingDelays value, then the action is
executed. This implementation approach does not allow execution of the three
functions in an orthogonal way. It depends on the code-generation facilities which
are provided by tool-vendors. Finally, the timingFunction has to be registered
for execution within BOINC’s runtime environment and is performed in line 29.

1 void C h e c k p o i n t i n g ( ) { /∗ . . . ∗ / }
2 void c a l c u l a t e A v e r a g e ( ) { /∗ . . . ∗ / }
3 void c a l c u l a t e M e d i a ( ) { /∗ . . . ∗ / }
4

5 i n t t i m i n g D e l a y s [ ] { 15 , 5 , 30 } ;
6 i n t t imingMoments [ ] { 0 , 0 , 0 } ;
7 FUNC_PTR t i m i n g F u n c t i o n s [ ] {
8 C h e c k p o i n t i n g , c a l c u l a t e A v e r a g e , c a l c u l a t e M e d i a
9 } ;

10

11 void t i m i n g F u n c t i o n ( ) {
12 s t a t i c bool f i r s t R u n = t rue ;
13 i f ( f i r s t R u n ) {
14 f o r ( i n t i =0 ; i <3 ; i ++)
15 t imingMoments [ i ] = t ime (NULL) ;
16 f i r s t R u n = f a l s e ;
17 }
18 f o r ( i n t i =0 ; i <3 ; i ++) {
19 i n t t imeEdge = timingMoments [ i ] + t i m i n g D e l a y s [ i ] ;
20 i f ( t imeEdge > t ime (NULL) )



210 Chapter 8. Code Generation Methodologies

21 c o n t i n u e ;
22 ( t i m i n g F u n c t i o n s [ i ] ) ( ) ;
23 t imingMoments [ i ] = t ime (NULL) ;
24 }
25 }
26

27 i n t main ( i n t argc , char ∗∗ a rgv ) {
28 b o i n c _ i n i t ( ) ;
29 b o i n c _ r e g i s t e r _ t i m e r _ c a l l b a c k ( t i m i n g F u n c t i o n ) ;
30

31 / / Keeps t h e a p p l i c a t i o n r u n n i n g . . .
32 f o r ( i n t i =0 ; i <600; i ++) s l e e p ( 1 ) ;
33 }

Listing 8.16: Code-implementation example for «Timing» & «TimingFlow» and their
embedded actions.
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«WaitForNetwork» and its Code-Mapping

Listing 8.17 shows an approach of how «WaitForNetwork» can be implemented.
The structural feature is directly created in lines 2-11. Fig. 8.15 shows the two
outgoing transitions. The true-guarded transition is implemented by lines 14-17,
and the false-guarded by lines 19-22.

Figure 8.15: UML4BOINC’s «WaitForNetwork» to query network connectivity.

1 / / / S t a r t : <<WaitForNetwork >>
2 # d e f i n e TRIES 10
3 b o i n c _ n e e d _ n e t w o r k ( ) ;
4 bool n e t a v a i l a b l e = f a l s e ;
5 f o r ( i n t _ t r y =0; _ t r y < TRIES ; _ t r y ++) {
6 i f ( b o i n c _ n e t w o r k _ p o l l ( ) ) {
7 n e t a v a i l a b l e = t rue ;
8 } e l s e {
9 n e t a v a i l a b l e = f a l s e ;

10 }
11 }
12 / / / End : <<WaitForNetwork >>
13

14 i f ( n e t a v a i l a b l e ) {
15 / / / T r a n s i t i o n : [ t r u e ]
16 /∗ . . . do s o m e t h i n g on t h e ne twork c o n n e c t i o n ! ∗ /
17 s t d : : c o u t << " NETWORK" << s t d : : e n d l ;
18 } e l s e {
19 / / / T r a n s i t i o n : [ f a l s e ]
20 /∗ . . . do s o m e t h i n g when no ne twork i s a v a i l a b l e ! ∗ /
21 s t d : : c o u t << " NO NETWORK" << s t d : : e n d l ;
22 }

Listing 8.17: Code-implementation example for «WaitForNetwork» to query network
connectivity.

8.6 Services

Services are only present on the server-side of a BOINC project (Section 6.5.13).
When they should be used by a BOINC project, it needs information about the in-
dividually added services: firstly, the location of the executable, its parameters for
starting, and whether it is enabled or disabled; secondly, the application itself has to
be implemented or a pre-implemented version has to be installed. Fig. 8.16 shows
how these parts can be modelled with Visu@lGrid [184] diagrams (Section 6.4).
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The services are modelled within the (1) Infrastructure and (2) Application dia-
grams; in case the service is a task the (3) Timing diagram is also relevant. The
Task db_dump (1.1) is relevant in the following and these three diagrams enable
the specification of the task configuration and implementation. Listing 8.18 shows
the result of the generation process. Listing C.15 includes an excerpt of the relevant
code-generation functionality of Visu@lGrid.

1 < t a s k s >
2 < t a s k >
3 <cmd>db_dump −d 2 −dump_spec . . / db_dump_spec . xml < / cmd>
4 < o u t p u t >db_dump . out < / o u t p u t >
5 < p e r i o d >6 hours < / p e r i o d >
6 < hos t > lmboinc−t a s k s < / hos t >
7 < d i s a b l e d >0 </ d i s a b l e d >
8 </ t a s k >
9 </ t a s k s >

Listing 8.18: BOINC’s XML configuration for the BOINC task db_dump.

Figure 8.16: Visual modelling for the specification of BOINC services; the service config-
uration and implementation is generated next by use of UML4BOINC’s code-generation
approaches.
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8.6.1 Visu@lGrid for BOINC

The tree-view situated on the left in Fig. 8.16 is based on UML4BOINC’s speci-
fication. The following mapping is performed between Visu@lGrid’s tree-view of
Fig. 8.16 and Listing 8.18:

Line 2-8: Only Tasks which are part of a host are recognised. Every Task is em-
bedded in the XML-block tasks with an individual XML-block task.

Line 3: This command is modelled by the Application diagram and can possess
every action, i.e. position (2) of Fig. 8.16. The Task is modelled by an
activity, exhibits one initial and final node, two transitions and the action for
db_dump. A link which associates Task’s execution location with the relevant
implementation is created between the Infrastructure diagram (position (1))
and the activity, i.e. the host of the Task has to be executed as in line 6 of
Listing 8.18.

Line 4: This value describes a tag-value of the Task element (Section 6.12), i.e. the
sub-element db_dump of the tree-view element (D) Application. In particular
it is specified by (D) Timing → 6 hours delay → UMLTimeEvent.

Line 5: The period is specified by the Timing diagram at position (3).

Line 6: The host of the executed Task is specified by the Infrastructure diagram.

Line 7: When a Task is enabled or disabled, it is specified by the tag-value state of
«EventFlow» and within the Timing diagram at position (3) (Section 6.12.1).

This approach is used for all BOINC services with the exception that no modelling
is necessary for the Timing diagram or for standard BOINC services such as the
Feeder or Transitioner.

8.7 Work
BOINC’s work processing is based on a small state-chain, namely start → cre-
ation → processing → validation → assimilation → end. Section 7.4 explains how
the UML4BOINC stereotypes are applied in order to abstract this state-chain by a
well-defined UML approach. Most of the tag-values of the stereotypes «Worku-
nit», «Input» and «Output» are directly mapped to XML-configurations as shown
in Listings 7.1 and 7.2. The file descriptions are based on the association datafield
(Section 6.8) and this information is used to generate the structural parts of the
workunits. The other stereotypes in the Work package create the behaviour of
the workunit handling process and analyse how the input and output files have



214 Chapter 8. Code Generation Methodologies

to be used. Listing C.12 shows the relevant C++-implementation for verifying
UML4BOINC’s workunits stereotypes and semantics. The semantic model of this
implementation is based on the UML4BOINC specification and subsequently gen-
erated by the generation process (Section 8.3). The implementation shows that the
handling of workunits is separated into different areas:

Lines 130-165: The specification of one or more series,

Lines 168-197: the specification of datafields of workunits,

Lines 199-308: the specification of how individual workunits are structured,

Lines 310-346: which files of previous series are used by additional series,

Lines 348-371: that the series/workunits have to be created when the workunit
handling process has started for the first time,

Lines 373-403: an iteration over all workunits and series to check whether they
are completely finished and

Lines 414-529: when previous series/workunits are finished, series/workunits
arise and need to be created and performed until they are finished.

Fig. 8.17 shows how series and workunits can be modelled by a visual approach
provided by Visu@lGrid [184]. Different series can be created within the Work (1).
Every series contains a direct description of the workunit used and the input and
output files. In this example the input file lmboinc.xml has four datafields to set-up
the runtime parameter for the computation. The visualisation (2) shows the series
with two input files and one output file. images.zip is a physical file which can
be added manually or dynamically in this case and by the use of «InterfaceData-
Source» (Section 6.9.3). The visual representation does not support this feature in
the current version3, i.e. it only supports the hard-coded link to a physical file at
this stage. (3) and (4) show how the relation between the first four series and a fifth
series can be described with Visu@lGrid. The output files of the series s1 to s4 are
used as individual input files for the series s5. After the processing of the fifth se-
ries, the computational result is stored in result.zip of s5. The location is specified
by the Infrastructure diagram and influenced by the association of the Assimilator
to the destination storing place. Fig. 8.16 has an Assimilator with two specified tar-
gets: (a) dstValid and (b) dstFailed. When the computation of the workunits fails,
it stores the results at dstFailed (long name is “destination Failed”) but when they
are validated correctly they are stored at srcValid (long name is “source Valid”).

3Version 0.2 alpha
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The implementation of the Validator and Assimilator is not performed in the
Work but in the Application diagram. When an individual implementation or han-
dling of workunits is necessary, then the series/workunits have to be modelled first.
As a consequence, it is possible to possess a context sensitive menu within the
application diagram which presents all specified input files and datafields automat-
ically. The Validator and Assimilator code-generation approaches are shown in
Sections 8.8 and 8.9.

Figure 8.17: Visual modelling for the specification of BOINC workunits; The Series and
the relation among themselves can be modelled with associations between input and output
files.

8.8 Work Validation
Workunit specifications state, on the one hand, how output files have to be opened
and, on the other, how the «InterfaceValidate» can be used. «InterfaceValidate»
provides access to the output files for validation processes. Thus, the interface
«InterfaceDataset» provides an universal way to open these output files. BOINC’s
validation framework exists on a high-level and low-level abstraction [91, Sec-
tion 9.3]. This thesis covers only the high-level abstraction which is based on three
steps: (i) initialisation, (ii) comparing, and (iii) cleanup. Only the second step
has to be filled with functionality for a successful validation. As shown in List-
ing 8.19, the result has to be stored in the fifth parameter: (a) false or (b) true,
i.e. the computational result is not valid or is valid. The first and second and third
and fourth parameters are used to handle the result files and result raw datasets.
Fig. 8.18 shows how Listing 8.19 can be modelled in UML by use of a UML Ac-
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tivity. The parameters of the function compare_results are modelled as UML
ParameterNodes. The comparing statement in line 5 is transformed into a UML
DecisionNode and two outgoing transitions with equipment guards. These guards
are the real validation parts and decide whether the computational results are valid
or not, i.e. the output UML ParameterNode is valued with false or true. This
approach can be added to the UML StateMachine and extended by «Validation»
(Section 6.10.7). In particular, Fig. 6.15 presents, on the right-hand side, the possi-
bility to add a user-defined validation process which can be filled by this approach.

1 i n t c o m p a r e _ r e s u l t s (RESULT & r1 , void ∗ da ta1 ,
2 RESULT & r2 , void ∗ da ta2 ,
3 bool & match )
4 {
5 match = ( r1 . cpu_ t ime >= 10 && r2 . cpu_ t ime >= 10) ;
6 re turn 0 ;
7 }

Listing 8.19: Part of BOINC’s high-level validation framework.

Figure 8.18: Part of BOINC’s high-level validation framework in UML.

8.9 Work Assimilation
«InterfaceAssimilate» can be used for the assimilation of computational re-
sults (Section 6.9.1). It provides access to output files and then enables interface
«InterfaceDataset» to open the output files. BOINC’s assimilation framework pro-
vides a function which has to be filled with assimilation routines, i.e. by use of
the standard implementation (Section 5.3.6) or custom specification for how out-
put files and results have to be stored. Generally, BOINC’s framework provides
two targets for storing: (i) storing in a specific file-directory and (ii) storing in a
database (Section 5.2). The destination for storing is specified within the code-
generation process and by the Infrastructure diagram. The infrastructure specifi-
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cation contains an «Assimilator» which can be extended by ports in order to use
file-directories or database tables for storing.

8.10 Asynchronous Messages
This section gives an example of how asynchronous-messages can be transformed
into code and by use of the relevant UML4BOINC stereotypes (Section 6.11).
When asynchronous-messages are used on both sides, the message handling must
be enabled in any case on the server- and client-side. Listing 8.20 shows the config-
uration necessary for the server-side and Listing 8.21 the BOINC API-calls for the
client-side. The handling of trickle-messages is activated during the initialisation
of the scientific application when on the client-side, i.e. the relevant option settings
can be performed in the state “Initialization” (Section 7.3).

1 <boinc >
2 < c o n f i g >
3 . . .
4 < m s g _ t o _ h o s t s / >
5 . . .
6 </ c o n f i g >
7 < t a s k s > . . . </ t a s k s >
8 <daemons > . . . </ daemons >
9 </ boinc >

Listing 8.20: XML-sequence for activating asynchronous-message handling on the server-
side.

1 i n t main ( i n t argc , char ∗∗ a rgv ) {
2 BOINC_OPTIONS o p t i o n s ;
3 o p t i o n s . h a n d l e _ t r i c k l e _ u p s = t rue ;
4 o p t i o n s . h a n d l e _ t r i c k l e _ d o w n s = t rue ;
5 i n t r e t u r n V a l u e = b o i n c _ i n i t _ o p t i o n s (& o p t i o n s ) ;
6 . . .
7 }

Listing 8.21: BOINC’s API-calls to enable asynchronous-message handling on the client-
side.

8.10.1 Server-Side Handling

BOINC provides a default implementation for the handling of asynchronous-
messages, i.e. an exemplary service which receives messages and sends them
back to the sender; a kind of ping-pong system. This exemplary applica-
tion iterates over a BOINC database table and queries unhandled asynchronous-
messages. The queried messages are processed by a specific function and therefore
named handled_trickle(DB_MSG_FROM_HOST&) (HT). The parameter is
the database entry and contains information about the sender and the message sent,
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Figure 8.19: Instantiation of the UML4BOINC stereotypes for asynchronous-messages.

Figure 8.20: Asynchronous-messages between BOINC users and a BOINC project.

which is text-based. Fig. 8.19 shows how an asynchronous-message is specified
by UML4BOINC. «TrickleMessage» specifies a chat message and contains one
message value which is defined by three additional datafields: (i) to, (ii) from,
and (iii) msg. This chat message has one receiver: C.B.Ries. The specification
is not always available during runtime. Chat messages are transmitted primarily
from users; the specification does not possess any association to receivers at this
moment, only textual information about the planned receivers. The association
is created on the server-side when message receivers are queried from the user
database of a BOINC project. Fig. 8.20 shows this detail from another viewpoint.
One user transmits the «TrickleMessage» 1: chatMessage01 to the BOINC project.
The message contains only a description of the targeting message’s receivers. The
«TrickleMessage» 1.1: chatMessage02 has a different format. messageFields has
modified the information into absolute information for the targeting receiver. The
replacement of the targeting receiver information needs to be handled on the server-
side. Additional UML Actions can be specified for this case. These actions are not
defined in this thesis. Listing 8.22 shows the pseudocode of the relaying mecha-
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nism for chat messages on the server-side. The full C++-implementation is shown
in Listings C.16 to C.18. Information for the received message is filtered: (i) the
sender host, (ii) the sending user, and (iii) the names of the target users. The re-
ceived message is parsed into the format for the targeting users in the next step.
Thus, the message is sent to all hosts of a user and accordingly to every workunit.
As a matter of fact, BOINC’s asynchronous-messages need information about the
workunit and which message has to be handled. When a message shall target a spe-
cific user, the sender can not forsee when and where it will be read by the receiver.
Accordingly, the server sends it to all workunits.

1 h a n d l e _ t r i c k l e (MSG_FROM_HOST& mfh ) {
2 hostFrom = HOST( mfh )
3 userFrom = USER( mfh )
4 u s e r s T o = USERS( mfh )
5

6 m = MAP_RECEIVED_MSG_TO_SEND_MSG( mfh )
7

8 do u s e r = Send_Message_ to_Users ( u s e r s T o )
9 do w o r k u n i t = Send_Message_to_Workuni t ( u s e r )

10 SEND_MESSAGE( workun i t , m)
11 done
12 done
13 }

Listing 8.22: Pseudocode for the transfer of chat messages between users.

Listing 8.22 shows how little UML Action is needed in order to implement the
pseudocode. It requires five actions and additional structural activities, i.e. a for-
loop or do-while loop can be used to iterate over all users and workunits. Fig. 8.21
shows how this can be realised through UML. The received message is specified as
a UML ObjectNode and used as input value for the three UML Actions: (i) HOST,
(ii) USER and (iii) USERS. The first two are not used in this example. The third
action is used in order to filter all users and query the information from the database.
The user information is parsed to the first iterative element which consequently
iterates over all users. The individual users are parsed to the second iterative; it
enables iteration over all workunits of the specific users. Finally, a pre-parsed
message is sent to a specific user’s workunit.

8.10.2 Handling on the Client-Side

The handling of asynchronous-messages is less complex on the client- than on the
server-side. The client only receives and transmits messages from and to a BOINC
project. It must not query any other information from a database. The Transmission
of asynchronous-messages is provided by «TrickleUp» (Section 6.6.25) and the
reception is supplied by «Action» (Section 6.6.1). These two stereotypes can be
combined. The handling of asynchronous-messages is introduced in Section 7.3
and the complete implementation is shown in Listing C.18.
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Figure 8.21: UML modelling for the handling of asynchronous-messages on the server-
side.

8.11 Summary
This chapter presented a code-generation approach for the transformation of
UML4BOINC’s stereotypes into an implementation. At first, different code-
generation approaches have been introduced, followed by examples of language
recognition with ANTLR and how this is realised within this thesis. Subsequently,
the direct transformation of models into executable code demonstrates how an
Abstract-syntax Tree (AST) can be used for code-generation. In addition, it has
been exemplified how a semantic model can be generated automatically through
a specific Domain-specific Modelling Language (DSML). Accordingly a DSML –
named after its author – Ries StateMachine (RSM) has been introduced; it enables
the creation of a state machine which is based on a scientific application. Secondly,
an object-orientated abstraction of BOINC’s API has been presented briefly. All
covered approaches and technologies are combined in order to establish a code-
generation process which is used in the case study in Chapter 9. However, the
code-generation transformation is not based on strict rules. Developers can decide
how they implement its BOINC parts and scientific applications. The automatic
checking of the OCL constraints did not occur in the code-generation approaches
and within the implementations, because it is part of the future work.
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CHAPTER 9

Case Studies

As a rule, software systems do not work
well until they have been used, and have
failed repeatedly, in real applications.

DAVE PARNAS

9.1 Introduction
This chapter presents two case studies: (1) Spinhenge@home [22, 70, 165] in Sec-
tion 9.2 and (2) LMBoinc [54, 186] in Section 9.3. The first study is only used
in order to present how the code generation process is created and put in prac-
tice during this research. The second study introduces Visu@lGrid [184, 185] (see
Section 8.6) which provides a graphical way for describing scientific applications.

9.2 Spinhenge@home
Spinhenge@home [165] has been established by Thomas Hilbig [70] and is a
distributed computing project based on BOINC; it performs extensive numerical
simulations concerning the physical characteristics of magnetic molecules. Spin-
henge@home is a project of the Bielefeld University of Applied Sciences, the De-
partment of Electrical Engineering and Computer Science and established in coop-
eration with the University of Osnabrück in Germany and Ames Laboratory in the
USA. The project began testing on September 1, 2006. It employs the Metropo-
lis Monte Carlo algorithm in order to calculate and simulate spin dynamics in
nanoscale molecular magnets [168, Spinhenge@home]. However, in future these
molecules will be used in localised tumour chemotherapy and developing of tiny
memory-modules. As stated by C. Schröder with regard to the “recent careful mag-
netic measurements of the Fe30 [22] molecule done at the Ames Laboratory, some
strange features have been observed. They could not have been detected before-
hand because it requires a sophisticated technique in order to perform such mea-
surements. [For understanding these features, C. Schröder’s team] has proposed
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Figure 9.1: Spinhenge@home’s input and output files dependencies; it needs four input
files: (1) metropolis_data.xml, (2,3,4) a *.jj, *.nn, and a *.ww file, after suc-
cessful execution one output file is created: metropolis_out.erg.

a new model description which takes small deviations from the ideal icosidodeca-
hedron [170] molecule structure into account; it maps the structure onto the intra-
molecular interaction scenario. However, there is one unknown parameter which
needs to be determined by subsequent comparison with the experimental data.”

9.2.1 Codebase
In the beginning of the research for this thesis, the available Spinhenge@home’s
sources have been used as a base for proving that an object-orientated abstraction
of BOINC’s Application-programming interface (API) enables a compact way for
implementing an own scientific application. Thus, Spinhenge@home’s scientific
application, the so-called “metropolis”, requires four input files:

metropolis_data.xml This file contains the runtime configuration, e.g. the
total number of Monte Carlo cycles or the number of spins of nanoscale
molecular magnets.

*.jj Each line of this file contains a data sequence which describes the number
of the nearest neighbour shells within a molecular magnet.

*.nn Each line of this file specifies the properties of the nearest neighbour shell.
The file extension .nn denotes this, i.e. the nearest neighbour.

*.ww Each line of this file specifies the exchange interaction between the spins of
a shell.

After the successful completion of the metropolis, the file
metropolis_out.erg has been generated and contains the computation
result. Fig. 9.1 visualises the input files and the output file dependencies.



9.2. Spinhenge@home 225

9.2.2 3 Steps to Success
The code generation process is based on three steps. Fig. 9.2 illustrates these
steps. On the left-hand side, an instance of ScienceApp has to be implemented
in order to provide a code for generating a Ries Statemachine (RSM) description
file. Section 9.2.4 presents an example for using ScienceApp. After compiling
and calling the ScienceApp description, a new RSM file has been generated;it
contains the state machine for supporting UML4BOINC’s fundamental UML state
machine which is introduced in Section 7.3. Within this case study the file of
that state machine has been named SpinhengeAtHome_main.rsm and in the
background and on the right-hand side, an excerpt of this file is shown. Listing C.9
on page 273 contains the complete example.

Next, the external tool umlstatemachine [183] — an implementation
by the author of this thesis — is used for transforming the RSM description to a
C++ implementation. The background of Fig. 9.2 presents an excerpt of this new
file, whereas Listing C.10 contains the full C++ code. The described steps are the
following:

Step 1 Implementation of a specific ScienceApp description.

Step 2 Compilation and call of the ScienceApp for generating the RSM de-
scription file.

Step 3 Transformation of the RSM description file into a C++ implementation
which can be henceforth compiled and called.



226 Chapter 9. Case Studies

Figure 9.2: Three steps of creating Spinhenge@home’s scientific application by help of
a code generation process: (1) implementing of a specific ScienceApp description,
(2) compiling and calling of the ScienceApp for generating the RSM description file,
and (3) transforming of the RSM description to a C++ implementation.
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9.2.3 Porting of the Codebase

The source code of Spinhenge@home’s scientific application is closed. The fol-
lowing sections deal solely with the middleware layer which is provided by lib-
ries [185] — a software library by the author of this thesis. As introduced in Sec-
tion 8.2.1, the code-generation process uses a semantic-model library implemented
in C++ and three modelling approaches: (1) a Domain-specific Modeling Lan-
guage (DSML), (2) a C++-Model, and (3) a Visual-Model. Not all of these three
approaches have been used from the beginning of the research. Firstly, all models
have been implemented manually as a direct C++-Model. The Spinhenge@home
version 3.12 has been adopted for Linux systems and extended by an object-
orientated middleware abstraction layer. Section 8.5 describes this abstraction layer
in detail. By using the object-orientated layer, only the method for executing the
working process has to be implemented. Listing 9.1 and 9.2 contain the special-
isation SpinhengeAtHomeImpl of the base class SpinhengeAtHome; only
the doWork-method has been implemented and calls the computation of Spin-
henge@home’s Metropolis Monte Carlo computation. Lines 33–38 create an in-
stance of SPIN_METROPOLIS_MC_BASE, call its Monte Carlo computation and
finally delete the created instance. Fig. 9.3 visualises the implemented code struc-
ture.

1 # pragma once
2 # i f n d e f __SPINHENGEATHOME_WORK_IMPL_H__
3 # d e f i n e __SPINHENGEATHOME_WORK_IMPL_H__
4

5 / / G e n e r a t e d
6 # i n c l u d e < s p i n h e n g e a t h o m e _ c o n t r o l l e r . h>
7

8 c l a s s SpinhengeAtHomeImpl : p u b l i c SpinhengeAtHome
9 {

10 p u b l i c :
11 vo id doWork ( ) ;
12 } ;
13

14 # e n d i f

Listing 9.1: Implementation of the specialisation SpinhengeAtHomeImpl of the
base class SpinhengeAtHome for calling Spinhenge@home’s Metropolis Monte Carlo
computation.

In the first lines of the doWork-method within Listing 9.2 the input and output
files of the computation are defined. The used names describe virtual files which
are by BOINC mapped to the physical files (see Section 5.3.7). The controller
instance in line 10 is used by the state machine (see Section 9.2.4) for accessing
the input and output files, and for controlling the application behaviour during ex-
ecution, e.g. requests for stopping the execution are fetched by the state machine,
filtered and forwarded to the controller. Between the lines 28 and 43 an excerpt
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of Spinhenge@home’s legacy-code is shown and executes the closed source part
of Spinhenge@home’s scientific application. Section 9.2.5 discusses the runtime
behaviour of the state machine in more detail.

1 / / C
2 # i n c l u d e < s t d i o . h>
3

4 / / I m p l e m e n t a t i o n
5 # i n c l u d e <SpinhengeAtHome_work_impl . h>
6

7 / / Spinhenge@home , o r i g i n a l code by Thomas H i l b i g .
8 # i n c l u d e < s p i n _ m o n t e _ c a r l o . h>
9

10 b o o s t : : s h a r e d _ p t r < C o n t r o l l e r > c o n t r o l l e r
11 = b o o s t : : make_shared <SpinhengeAtHomeImpl > ( ) ;
12

13 vo id SpinhengeAtHomeImpl : : doWork ( )
14 {
15 Ri es : : BOINC : : F i l e D e c l f i 1 = i n p u t F i l e s ( ) [ " m e t r o p o l i s _ d a t a . xml " ] ;
16 Ri es : : BOINC : : F i l e D e c l f i 2 = i n p u t F i l e s ( ) [ " param . j j " ] ;
17 Ri es : : BOINC : : F i l e D e c l f i 3 = i n p u t F i l e s ( ) [ " param . nn " ] ;
18 Ri es : : BOINC : : F i l e D e c l f i 4 = i n p u t F i l e s ( ) [ " param .ww" ] ;
19

20 Ri es : : BOINC : : F i l e D e c l fo = o u t p u t F i l e s ( ) [ " m e t r o p o l i s _ o u t . e r g " ] ;
21

22 i f ( f i 1 == NULL | | f i 2 == NULL | | f i 3 == NULL | | f i 4 == NULL)
23 {
24 s t d : : c e r r << " Could n o t f i n d f i l e s : ∗ . xml , ∗ . [ j j , nn ,ww] " << s t d : : e n d l ;
25 h a n d l e r ( )−> f i n i s h e d ( 1 ) ;
26 }
27

28 / / Begin o f t h e m o d i f i e d l egacy−code !
29 f p r i n t f ( s t d e r r , "−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n " ) ;
30 f p r i n t f ( s t d e r r , " worker : s t a r t i n g c a l c u l a t i o n . . . \ n " ) ;
31 f p r i n t f ( s t d e r r , "−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n " ) ;
32

33 SPIN_METROPOLIS_MC_BASE ∗mc = new SPIN_METROPOLIS_MC_BASE(
34 f i 1 , f i 2 , f i 3 , f i 4 , fo
35 ) ;
36 mc−>m o n t e _ c a r l o _ c l i e n t ( ) ;
37

38 d e l e t e ( mc ) ;
39

40 f p r i n t f ( s t d e r r , "−−−−−−−−−−−−−−−−−\n " ) ;
41 f p r i n t f ( s t d e r r , " worker : f i n i s h e d ! \ n " ) ;
42 f p r i n t f ( s t d e r r , "−−−−−−−−−−−−−−−−−\n " ) ;
43 / / End of t h e m o d i f i e d l egacy−code !
44 }

Listing 9.2: Implementation for calling the closed source implementation of
Spinhenge@home’s scientific application.
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Figure 9.3: Class-hierarchy of Spinhenge@home’s scientific application. The pack-
age Ries::BOINC is provided by libries [185]. The class MVC::Controller
is specialised by SpinhengeAtHome which itself is generated by the state ma-
chine part in Section 9.2.4 and is specialised by SpinhengeAtHomeImpl. The
real implementation of the scientific application is provided by the doWork-method of
SpinhengeAtHomeImpl. In this first proving version it is implemented manually. On
the bottom of this figure, the SpinhengeAtHomeStateMachine is presented and the
note includes a listing of the generated state machine code (see Section 9.2.4 and Sec-
tion C.3).
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9.2.4 State Machine Support
The previous two Listings 9.1 and 9.2 do not contain a main-function used for
starting the execution. During the compilation process, only object files are created
which do not fulfil the requirements for linking these object files to a full executable
file. In addition, the shape of the execution has to be implemented. Listing 9.3
contains a small set of C++ code which specifies how the code-generation process
has to be executed.

Line 9 declares that the namespace Ries::Generator of libries has to be
used.

Line 13 instantiates a ScienceApp instance which is a code generator for gen-
erating Ries Statemachine (RSM) code.

Lines 16–22 declare the input and output files of the Spinhenge@home’s scientific
application.

Lines 25–39 declare which variables and values have to be stored during the
checkpoint process and which are restored after restarting the scientific ap-
plication.

Lines 42–47 declare which variables and values have to be exchanged between
processes, e.g. a screensaver instance for displaying these specific values.

Line 50 defines where the generated files are stored within the file system and
generates them immediately.

libries contains a code-generator which generates a Ries Statemachine (RSM)
(see Section 8.4) DSL code based on these information.

On page 273, the Listing C.9 contains the generated file; it has to be used
by an additional code-generator named umlstatemachine [183] in order
to generate C++ code. On page 276, Listing C.10 conveys the generated C++
file. This file provides the required main-function for executing the scientific
application.
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1 / / R i e s
2 # i n c l u d e < r i e s / a n t l r / a n t l r . h>
3

4 / / C++
5 # i n c l u d e < i o s t r e a m >
6 # i n c l u d e < v e c t o r >
7 # i n c l u d e < s t r i n g >
8

9 u s i n g namespace Rie s : : G e n e r a t o r ;
10

11 i n t main ( i n t a rgc , c h a r ∗∗ a rgv )
12 {
13 ScienceApp app ( " SpinhengeAtHome " ) ;
14

15 / / I n p u t f i l e s
16 app . a d d I n p u t ( " d a t a . xml " , " m e t r o p o l i s _ d a t a . xml " ) ;
17 app . a d d I n p u t ( " param . j j " , " param . j j " ) ;
18 app . a d d I n p u t ( " param . nn " , " param . nn " ) ;
19 app . a d d I n p u t ( " param .ww" , " param .ww" ) ;
20

21 / / Ou tpu t f i l e s
22 app . addOutpu t ( " r e s u l t . z i p " , " m e t r o p o l i s _ o u t . e r g " ) ;
23

24 / / C h e c k p o i n t d a t a
25 app . a d d C h e c k p o i n t V a r i a b l e ( " c a l c _ f l a g " , 0 ) ;
26 app . a d d C h e c k p o i n t V a r i a b l e ( " n _ s p i n s " , 0 ) ;
27 app . a d d C h e c k p o i n t V a r i a b l e ( " t _ i n d e x _ i n " , 0 . 0 f ) ;
28

29 app . a d d C h e c k p o i n t V a r i a b l e < s t d : : v e c t o r < double > >(" s u m _ s i _ a v e r " , 0 . 0 f ) ;
30 app . a d d C h e c k p o i n t V a r i a b l e < s t d : : v e c t o r < double > >(" s u m _ s i s j _ a v e r " , 0 . 0 f ) ;
31 app . a d d C h e c k p o i n t V a r i a b l e < s t d : : v e c t o r < s t d : : v e c t o r < i n t > > > ( " s0 " , 0 ) ;
32 app . a d d C h e c k p o i n t V a r i a b l e < s t d : : v e c t o r < u n s i g n e d long > >(" mt " , 0 ) ;
33 app . a d d C h e c k p o i n t V a r i a b l e < s t d : : v e c t o r < double > >(" sp in_min " , 0 . 0 f ) ;
34 app . a d d C h e c k p o i n t V a r i a b l e < s t d : : v e c t o r < double > >(" spin_max " , 0 . 0 f ) ;
35

36 app . a d d C h e c k p o i n t V a r i a b l e ( " E " , 0 . 0 f ) ;
37 app . a d d C h e c k p o i n t V a r i a b l e ( " E_2 " , 0 . 0 f ) ;
38 app . a d d C h e c k p o i n t V a r i a b l e ( " p r o g r e s s " , 0 . 0 f ) ;
39 app . a d d C h e c k p o i n t V a r i a b l e ( " mt i " , 0 ) ;
40

41 / / I n t e r −p r o c e s s communica t ion
42 app . a d d I P C V a r i a b l e ( " dou b l e " , " cpuTime " ) ;
43 app . a d d I P C V a r i a b l e ( " dou b l e " , " f r a c t i o n D o n e " ) ;
44 app . a d d I P C V a r i a b l e ( " vo id ∗ " , " a p p I n f o " ,
45 Ries : : G e n e r a t o r : : ScienceApp : : I n f o H a n d l e r ) ;
46 app . a d d I P C V a r i a b l e ( " vo id ∗ " , " i n i t D a t a " ,
47 Ries : : G e n e r a t o r : : ScienceApp : : I n i t D a t a H a n d l e r ) ;
48

49 / / D i r e c t o r y f o r g e n e r a t i n g s o u r c e code .
50 app . g e n e r a t e ( " s r c−gen / " ) ;
51

52 r e t u r n 0 ;
53 }

Listing 9.3: Application for setting-up the Ries Statemachine (RSM) code generator.
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9.2.5 Runtime
After creating Spinhenge@home’s scientific application successfully, it can be
executed manually or by distributing it with BOINC. Listing 9.4 shows the runtime
behaviour when started manually. Section 8.5.1 introduces the used state machine
and Fig. 7.2 visualises it. The naming of the different states has been adjusted,
i.e. all states have a “R” as a first character followed by the state name. As
defined by UML’s state machine, the specification of each state possesses an
State::onEntry() and State::onExit() method call. In case the state
provides an implementation, the method State::activity() is called and
executes its code implementation.

Listing 9.2 contains a handful print messages. The doWork-method is in-
tended to be called within the state Computing (see Fig. 7.2) which is provided
by the SpinhengeAtHomeStateMachine’s state RComputing. As
presented in Listing 9.4, the runtime behaviour can be interpreted as follows

Line 20 The RComputing state is entered.

Line 21 The computation provided by SpinhengeAtHome and
SpinhengeAtHomeImpl (see Fig. 9.3) starts.

Lines 22–27 The print messages of the doWork-method.

Lines 28–36 The computation is working in the background; the checkpointing
and exchanging of information between processes is realised by two addi-
tional threads, as described by the UML state machine in Fig. 7.2.

Lines 37–39 Additional print messages which are written after the computation.

Line 43 The computation is ready and the state RComputing will be leaved.

Lines 44–47 The state machine will be finished and the scientific application will
be exited.
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1 <−− S t a t e : : o n E x i t ( ) R I n i t i a l i z a t i o n
2 −−> S t a t e : : onEn t ry ( ) RReady
3 −−− S t a t e : : a c t i v i t y ( ) RReady
4 <−− S t a t e : : o n E x i t ( ) RReady
5 −−> S t a t e : : onEn t ry ( ) R P r o c e s s i n g
6 −−> P s e u d o S t a t e : : onEn t ry ( ) R S t a r t 0
7 −−> P s e u d o S t a t e : : o n E x i t ( ) R S t a r t 0
8 −−> S t a t e : : onEn t ry ( ) R I d l e R e p o r t
9 −−− S t a t e : : a c t i v i t y ( ) R I d l e R e p o r t

10 −−> P s e u d o S t a t e : : onEn t ry ( ) R S t a r t 1
11 −−> P s e u d o S t a t e : : o n E x i t ( ) R S t a r t 1
12 −−> S t a t e : : onEn t ry ( ) R I d l e C h e c k p o i n t i n g
13 −−− S t a t e : : a c t i v i t y ( ) R I d l e C h e c k p o i n t i n g
14 −−> P s e u d o S t a t e : : onEn t ry ( ) RH2
15 −−> P s e u d o S t a t e : : o n E x i t ( ) RH2
16 −−> S t a t e : : onEn t ry ( ) RReadCheckpoint
17 −−− S t a t e : : a c t i v i t y ( ) RReadCheckpoint
18 −−− S t a t e : : a c t i v i t y ( ) R P r o c e s s i n g
19 <−− S t a t e : : o n E x i t ( ) RReadCheckpoint
20 −−> S t a t e : : onEn t ry ( ) RComputing
21 −−− S t a t e : : a c t i v i t y ( ) RComputing
22 −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
23 worker : s t a r t i n g c a l c u l a t i o n . . .
24 −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
25 −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
26 m c _ c l i e n t s t a r t e d s u c c e s s f u l l y !
27 −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
28 <−− S t a t e : : o n E x i t ( ) R I d l e C h e c k p o i n t i n g
29 −−> S t a t e : : onEn t ry ( ) RCheckpo in t i ng
30 −−− S t a t e : : a c t i v i t y ( ) RCheckpo in t i ng
31 <−− S t a t e : : o n E x i t ( ) R I d l e R e p o r t
32 −−> S t a t e : : onEn t ry ( ) RRepor t ing
33 −−− S t a t e : : a c t i v i t y ( ) RRepor t ing
34 <−− S t a t e : : o n E x i t ( ) RRepor t ing
35 −−> S t a t e : : onEn t ry ( ) R I d l e R e p o r t
36 −−− S t a t e : : a c t i v i t y ( ) R I d l e R e p o r t
37 −−−−−−−−−−−−−−−−−
38 worker : f i n i s h e d !
39 −−−−−−−−−−−−−−−−−
40 <−− S t a t e : : o n E x i t ( ) RCheckpo in t i ng
41 −−> S t a t e : : onEn t ry ( ) R I d l e C h e c k p o i n t i n g
42 −−− S t a t e : : a c t i v i t y ( ) R I d l e C h e c k p o i n t i n g
43 <−− S t a t e : : o n E x i t ( ) RComputing
44 −−> P s e u d o S t a t e : : onEn t ry ( ) R F i n i s h e d
45 −−> P s e u d o S t a t e : : o n E x i t ( ) R F i n i s h e d
46 −−> F i n a l S t a t e : : onEn t ry ( ) R F i n i s h
47 −−− RegionMain i s f i n i s h e d !

Listing 9.4: SpinhengeAtHomeStateMachine’s runtime behaviour.
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9.3 LMBoinc
The following case study manipulates a video stream by basic image processing
algorithms [186, 56, 55]. Fig. 9.4 shows the general idea of this case study and
which video is added by C.B.Ries. The BOINC project is triggered by inotify [181]
and dataAvailable; workunits are created on demand. In addition, it has to be
clear which kind of data format is used during the workunit addition, i.e. ZIP-
archives (ZIPs) are created in this case study. The ZIPs contain image sequences
which are modeled by subsequent implementations. The manipulation algorithms
and the graphical representations implemented and used by Visu@lGrid (Sec-
tion 9.3.1) are mapped into UML4BOINC’s semantics (Section 7.4): (1) the in-
frastructure is described in Section 9.3.3, (2) the computing core in Section 9.3.4
and (3) the creation of workunits in Section 9.3.5.

Figure 9.4: Case study for modifying a movie: C.B.Ries adds a new movie to a server;
running applications prepare this movie and fragment it into image sequences. These im-
ages are thereupon zipped into ZIP-archives. DataSource notifies a BOINC project which
automatically adds all announced workunits to the BOINC project. The addition of one
ZIP-archive to the BOINC project implies four further workunits but with different config-
urations; each «Series» instance has a different mode for computation: normalize, painting,
negate and edge. These workunits are processed and the computational results are used as
an input for the fifth «Series»; again with a changed mode for computation: merge.

9.3.1 Visu@lGrid
Visu@lGrid [184] is an integrated development environment (IDE) which aims to
support UML4BOINC. Fig. 9.5 shows Visu@lGrid and its different parts. In par-
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Figure 9.5: Visu@lGrid with its several parts: (i) the tree-view on the left-hand side, (ii) the
diagram view on the right-hand side and (iii) the attribute setting and the preferences part.
The diagram shows all UML4BOINC diagrams in a multiple document interface (MDI)
view in order to provide simultaneous viewpoints. This figure presents three views which
are relevant for LMBoinc: (1) the infrastructure, (2) the application, and (3) the work
diagram.

ticular, three areas are created within Visu@lGrid: (1) the model tree-view on the
left-hand side, (2) the graphical representation on the right-hand side and (3) a con-
figuration area for setting the attributes of all created items and for enabling the set-
up of connections between elements, i.e. a transition (based on a connection) which
connects two actions in the application diagram. The structure of the tree-view is
based on UML4BOINC, i.e. every diagram specification possesses its own sub-
leafs and graphical representations. As a consequence, six diagrams are available.
The diagrams on the right-hand side are covered in Sections 9.3.3, 9.3.4 and 9.3.5.
The graphical representation and the notation of Visu@lGrid are based on UML.
The stereotype names are not shown in all cases, e.g. «DB» is not shown for a
UML Component extended by «Service». Visu@lGrid does not support the com-
plete UML specification. It is a graphical user interface for handling Visu@lGrid’s
Domain-specific Modeling Language (DSML). Visu@lGrid does not provide the
developer with all tool-support possibilities, e.g. context-aware sub-menus, the
validation of the model and the complete code generation of all parts which are
necessary for BOINC.
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9.3.2 Video Processing

Visu@lGrid is used for the verification of UML4BOINC and supports a handful
of UML4BOINC’s stereotypes. The current version1 provides the modelling of a
specific scenario and the modification for a video stream. Visu@lGrid enables the
modelling of an infrastructure, a scientific application, task configurations and the
creation of workunits. The scientific application handles ZIPs which contain film
sequences. In other words, it fragments a specific video into sequences. These
sequences are packed into several ZIPs and distributed to clients. In addition, ba-
sic image processing algorithms are applied to the sequences; they return to the
BOINC project, become validated and finally assimilated. Some figures of this
case study were already presented in the previous chapters.

9.3.3 LMBoinc’s Infrastructure

Fig. 9.6 shows some UML4BOINC stereotypes in the context of the BOINC project
LMBoinc. Workunits and computational results include ZIPs with a specific num-
ber of sequences; accordingly, the scientific application lmboinc (Fig.9.8) has to
be associated to one matching «Software» in order to make zip available during
runtime. LMBoinc describes the whole BOINC project at that time and thereafter,
whereas lmboinc only names the scientific application. LMBoinc uses three hosts
on the server-side; they are described in Section 7.2:

lmboinc-main: This host has all necessary BOINC services to run a BOINC
project.

lmboinc-tasks: This host is composed of seven BOINC services specified as tasks.

lmboinc-images: This is a SAN used for storing computational results.

Listing C.13 of Appendix C.5 presents the semantic model specification and
Listing C.14 conveys the generated class-hierarchy of Visu@lGrid. This class-
hierarchy is therefore traversed and can be used in order to generate different de-
ployment configurations, e.g. a Puppet [203] configuration.

9.3.4 LMBoinc’s Application

Fig. 9.7 shows LMBoinc’s state machine. LMBoinc does not handle asynchronous-
messages; as a consequence, only two regions are necessary for «Processing»:

1Version 0.2 alpha



9.3. LMBoinc 237

Figure 9.6: LMBoinc’s infrastructure; two hosts, their BOINC services and a storage area
network for computational results.

Figure 9.7: LMBoinc’s state machine modelled with Visu@lGrid.

(1) for checkpoint creation and updating and (2) for performing the core com-
putation. The code-generation process maps this model directly to the introduced
RSM (Section 8.4). Every «ProcessingState» can possess its own linked activity.
This linking is performed in the tree-view and resolved during code-generation.
This study only simulates the linking of Computing and Initialization to two sep-
arate activities. Fig. 9.8 shows the activity of Computing. Fig. 9.9 visualises
how states of the state machine are linked to activities. This approach is used
for all items which can be extended by own implementations, e.g. the «Task» in-
stances within the Timing diagram of Fig. 9.11 are linked to the relevant activities
in Fig. 9.10. Listing 9.5 presents the generated code for the Computing state. This
code includes calls which are provided by the Object-orientated Abstraction (OOA)
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1 / / Core comput ing o f t h e s c i e n t i f i c a p p l i c a t i o n .
2 Simple RComputing
3 <[−−
4 /∗ F i l e s ∗ /
5 c o n t r o l l e r −>a d d I n p u t F i l e ( "A" , " i n p u t . d a t a / images . z i p " ) ;
6 c o n t r o l l e r −>a d d I n p u t F i l e ( "C" , " i n p u t . d a t a / lmboinc . xml " ) ;
7 c o n t r o l l e r −>a d d O u t p u t F i l e ( "R" , " r e s u l t . z i p " ) ;
8 c o n t r o l l e r −>addHand le r ( h a n d l e r ) ;
9 c o n t r o l l e r −> s t a r t ( ) ;

10 −−]>

Listing 9.5: Computing of the LMBoinc state machine.

(Section 8.5), i.e. addInputFile and addOutputFile are used to add alias
names for accessing input/output files of workunits and to map the «InputFile» and
«OutputFile» object nodes of the top left-hand side and right-hand side of Fig. 9.8.
Lines 18 and 22 of Listing 9.6 show how these aliases are used. The checkpoint
lmboincCheckpoint is handled by the internals of OOA. Lines 45 and 46 of List-
ing 9.6 demonstrate how the checkpoint values can be accessed. In addition, it
conveys how an OOA’s handler is added to an OOA’s controller.
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Figure 9.8: The model specification of LMBoinc’s Computing activity.

Figure 9.9: Link between the state Computing and the implementation lmboinc.
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Figure 9.10: Part 1: LMBoinc’s tasks specification.

Figure 9.11: Part 2: LMBoinc’s tasks specification; seven individual «Task» instances are
specified and all of them are activated. The activation is specified by the transitions. The
«Task» instances on the right-hand side are executed in a period of six hours, the instances
on the left in several periods: (i) one day, (ii) one week, and (iii) twelve hours.
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The activity lmboinc does not only contain UML4BOINC stereotypes in Fig. 9.8.
The basic image processing algorithms and the handling of ZIPs are ab-
stracted by the additional stereotypes «Magick» and «zip» which are not part of
UML4BOINC. These stereotypes are created in order to enable the distinction of
UML4BOINC’s stereotypes. Besides, they resolve dependent software libraries
which are necessary for execution. UML4BOINC’s stereotype «Action» named
FileHandling is presented at the top. The action mode is Open and used to access
workunit input files. In particular, it is used in this study in order to open the ZIPs
which contain film sequences. Lines 48 to 57 of Listing 9.6 show the generated
code. The code-generation process checks the datatype of the input file and gen-
erates an appropriate handling code. The next action the zipEntry accesses is
a ZIP entry addressed by the parameter index. This entry is converted into an
ImageMagick’s blob data format [197]. The following decisions are transformed
into if-else statements and the guards of the transitions are used for the condition
statements. The bottom input file on the left is lmboinc’s configuration file which
contains four variables:

mode: This variable specifies how the film sequences are manipulated. Six differ-
ent values are supported in this study: (i) edge, (ii) oil, (iii) shade, (iv) negate,
(v) normalize, and (vi) merge.

size: The image size which is used by toBlob.

type: The image type which is used by toBlob.

copyright: A string value which is written on every film sequence.

lmboinc accesses all film sequences sequentially and decides which image algo-
rithm has to be used. Moreover it fills the image with a white background in order
to increase the colour contrast and then sets the font size and writes the copyright
text before storing the data blob on the hard disk drive. The mentioned index for
ZIP access is increased and compared with the number of available film sequences
in the ZIP file. When the increased index is greater than or equal to the number of
sequences, then the execution is finished. Otherwise it will perform the next film
sequence. The output file is not created in this activity but can be performed within
the onLeave linked activity, when the exit pin Finished is used. lmboinc is only
used for the first four series shown in Fig. 9.12. The fifth series has four input ZIPs
and all of them contain film sequences merged to a single film sequence. As a con-
sequence, lmboinc needs a modification, otherwise the creation of the fifth series
requires a different activity. This additional activity is not included in Visu@lGrid’s
delivered example project [184].
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1 # i n c l u d e < i o s t r e a m >
2 # i n c l u d e < f s t r e a m >
3 # i n c l u d e < s t d i o . h>
4

5 / / Th ird−p a r t y
6 # i n c l u d e < z i p . h>
7 # i n c l u d e <ImageMagick / Magick ++. h>
8

9 / / I m p l e m e n t a t i o n
10 # i n c l u d e < l m b o i n c S t a t e m a c h i n e _ w o r k _ i m p l . h>
11 # i n c l u d e < l m b o i n c D a t a f i e l d . h>
12

13 b o o s t : : s h a r e d _ p t r < C o n t r o l l e r > c o n t r o l l e r
14 = b o o s t : : make_shared < l m b o i n c S t a t e m a c h i n e I m p l > ( ) ;
15

16 void l m b o i n c S t a t e m a c h i n e I m p l : : doWork ( )
17 {
18 Ries : : BOINC : : F i l e D e c l A = i n p u t F i l e s ( ) [ "A" ] ;
19 i f (A == NULL) {
20 s t d : : c e r r << " Could n o t f i n d f i l e : ’A’ " << s t d : : e n d l ;
21 h a n d l e r ( )−> f i n i s h e d ( 1 ) ; }
22 Ries : : BOINC : : F i l e D e c l C = i n p u t F i l e s ( ) [ "C" ] ;
23 i f (C == NULL) {
24 s t d : : c e r r << " Could n o t f i n d f i l e : ’C ’ " << s t d : : e n d l ;
25 h a n d l e r ( )−> f i n i s h e d ( 1 ) ; }
26 s t d : : i f s t r e a m i f s (C−>f i l eName ( ) . c _ s t r ( ) ) ;
27 b o o s t : : a r c h i v e : : x m l _ i a r c h i v e i a ( i f s ) ;
28 LMBoincData f i e ld ∗ i n d ;
29 i a >> BOOST_SERIALIZATION_NVP ( i n d ) ;
30 i f s . c l o s e ( ) ;
31 s t d : : s t r i n g ∗_mode = NULL, ∗ _ s i z e = NULL, ∗ _ c o p y r i g h t = NULL, ∗ _ t y p e = NULL;
32 Any inddataMode ; Any i n d d a t a S i z e ; Any i n d d a t a C o p y r i g h t ; Any i n d d a t a T y p e ;
33 f o r ( auto f i e l d : ind−> f i e l d s ( ) ) {
34 Any i n d d a t a = f i e l d −>d a t a ( ) ;
35 i f ( f i e l d −>name ( ) == " mode " ) { inddataMode = f i e l d −>d a t a ( ) ; _mode = b o o s t : : ge t <

s t d : : s t r i n g >(& inddataMode ) ; }
36 e l s e i f ( f i e l d −>name ( ) == " s i z e " ) { i n d d a t a S i z e = f i e l d −>d a t a ( ) ; _ s i z e = b o o s t : :

ge t < s t d : : s t r i n g >(& i n d d a t a S i z e ) ; }
37 e l s e i f ( f i e l d −>name ( ) == " c o p y r i g h t " ) { i n d d a t a C o p y r i g h t = f i e l d −>d a t a ( ) ;

_ c o p y r i g h t = b o o s t : : ge t < s t d : : s t r i n g >(& i n d d a t a C o p y r i g h t ) ; }
38 e l s e i f ( f i e l d −>name ( ) == " t y p e " ) { i n d d a t a T y p e = f i e l d −>d a t a ( ) ; _ t y p e = b o o s t : :

ge t < s t d : : s t r i n g >(& i n d d a t a T y p e ) ; }
39 e l s e { /∗ unknown ∗ / }
40 }
41 # d e f i n e C_mode ∗_mode
42 # d e f i n e C_s i ze ∗ _ s i z e
43 # d e f i n e C _ c o p y r i g h t ∗ _ c o p y r i g h t
44 # d e f i n e C_type ∗ _ t y p e
45 i n t ∗ i n d e x C o u n t e r P t r = b o o s t : : a n y _ c a s t < i n t >( i nd e x Co un t e r −>v a l u e ( ) ) ;
46 # d e f i n e CHK_indexCounter (∗ i n d e x C o u n t e r P t r )
47 l m b o i n c S t a r t :
48 s t d : : s t r i n g i n p u t A r c h i v e P a t h ;
49 s t r u c t z i p ∗ z i p F i l e I n = NULL;
50 char z i p E r r o r [ 5 1 2 ] = { ’ \ 0 ’ } ;
51 b o i n c _ r e s o l v e _ f i l e n a m e _ s (A−>f i l eName ( ) . c _ s t r ( ) , i n p u t A r c h i v e P a t h ) ;
52 z i p F i l e I n = z i p _ o p e n ( i n p u t A r c h i v e P a t h . c _ s t r ( ) , ZIP_CHECKCONS , NULL) ;
53 i f ( z i p F i l e I n == NULL) {
54 z i p _ e r r o r _ t o _ s t r ( z i p E r r o r , 512 , 0 , e r r n o ) ;
55 s t d : : c e r r << " z i p f a i l e d : " << z i p E r r o r << s t d : : e n d l ; }
56 i n t c o u n t F i l e I n = z i p _ g e t _ n u m _ f i l e s ( z i p F i l e I n ) ;
57 # d e f i n e A_count c o u n t F i l e I n
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58 s t r u c t z i p _ f i l e ∗ z i p R e a d e r = z i p _ f o p e n _ i n d e x ( z i p F i l e I n , CHK_indexCounter ,
ZIP_FL_UNCHANGED) ;

59 i f ( z i p R e a d e r == NULL) {
60 z i p _ e r r o r _ t o _ s t r ( z i p E r r o r , 512 , 0 , e r r n o ) ;
61 s t d : : c e r r << " z i p f a i l e d : " << z i p E r r o r << s t d : : e n d l ; }
62 s t r u c t z i p _ s t a t z i p F i l e I n f o r m a t i o n ;
63 z i p _ s t a t _ i n d e x ( z i p F i l e I n , CHK_indexCounter , ZIP_FL_UNCHANGED , &z i p F i l e I n f o r m a t i o n )

;
64 char ∗ d a t a = new char [ z i p F i l e I n f o r m a t i o n . s i z e ] ;
65 z i p _ f r e a d ( z ipReade r , da t a , z i p F i l e I n f o r m a t i o n . s i z e ) ;
66 Magick : : Blob b lob ( ( void ∗ ) da t a , z i p F i l e I n f o r m a t i o n . s i z e ) ;
67 Magick : : Image img ;
68 img . s i z e ( C_s i z e ) ;
69 img . magick ( C_type ) ;
70 img . r e a d ( b lob ) ;
71 i f ( C_mode==" edge " ) { img . edge ( ) ; }
72 e l s e i f ( C_mode==" o i l " ) { }
73 e l s e i f ( C_mode==" shade " ) { img . shade ( ) ; }
74 e l s e i f ( C_mode==" n e g a t e " ) { img . n e g a t e ( ) ; }
75 e l s e i f ( C_mode==" n o r m a l i z e " ) { img . n o r m a l i z e ( ) ; }
76 img . f i l l C o l o r ( " w h i t e " ) ;
77 img . f o n t P o i n t s i z e ( 3 0 ) ;
78 img . draw ( Magick : : DrawableText ( 1 0 , 3 5 , C _ c o p y r i g h t ) ) ;
79 img . w r i t e ( z i p F i l e I n f o r m a t i o n . name ) ;
80 CHK_indexCounter ++;
81 i f ( CHK_indexCounter >= A_count ) { / / ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
82 / / E x e c u t i o n i s f i n i s h e d !
83 / / ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
84 re turn ;
85 }
86 goto l m b o i n c S t a r t ;
87 }

Listing 9.6: doWork contains the generated code of the model in Fig. 9.8; doWork is
executed when the state machine in Fig. 9.7 reaches the Computing state.

Section 7.6 already described the semantic of the Timing diagram. Fig. 9.11
presents LMBoinc’s tasks which are provided by BOINC and linked to the ac-
tivities in Fig. 9.10. The activities can be extended or replaced by individual model
descriptions. Listing 8.6 shows the result of Visu@lGrid’s generated XML con-
figuration which is added to BOINC’s task configuration. The XML configuration
contains an XML-tag for specifying the command for execution. This command
has to be changed into the name of the modelled activity when a single model is
used.

9.3.5 LMBoinc’s Work
Fig. 9.12 shows five definitions of «Series» instances. This case study can only
process the first four instances in more detail. As shown in Equation 9.1, the fifth
«Series» requires the result of the first four «Series» instances [54]. All «Series»
instances have a different runtime configuration, e.g. the images are manipulated
by an edge algorithm in the fourth «Series». The fifth «Series» merges all previous
results; as shown on the right-hand side of Fig. 9.4, the results of an image sequence
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Figure 9.12: LMBoinc’s work specification of five «Series» instances: (i) s1 – s4 have two
input files and one output file; (ii) s5 has five input files and one output file. When the
previous four series are performed, instance s5 is created and started.

are added to a 2× 2 raster image. The lower configuration shows the mode “edge”
for image manipulation and the top assigns “merge”. The fifth «Series» is not
started until the other «Series» have finished. It is of relevance that the scientific
application is always the same and that only the input files change. Just two files
are necessary for the first four computations: (1) configuration of the mode and
(2) the mentioned ZIPs and movie sequences. The last computation is altered and
thus needs five files: (i) the same configuration as before but with different values
and (ii) all four input files which are created by the other four computations. This
case study describes a dynamic series (Section 7.4.3) where some workunits are
available at the start of the BOINC project; additional workunits are created during
runtime. In case one of the first four series is cancelled, the fifth series can never be
started due to missing input data. This is solved by the state machine construction
in Fig. 7.5 of Section 7.4.2 where the “Cancelation” state is responsible for stopping
all related workunits and «Series» instances.

Series 1 (normalize)

Series 2 (painting)

Series 3 (negate)

Series 4 (edge)

 ⇒ Series 5 (merge) (9.1)

Validation and assimilation is performed by BOINC’s standard processes. As in
Fig. 9.6, the two services Validator and Assimilator are linked to two activities
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within the Application diagram. These activities call the BOINC applications for
the trivial validation and archive assimilation (Section 5.3.5 and Section 5.3.6).

9.4 Summary
This chapter dealt with the two case studies Spinhenge@home and LMBoinc. The
first one is a real BOINC project2 for doing research in the field of nanoscale
molecular magnets and the second one is a BOINC project for the manipulation of
movie sequences by use of basic image processing algorithms. Secondly, the IDE
Visu@lGrid for implementing LMBoinc has been presented. It is used for creating
or applying the necessary code or configuration in order to set-up LMBoinc and
to start the processing of individual computational series. In addition, Visu@lGrid
can be applied as a graphical front-end for the creation of a new BOINC project.
A manually implemented version of LMBoinc can be downloaded on the project
website [186], whereas, an exemplary implementation of Visu@lGrid is given in
the sources [184].

2http://spin.fh-bielefeld.de





CHAPTER 10

Conclusions

There are no failures — just experiences
and your reactions to them.

TOM KRAUSE (1934)

10.1 Summary of this Thesis
In this thesis, a new Unified Modeling Language 2 (UML) Profile for the Berkeley
Open Infrastructure for Network Computing (UML4BOINC) has been described
and defined. The profile contains 95 new stereotypes which are organised in
eight packages, which specify six diagrams for modelling a complete BOINC
project. UML4BOINC is depicted by informal and formal constraints, i.e. the
Object Constraint Language (OCL). An informal overview of the semantic and
contextual relationship between the stereotypes and the BOINC-system is given.
The diagrams are used to create different viewpoints of a BOINC-based project:
(i) the infrastructure, (ii) the application, (iii) the sets of permission, (iv) the work
handling, (v) timed activities and (vi) events. The infrastructure stereotypes and
the specific diagrams can be used for the creation of the infrastructure on BOINC’s
server-side and to specify which scientific applications for which target platforms
and architectures are used for distribution. Within the application diagram,
stereotypes to allow developers’ modelling of scientific applications can be used.
This is followed by the presentation of the permission diagram and stereotype
specifications for the creation of Role-based access control (RBAC) descriptions.
After this, stereotypes for the specification of workunits are proposed. This
proposal allows specifying of the structure of workunits, and how series of several
autonomous or dependent series are handled by a BOINC-project. The last
two diagrams are used for the specification of periodically executable tasks and
event-handling aspects.

This thesis describes UML4BOINC’s semantic and it has been demonstrated
how the infrastructure of a BOINC project can be specified through the use of the
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Infrastructure package. In an additional step, it is explained how the stereotype
of the Application package is relevant in order to model a scientific application
with different numbers of input/output files used. Furthermore, examples for the
usage of the state machine for workunit handling and the lifetime of a scientific
application have been given. In addition, the handling of asynchronous-messages
and checkpointing have been presented thoroughly and the semantics for mod-
elling activities and actions introduced. A demonstration of the semantic of work
handling, how permission control can be modelled and how timed tasks can be
executed is given.

This thesis presented a code-generation approach for the transformation of
UML4BOINC’s stereotypes into an implementation. At first, different code-
generation approaches have been introduced followed by examples of language
recognition with ANTLR and how this is realised. Subsequently, the direct
transformation of models into executable code demonstrates how an Abstract-
Syntax Tree (AST) can be used for code-generation. In addition, it has been
demonstrated how a semantic model can be generated automatically through a
specific Domain-Specific Modelling Language (DSML). Accordingly a DSML
called the Ries StateMachine (RSM) has been introduced; it enables the creation
of a state machine based on a scientific application. Secondly, an object-orientated
abstraction of BOINC’s Application Programming Interface (API) has been
presented briefly and covered by the case study of a real BOINC project, namely
Spinhenge@home1. All covered approaches and technologies are combined in
order to establish a code-generation process which is used by the case study
LMBoinc, which is used as a proof of concept. However, the code-generation
transformation is not based on strict rules. Developers can decide how they
implement its BOINC parts and scientific applications. The automatic checking of
the OCL constraints did not occur in the code-generation approaches and within
the implementations.

In summary, it can be stated that this profile is the first UML 2-based pro-
file that defines the language especially for the specification and description of
Berkeley Open Infrastructure for Network Computing (BOINC) project installa-
tions. The code generation engine has to be tailored to the general programming
language C/C++ for supporting the whole BOINC API.

1http://spin.fh-bielefeld.de
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10.2 Contributions

This thesis accounts for several emerged modelling approaches and technologies
of how a BOINC-project can be specified, implemented and maintained.

10.2.1 Contributions to the BOINC Community

This thesis introduces a C++ abstraction framework for BOINC which offers a
more comfortable approach for code-generation. In addition, the wrapper imple-
mentation for Scilab and COMSOL Multiphysics is available through libries [185].
One of the main contributions to the BOINC community is the prototype of the
Integrated-development Environment (IDE), the so-called Visu@lGrid [184] for
working with the new UML profile UML4BOINC.

10.2.2 Contributions to the Software Engineering Community

Some code-generation factories have been implemented during the research for
this thesis. They are used in order to reduce the implementation effort for the cre-
ation of C++-based class-hierarchies. Thus, the Domain-specific Modeling Lan-
guage (DSML) enables the definition of classes and dedicated class-hierarchies.
Thereupon the DSMLs are parsed; the C++-code is generated immediately to be
feasible for the implementation of semantic models. The current version sup-
ports the creation of C++ implementations. Additional work can be accomplished
by other target languages such as Java. Furthermore, the UML 2 Statemachine
code generator UML2STM4CPP has been presented [183]. This generator uses a
small set of DSL statements in order to create statemachines with full support of
UML’s 2.4 Statemachine specification. The generator can be applied for Linux,
Mac OS X, and Microsoft Windows operating systems. These two implementa-
tions are bundled in a larger software library, the so-called libries [185].

10.2.3 Contributions to the MDE Community

The UML Profile UML4BOINC for the development of BOINC-based projects has
been introduced. UML4BOINC is based on UML version 2.4. UML itself is spe-
cialised by several stereotypes which enable the creation of UML-based model
descriptions of distributed applications based on the BOINC framework. Different
BOINC techniques are taken into account: (i) the creation of a scientific applica-
tion by use of a small set of specialised UML Actions and UML Activities, (ii) the
lifetime is monitored by a suitable set of UML StateMachines and dedicated UML
States, (iii) different input and output file formats can be used, (iv) checkpointing is
possible, (v) the work of a BOINC project can be created, monitored and handled,
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(vi) individual sets of permissions can be established for users and administrators
and (vii) asynchronous-messages can be used in order to control the scientific ap-
plication performance or enable the communication between users.

10.3 Future Work

There exist various areas of future work for which this thesis may serve as a basis.
Most of the implementations of the use-case scenarios are performed for prototyp-
ing. This work covers possible scopes only superficially. As is often the case, this
thesis raises more questions than it answers. Thus, a selection of raised questions
and open tasks is included and can be addressed by further research.

10.3.1 Code-Generation

Section 8.3 has presented how Abstract-syntax Trees (ASTs) are created with the
help of ANTLR. The AST can be used for the code-generation of semantic-models.
Additional ASTs can be created in order to generate BOINC parts. However, the
current implementation and validation process of UML4BOINC does not provide
any way or technique for the validation of the AST, the structure or actions. The
current code-generation process is based on a visitor-pattern approach [83] and
ignores the structural constraints. The AST has to be created error-free in order
to enable a correct transformation into a valid semantic-model or BOINC parts.
Open research questions are: (i) How can an AST be used to generate all parts of
a BOINC project? (ii) Which kind of transformation technique approach can be
used? (iii) How do the informal and OCL constraints fit in such a transformation?

10.3.2 Event Handling

Section 7.7 introduces an event handling mechanism for BOINC. This thesis covers
only asynchronous-messages. It can be extended in future work in order to cover
runtime problems or exceptions, e.g. when a host is not available anymore. When
a host is not available the services do not exist anymore and a BOINC project stops
unexpectedly. The handling of these events will enable developers to pursue a high
level of availability of a BOINC project (Section 10.3.3).

10.3.3 High Availability

A problem can still arise during the execution of a BOINC project. Nevertheless,
this thesis does not cover any approaches towards how exceptions such as a lost
host can be handled, i.e. a BOINC-project’s owned hosts can become unavailable
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and all external hosts having the main project installation cannot work properly any
longer. Section 6.4 introduces the Events package which can be used for handling
such exceptions. In the course of this thesis only a small range is covered and re-
served for future work. Some open questions are: (i) How can most of the possible
exceptions during the BOINC runtime be modelled by the help of UML? (ii) How
can load-balancing be modelled?

10.3.4 Integrated Development Environment

On the one hand, the prototype version of the Visu@lGrid Integrated Development
Environment (VGIDE) has to be improved. On the other hand, more support for
context-sensitive menus and automatic resolving of relevant information has to be
implemented, e.g. a list of available targets has to be presented during the imple-
mentation of an Assimilator and especially when the developer specifies the loca-
tion of computational results. In addition, the VGIDE can be used for developing
and monitoring one or more BOINC projects. Thus, the modelled state machine
diagrams can be depicted by visual notifiers, e.g. the current state of the worku-
nit progress is highlighted. Moreover, the related activities and actions of states
should be implemented through a well-functioning editor framework for different
programming languages.

VGIDE supports the modelling of state machines and several hierarchical levels
of states and regions. The code-generation process recognises only a level-depth
of one, i.e. only top states, regions in these states, and states in these regions.

10.3.5 Network Security

Every «Host» and «SAN» has a minimum of one network-address card which is
used for interconnection (Section 6.5.7). UML can be applied as a security de-
scription language which enables the creation of firewall-rules to restrict the com-
munication pathways. A combination between UML and BOINC is possible in
this context and can be used on the one hand on BOINC’s server-side to restrict the
access to the infrastructure; on the other hand, it can be employed on the client-side
for enabling and handling the communication between more than one client (Sec-
tion 10.3.6).

10.3.6 Peer-to-Peer Integration and Message-Passing

BOINC is a framework for solving large-scale computational problems often re-
ferred to as “embarrassing” problems, i.e. every computational task can be per-
formed autonomously and without any communication to other clients. The data
transfer rate of the internet and the last-mile to private consumers is becoming
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faster [104]. It would be interesting to combine BOINC’s approach with peer-to-
peer and message-passing technologies. A scientific application can figure out au-
tomatically whether a cluster installation or multi-core processor is available on the
client-side or an application can use adaptive algorithms to select the smartest exe-
cution model, i.e. the application is started as a single-process or uses an available
cluster-environment and distributes the computation data to speed-up the execution.

10.4 Vision

In future software engineering praxis, the tools can be expected to become much
more widely adopted in scientific and industry sectors. Nowadays, the range
of different needs increases steadily, e.g. new protocols, hardware or devices,
software libraries, usability issues etc. are being invented continuously. Every
professional developer has to develop dexterity with such new elements in order to
be dependably productive on a daily basis. Accordingly, software engineering is a
promising way for handling the complexity of the real world.

As a rule, “Safety first” has to be realised thoroughly in industry. A recent
report concerning security issues of industrial plants [171, 172] (e.g. the unsecured
and remotely accessible software management of jails or the controlling stations
of breweries) has evoked around half a dozen research questions, e.g. can
access be prevented by software modelling approaches, or is there a process for
ensuring security automatically during runtime by applying smart algorithms?
The problems exist due to the fact that the developer has not considered the
full set of ramifications because “time is money”. Even worse, the developers
frequently have no clue how to handle these complications. At this point, software
engineering tools and abstraction of the complexity are promising approaches for
resolving the security issues: the work presented in the present thesis illustrates
a powerful approach that inherently puts security issues in the foreground, due to
the need to distribute code ( that is potentially safety- or security-sensitive) across
processing units that are outside the user’s control. This is fundamentally a much
more sound basis that can be used for distributed development work in the future.

Exascale Computing is expected to become available within the next ten
years [173, 174, 175] and thus it will influence every research field, e.g. high
energy and nuclear physics, materials science and chemistry, life sciences, climate
change prediction and many more. One exaflop is one quintillion (a number with
18 zeros) floating-point operations per second (FLOPs) and this will be achieved
in massively parallel systems. Currently, most parallel computing systems are
based on OpenMP or Message-passing Interface (MPI) software technologies,
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using up to hundreds of thousands multi-core processors. With these technologies,
the scaling of FLOPs and the complexity of the concurrency are based on the
addition or removal of processor nodes. In contrast, exascale multi-core processors
provide hundreds of thousands of sole cores and, in combination with additional
clustered processors, a major challenge will be the smart organisation of how data
has to be distributed, e.g. locally or remotely. In future, software engineering
research will need to focus on handling this issue: whereas nowadays the software
model must be optimised for computation, in the near future it will have to be
optimised for minimisation of the data movements between nodes and processor
cores. Furthermore, the software engineering tools must provide a way for highly
fault-tolerant systems to ensure that when one exascale multi-core processor drops
out, the computation will continue to work properly. In addition, heterogeneous
systems need to pursue error detection and recovery, e.g., detecting and recovering
from an error in a Graphical-Processing Unit (GPU) can involve hundreds of
threads simultaneously and contain hundreds of cycles in drain pipelines for
starting a recovery [65]. High-level software engineering tools for distributed
systems, as presented in this work, will be essential for reliable programming of
such systems.

Exascale Computing is conceived as being undertaken on dedicated co-located and
well-secured systems, but there will also be great pressure to use ‘free’ resources
such as Public-resource Computing (PRC) and Cloud Computing (CC). The
technological requirements for these three approaches are quite similar, e.g. the
system management must be highly efficient for managing small or large datasets
between nodes. As stated by I. Wladawsky-Berger [176], one can actually regard
PRC- and CC-based systems as a kind of exascale class of supercomputers which
are designed to support parallel workloads, such as massive information analysis
or huge numbers of sensors and mobile devices. Moreover, there can be a niche
which enables the coexistence of these computing approaches but the software
engineering tools and approaches must permit a simple access for handling them.
The fundamental difference is that PRC and CC use vast quantities of processor
nodes that are outside the ultimate control of the software user and hence much
more rigorous methods to ensure safety and security have to be implemented: the
approaches developed in the work reported in this thesis provide a strong basis for
this.

Emergent design approaches use artificial intelligence algorithms and a large
set of available functionalities or building blocks to generate an application from
scratch, but this can only be initiated by describing a problem. For example, in
the case of planning a new car, it is necessary to describe its shape and functional
requirements: only then is it feasible for it to be generated fully and automatically.
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Hence, the description of the shape and other requirements can be realised with
Domain-Specific Modeling Languages (DSMLs) such as voice control (e.g. Star
Trek’s living voice system “Computer, one more wheel on the left.” or like Siri’s
commands “Drive me to the next petrol station.”) or plain-text: the generation
process is like “code” generation in which “code” can contain any form, e.g. a
visualisation of the new car or a printed 3D version. The tools presented in this
thesis can be regarded as a service-orientated engineering approach in which a
sub-device can be interpreted as a functionality or building block, e.g. the software
for controlling the brakes or the air-conditioning system.

As presently conceivable, all future visions can be handled with the help of
UML, additional DSMLs and code-generation approaches. As a matter of fact,
the author of this thesis believes that the current deficiency in UML adoption
is the result of inadequate tool support and the missing user-friendly software
development: these deficiencies must be covered and resolved in the next years
if the coming environment of massive and distributed computing systems is to be
exploited effectively and reliably.
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APPENDIX A

BOINC

This chapter includes additional information of the BOINC-framework, e.g. usable
parameters for different BOINC services, configuration attributes, or information
on BOINC project directory structures. The BOINC framework is permanently un-
der development. During the writing of this line the latest development revision is
257531. Anyone can contribute to the BOINC framework, the generally suggested
way to connect the BOINC developers is BOINC’s mailing list: boinc_dev.

A.1 Transitioner
Start parameters for BOINC’s Transitioner:

–one_pass If this parameter is added, the Transitioner will exit after one finished
run.

–d x This parameter defines the debug level, i.e. how many messages during run-
time are logged. x can vary between 1 and 4. A higher value enables more
log messages.

–mod n i This is a short form for modulo division. Each workunit result
has an identifier, n and i are used to select specific workunit results
which will be performed by Transitioner. The selection formula is:
(workunit identifier % n) == i. Here, % is the mathematical expres-
sion for modulo divisions in most programming languages. If this equation
is true, then the workunit result is selected and subsequently performed by
the Transitioner.

–sleep_interval x This parameter sets x seconds between two Transitioner execu-
tions.

A.2 Feeder
Start parameters for BOINC’s Feeder:

1Last changes were on the 11th June 2012.
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-d Similar to Transitioner (Section 5.3.3).

–sleep_interval x Similar to Transitioner (Section 5.3.3).

–allapps If set, all scientific applications are considered and the shared-memory
segment is filled with workunits for all scientific applications.

–random_order Each workunit result has a database table field named “random”
which is filled by an integer value during workunit creation. It is a random
number. If this parameter is set, the selection is ordered. The default sort
order is ascending, with smallest values first [156].

–priority_order Each workunit result has a database table field “priority”. If this
parameter is set, the selection of workunit results is based on the field value.
The field values are ascending.

–priority_order_create_time This parameter is used to add a sorting of the cre-
ation time to the previous mentioned parameter. Only one of these parame-
ters is necessary.

–purge_stale x This parameter removes workunit results which are longer than x
minutes in the shared-memory segment and not assigned to a client.

–appids a1(,a2)* Only these scientific applications are recognised to feed with
workunit results.

–mod n i Similar to Transitioner (Section 5.3.3).

–wmod n i Similar to the previous parameter, the difference is, that wmod selects
workunits. As a result, a fine-grained selection can be performed by the use
of mod and wmod.

A.3 Validator
Start parameters for BOINC’s provided Validators:

–one_pass_N_WU N This parameter defines that N workunit results have to be
validated.

–one_pass Similar to Transitioner (Section 5.3.3).

–mod n i Similar to Transitioner (Section 5.3.3).

–sleep_interval x Similar to Transitioner (Section 5.3.3).
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–max_claimed_credit X If a client has performed a workunit too long, which re-
sults in a higher credit value than this defined value, the workunit result is
invalid.

–max_granted_credit X This is the maximum allowed credit value for workunit
performing.

–grant_claimed_credit A fixed credit value, irrespective of how much work one
client has performed.

–update_credited_job Update the credits in the database after credit for a worku-
nit result is granted.

–credit_from_wu The credits are defined in the workunit template file and there-
fore used for user credit assignments.

A.4 Assimilator
Start parameters for BOINC’s provided Assimilator:

–app name Only workunits which are performed by the scientific application
name are assimilated.

–sleep_interval x Similar to Transitioner (Section 5.3.3).

–mod n i Similar to Transitioner (Section 5.3.3).

–one_pass Similar to Transitioner (Section 5.3.3).

–one_pass_N_WU N Similar to Validator; but here for assimilation (Sec-
tion 5.3.5).

-d N Similar to Transitioner (Section 5.3.3).

–dont_update_db Do the assimilation but do not update the database entries.

–noinsert Do not insert any values in the scientific application specific database.





APPENDIX B

UML4BOINC Packages &
Stereotypes

B.1 Infrastructure Stereotypes
«ApplicationComponent» in Section 6.5.1:

Describes one scientific application, which is used for computations.

«Column» in Section 6.5.2:
A database column of a specific table.

«Connector» in Section 6.5.3:
Connects exported shares with imports and vice versa. An export could be
used by multiple imports.

«Database» in Section 6.5.4:
Service to host BOINC’s master/science database and optional replications
to increase DB performance.

«DB» in Section 6.5.5:
Allow BOINC services to access database tables.

«Host» in Section 6.5.6:
Specifies one host within a BOINC project. A host owns some or all BOINC
services.

«NIC» in Section 6.5.7:
Defines network settings for one host.

«OperatingSystem» in Section 6.5.8:
Unique literals for each planned or supported operating system, e.g.
Linux32, Linux64, Windows32, or Windows64.

«PortExport» in Section 6.5.9:
Definition of network shared file directories between hosts.

«PortImport» in Section 6.5.9:
Definition of network shared file directories between hosts.
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«Project» in Section 6.5.10:
One specific BOINC project.

«ReplicationAssociation» in Section 6.5.11:
Connects two «DB» contexts to enable a replication of one of them.

«SAN» in Section 6.5.12:
External host with capabilities to store data, e.g. workunits or computational
results. Also known as storage area network (SAN).

«Service» in Section 6.5.13:
BOINC services on one host, e.g. feeder or Transitioner.

«ServiceType» in Section 6.5.18:
Type of a BOINC service, e.g. feeder or Transitioner.

«Share» in Section 6.5.19:
One specific directory which is ex- or imported. Exported directories are
defined as provided interfaces, otherwise they are defined as required inter-
faces.

«ShareType» in Section 6.5.20:
Unique literal for each planned or supported share type, e.g. NFS or
SAMBA.

«Software» in Section 6.5.21:
Describes additional software libraries which are necessary for the execution
of services or a scientific application.

«SystemOperation» in Section 6.5.22:
Implementations of system or BOINC service functionalities, e.g. routines
for a Validator or Assimilator.

«Table» in Section 6.5.23:
A describer of a database table to allow access to its rows.

«UserOperation» in Section 6.5.24:
Operations are executable by users.

B.2 Application Stereotypes
«Action» in Section 6.6.1

An abstraction of parts of BOINC’s API.
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«Atomic» in Section 6.6.2
An activity to execute atomic areas.

«Checkpoint» in Section 6.6.3
Specifies how checkpoints are structured.

«ComputationData» in Section 6.6.4
Provides input and output files as Parameters.

«ComputingState» in Section 6.6.5
Emits signals to describe the current computing state.

«Control» in Section 6.6.6
Receiving events to control the execution of a scientific application.

«Exchange» in Section 6.6.7
Input and output pin to describe inter-process communication.

«Exchanger» in Section 6.6.8
A data storing element for inter-process communication.

«FileActionMode» in Section 6.6.9
An enumeration for the specification of the execution behaviour of «Action»
when type is #FileHandling.

«FileInformation» in Section 6.6.10
Provides information of a specific file.

«FileKind» in Section 6.6.11
An enumeration to specify a specific file.

«InputFile» in Section 6.6.12
Used to specify input files for the scientific application.

«IsStandalone» in Section 6.6.13
Used to check if the scientific application is executed in a BOINC-context.

«Processing» in Section 6.6.14
A state to describe different parts of a scientific application’s behaviour, e.g.
inter-process communication, checkpointing, asynchronous-messages, and
computation core routines.

«ProcessingEntry» in Section 6.6.15
Entry point to start the computation.
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«ProcessingExit» in Section 6.6.16
Exit point to leave the computation.

«ProcessingHistory» in Section 6.6.17
Used as start point when a computation is resumed and a checkpoint is avail-
able.

«ProcessingState» in Section 6.6.18
A general state for possible state execution states on the client-side.

«ProcessingTerminate» in Section 6.6.19
Terminates the execution of the client-side.

«ScientificApplication» in Section 6.6.20
An activity to specify scientific applications.

«Sync» in Section 6.6.21
Used to synchronise the inter-process communication.

«Timing» in Section 6.6.22
An activity to specify the execution of timed functionalities.

«TimingFlow» in Section 6.6.23
Used to connect nodes within «Timing».

«TimingSignal» in Section 6.6.24
Emits a signal for the execution of targeted functionalities.

«TrickleUp» in Section 6.6.25
Triggers the sending of an asynchronous-message.

«WaitForNetwork» in Section 6.6.26
An activity to wait for network connectivity.

B.3 Work Stereotypes
«Assimilation» in Section 6.10.1

A state machine to specify BOINC’s assimilation process.

«Datafield» in Section 6.8.1
Specifies the format of input/output files.

«FileType» in Section 6.8.2
Specifies the input/output file format.
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«Input» in Section 6.8.3
Specifies an input file of a workunit.

«InterfaceAssimilate» in Section 6.9.1
An interface to access output files and to allow storing of them at specific
target places.

«InterfaceDataset» in Section 6.9.2
An interface to access datafields of input/output files.

«InterfaceDataSource» in Section 6.9.3
An interface which emits the creation of workunits.

«InterfaceValidate» in Section 6.9.4
An interface to access output files.

«MonitorFinished» in Section 6.10.2
Used to specify the handling of a «Workunit».

«OnClient» in Section 6.10.3
This state specifies the execution on the client-side.

«Output» in Section 6.8.4
Specifies an output file of a workunit.

«Range» in Section 6.8.5
Abstract class to specify the ranges of datafields of input files, when they are
created.

«RangeRule» in Section 6.8.6
Specialisation of «Range», used to specify a specific creation rule.

«RangeSimple» in Section 6.8.7
Specialisation of «Range», used to specify a value between two bounds.

«Series» in Section 6.8.8
A set of workunits for one specific scientific application.

«SeriesRegion» in Section 6.10.4
Used to specify the handling of a «Series».

«SeriesState» in Section 6.10.5
Used to specify the handling of a «Series».

«SeriesTerminated» in Section 6.10.6
Used to specify the handling of a «Series».



266 Appendix B. UML4BOINC Packages & Stereotypes

«Validation» in Section 6.10.7
A state machine to specify BOINC’s validation process.

«Workunit» in Section 6.8.9
A specific BOINC workunit for a scientific application.

«WorkunitAssociation» in Section 6.8.10
Used to specify the handling of a «Workunit».

«WorkunitEntry» in Section 6.10.8
Used to specify the handling of a «Workunit».

«WorkunitExit» in Section 6.10.9
Used to specify the handling of a «Workunit».

«WorkunitMonitor» in Section 6.10.10
Used to specify the handling of a «Workunit».

«WorkunitProcessing» in Section 6.10.11
Used to specify the handling of a «Workunit».

«WorkunitRegion» in Section 6.10.12
Used to specify the handling of a «Workunit».

«WorkunitState» extends Class (from Kernel)
in Section 6.8.11: Used to specify the handling of a «Workunit».

«WorkunitState» extends State (from BehaviorStateMachines)
in Section 6.10.13: Used to specify the handling of a «Workunit».

«WorkunitTransition» in Section 6.10.14
Used to specify the handling of a «Workunit».

B.4 RBAC Stereotypes
«Permission» in Section 6.7.1

Set of permissions for specific «Role» items.

«PermissionAssignment», «ResourceAssignment» See «UserAssignment».

«UserAssignment» in the Sections 6.7.2, 6.7.4, 6.7.7
Associates users, roles, permissions, and resources. «UserAssignment» as-
signs users to roles, «PermissionAssignment» assigns roles to permissions,
and «ResourceAssignment» assigns permissions to resources.
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«Resource» in Section 6.7.3
A user can only be assigned to resources when resources have this stereotype.

«User» in Section 6.7.6
A physical user which has different permissions within one BOINC project
described by roles and permissions.

«UserRemote» in Section 6.7.8
Specifies a real user with remote log-in possibilities.

«Resource» in Section 6.7.3
Enables the RBAC functionalities for any item.

«Role» in Section 6.7.5
Defines roles for users and which permissions these roles include.

B.5 Timing Stereotypes
«EventFlow» in Section 6.12.1

Associates «Task», «TaskFork», and «TimeEvent».

«Task» in Section 6.12.2
Specifies a component which is used as a BOINC task.

«TaskFork» in Section 6.12.3
Used as a structure element for visualisation and to allow the traversing be-
tween the time event and it associated «Task» components.

«TimeEvent» in Section 6.12.4
Starting point for events.

«TimeExpression» in Section 6.12.5
Root of time expressions.

«TimeForTask» in Section 6.12.6
Specifies when a «Task» has to be executed.

B.6 Events Stereotypes
«TrickleMessage» in Section 6.11.1

Specifies an asynchronous-message.

«TrickleMessageValue» in Section 6.11.2
Specifies what an asynchronous-message contains.
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«TricklePartner» in Section 6.11.3
Specifies which host/client/application has to handle a specific
asynchronous-message.

«TricklePartnerType» in Section 6.11.4
Specifies the receiver of an asynchronous-message.

«TrickleType» in Section 6.11.5
Specifies the format of an asynchronous-message.



APPENDIX C

Code Generation

This chapter includes language syntax and grammar definitions which are used
within this thesis. In addition, an implementation for the creation and handling of
series and their workunits is given. Parts of the code-generation processes which
are used within Visu@lGrid [184] are shown. Finally, an example implementation
for asynchronous-message handling for the server- and client-side is given.

C.1 ANTLR’s Abstract-syntax Tree for Summation
This section includes an ANTLR example for summation of integer values and the
assignment to a specific identifier. Listing C.1 includes the syntax specification,
the so-called grammar specification. Listing C.2 includes the Abstract-syntax Tree
(AST) specification to handle the created AST of Listing C.1. Listing C.3 con-
tains an example of input values which are lexically analysed and parsed by the
ANTLR example. The main-function to start the ANTLR application is shown in
Listing C.4. Finally, the make file to create the executable of this ANTLR example
is shown in Listing C.5.

1 grammar Summation ;
2 o p t i o n s {
3 o u t p u t = AST ; ASTLabelType=CommonTree ;
4 }
5 t o k e n s { ADD; ASSIGN ; }
6 summation : l e a f ∗ −> l e a f ∗ ;
7 l e a f : INT ( ’+ ’ INT ) ∗ ’= > ’ ID −> ^ ( ASSIGN ^ (ADD INT∗ ) ID ) ;
8

9 INT : ’ 0 ’ . . ’ 9 ’ + ;
10 ID : ( ’ a ’ . . ’ z ’ | ’ A’ . . ’ Z ’ | ’ _ ’ ) ( ’ a ’ . . ’ z ’ | ’ A’ . . ’ Z ’ | ’ 0 ’ . . ’ 9 ’ | ’ _ ’ ) ∗ ;
11 WS: ( ’ ’ | ’ \ n ’ | ’ \ r ’ | ’ \ t ’ ) + { $ c h a n n e l =HIDDEN; } ;

Listing C.1: Syntax specification – so-called grammar specification – for the summation
of two or more integer values, the result is assigned to a specific identifier. An Abstract-
syntax Tree (AST) is created on the right-hand side of line 7 and is started by the use of ->,
Listing C.2 contains the grammar for the AST syntax; the filename is Summation.g
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1 t r e e grammar SummationTree ;
2 o p t i o n s {
3 tokenVocab=Summation ; ASTLabelType=CommonTree ;
4 }
5 r o o t : ^ ( ASSIGN ^ (ADD INT∗ ) ID ) ;

Listing C.2: Grammar of the Abstract-syntax Tree (AST) for the summation of one or more
integer values; the filename is SummationTree.g

1 10 + 11 => r e s u l t _ a d d i t i o n 1
2 20 + 22 + 222 => r e s u l t _ a d d i t i o n 2

Listing C.3: An example of valid input allowed by the grammar specification of
Listing C.1; the filename is Summation.test

1 import j a v a . i o . ∗ ;
2 import org . a n t l r . r u n t i m e . ∗ ;
3 import org . a n t l r . r u n t i m e . t r e e . ∗ ;
4 import org . a n t l r . s t r i n g t e m p l a t e . ∗ ;
5

6 p u b l i c c l a s s Summation {
7 p u b l i c s t a t i c vo id main ( S t r i n g [ ] a r g s ) throws E x c e p t i o n {
8 ANTLRInputStream i n p u t = new ANTLRInputStream ( System . i n ) ;
9 SummationLexer l e x e r = new SummationLexer ( i n p u t ) ;

10 CommonTokenStream t o k e n s = new CommonTokenStream ( l e x e r ) ;
11 Summat ionParse r p a r s e r = new Summat ionParse r ( t o k e n s ) ;
12

13 / / NOTE: Use o n l y [ 1 ] or [ 2 ] , o t h e r w i s e an e x c e p t i o n r a i s e s .
14

15 i n t mode = 2 ;
16

17 / / [ 1 ] S t a r t
18 i f ( mode == 1) {
19 Summat ionParse r . s u m m a t i o n _ r e t u r n r o o t = p a r s e r . summation ( ) ;
20 CommonTreeNodeStream nodes
21 = new CommonTreeNodeStream ( ( Tree ) r o o t . t r e e ) ;
22 SummationTree w a l ke r = new SummationTree ( nodes ) ;
23 w al ke r . r o o t ( ) ;
24 }
25 / / [ 1 ] End
26

27 / / [ 2 ] S t a r t
28 i f ( mode == 2) {
29 CommonTree t = ( CommonTree ) p a r s e r . summation ( ) . g e t T r e e ( ) ;
30 System . o u t . p r i n t l n ( t . t o S t r i n g T r e e ( ) ) ;
31

32 / / Source : h t t p : / / www. a n t l r . org / p i p e r m a i l / a n t l r − i n t e r e s t /
33 / / 2009−March / 0 3 3 4 1 7 . h tm l
34 / / A c c e s s e d : 2nd June 2012
35

36 DOTTreeGenerator gen = new DOTTreeGenerator ( ) ;
37 S t r i n g outputName = " Summation . d o t " ;
38 System . o u t . p r i n t l n ( " P r o d u c i n g AST d o t ( g r a p h v i z ) f i l e " ) ;
39 S t r i n g T e m p l a t e s t = gen . toDOT ( t , new CommonTreeAdaptor ( ) ) ;
40

41 F i l e W r i t e r o u t p u t S t r e a m = new F i l e W r i t e r ( outputName ) ;
42 o u t p u t S t r e a m . w r i t e ( s t . t o S t r i n g ( ) ) ;
43 o u t p u t S t r e a m . c l o s e ( ) ;
44
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45 long p S t a r t = System . c u r r e n t T i m e M i l l i s ( ) ;
46 P r o c e s s p roc = Runtime . ge tRun t ime ( )
47 . exec ( " d o t −Tpng −o Summation . png Summation . d o t " ) ;
48 long pStop = System . c u r r e n t T i m e M i l l i s ( ) ;
49 System . o u t . p r i n t l n ( "PNG g r a p h i c p roduced i n "
50 + ( pStop − p S t a r t ) + "ms . " ) ;
51 }
52 / / [ 2 ] End
53 }
54 }

Listing C.4: A Java-based implementation to call ANTLR’s generated functionalities
based on the grammar specification of Listing C.1 and the tree-grammar specification of
Listing C.2; the filename is Summation.java

1 a l l :
2 j a v a −cp a n t l r w o r k s −1 . 4 . 3 . j a r o rg . a n t l r . Tool Summation ∗ . g
3 j a v a c −cp a n t l r w o r k s −1 . 4 . 3 . j a r : s t r i n g t r e m p l a t e −4 . 0 . 5 . j a r ∗ . j a v a
4 j a v a −cp a n t l r w o r k s −1 . 4 . 3 . j a r : . Summation < Summation . t e s t
5 c o n v e r t Summation . png Summation . eps
6

7 c l e a n :
8 rm −f ∗ . c l a s s SummationLexer∗ Summat ionParse r∗ \
9 SummationTree . j a v a ∗ . t o k e n s

Listing C.5: A make file to create the ANTLR-based lexical analysing and parsing
functionalities, to compile the main-routines of Listing C.4, to call the summation
application with the input values of Listing C.3, and finally the creation of an AST
visualisation; the filename is Makefile

C.2 Statemachine’s DSL-syntax
Listing C.6 contains the syntax specification, the so-called grammar specification
of the Ries Statemachine (RSM). An example of a use of RSM is given in List-
ing 8.9. An additional Tester class is given in Listings C.7 and C.8, which can be
combined with the example to fill it with behaviour.

1 RSM: RSMCodeAnchors∗
2 STATEMACHINE sta teMachineName =ID ’{ ’
3 RSMStates RSMTrans i t ions
4 ’} ’ ;
5 RSMCodeAnchors : ANCHORS ccode =CCODE ;
6 RSMStates : STATES ’{ ’ ( RSMState | RSMRegions ) ∗ ’} ’ ;
7 RSMState : s t a t e T y p e =STATETYPES s t a t e I d =ID enterCCode =ONENTERCCODE?
8 ccode =CCODE? exi tCCode =ONEXITCCODE? ;
9 RSMRegions : REGIONS r e g i o n I d =ID ’{ ’ RSMRegion∗ ’} ’ ;

10 RSMRegion : r e g i o n I d =ID ’{ ’ RSMStates∗ ’} ’
11 ( ’ : ’ ( s t a t e T y p e =(ENTRY | EXIT ) s t a t e I d =ID ) + ’ : ’ ) ? ;
12 RSMTrans i t ions : TRANSITIONS ’{ ’ RSMTrans i t ion∗ ’} ’ ;
13 RSMTrans i t ion : owner=ID ’ : ’ s o u r c e =ID ( ’+ ’ ( e v e n t =ID ) ∗ ) ?
14 ( g u a r d s =GUARDCODE) ? ( ’ / ’ b e h a v i o r c o d e =FUNCTIONCALL) ?
15 ’== ’ t a r g e t =ID ;
16

17 TOKENS {
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18 STATEMACHINE= ’ S t a t e m a c h i n e ’ ; TRANSITIONS= ’ T r a n s i t i o n s ’ ;
19 ANCHORS= ’ Anchors ’ ; REGIONS= ’ Regions ’ ; STATES= ’ S t a t e s ’ ;
20 ENTRY= ’ Ent ry ’ ; EXIT= ’ Ex i t ’ ;
21 }
22

23 STATETYPES : ( ’ I n i t i a l ’ | ’ Simple ’ | ’ F i n a l ’ | ’ H i s t o r y ’ | ’ Termina te ’ ) ;
24 ID : ( ’ a ’ . . ’ z ’ | ’ A’ . . ’ Z ’ | ’ _ ’ ) ( ’ a ’ . . ’ z ’ | ’ A’ . . ’ Z ’ | ’ 0 ’ . . ’ 9 ’ | ’ _ ’ ) ∗ ;
25 INT : ’ 0 ’ . . ’ 9 ’ + ;
26 FLOAT : ( ’ 0 ’ . . ’ 9 ’ ) + ’ . ’ ( ’ 0 ’ . . ’ 9 ’ ) ∗ EXPONENT?
27 | ’ . ’ ( ’ 0 ’ . . ’ 9 ’ ) + EXPONENT?
28 | ( ’ 0 ’ . . ’ 9 ’ ) + EXPONENT ;
29 COMMENT : ’ / / ’ ~ ( ’ \ n ’ | ’ \ r ’ ) ∗ ’ \ r ’ ? ’ \ n ’
30 | ’ /∗ ’ ( . ) ∗ ’∗ / ’ ;
31 WS : ( ’ ’ | ’ \ t ’ | ’ \ r ’ | ’ \ n ’ ) ;
32 STRING : ’" ’ ( ESC_SEQ | ~ ( ’ \ \ ’ | ’ " ’ ) ) ∗ ’ " ’ ;
33 ONENTERCCODE : ’ <[ onEntry ’ ( . ) ∗ ’−−]>’ ;
34 ONEXITCCODE : ’ <[ onExi t ’ ( . ) ∗ ’−−]>’ ;
35 CCODE : ’<[−−’ ( . ) ∗ ’−−]>’ ;
36 GUARDCODE : ’ [ ’ ( . ) ∗ ’ ] ’ ;
37 CHAR : ’ \ ’ ’ ( ESC_SEQ | ~ ( ’ \ ’ ’ | ’ \ \ ’ ) ) ’ \ ’ ’ ;
38 FUNCTIONCALL : ID ( ( ’ . ’ | ’ − > ’ ) ID ) ∗ ’ ( ’ ( . ∗ ) ’ ) ’ ;

Listing C.6: UML 2 Statemachine for C++’s DSL-syntax named Ries Statemachine (RSM)

1 #pragma once
2 # i f n d e f __TESTER_H__
3 # d e f i n e __TESTER_H__
4 c l a s s T e s t e r {
5 p r i v a t e :
6 i n t _x ;
7 p u b l i c :
8 T e s t e r ( ) : _x ( 8 ) {}
9 void l oop ( i n t s t a r t , i n t end ) ;

10 void p r o c e s s i n g ( ) ;
11 void c l o s e ( ) ;
12 void se tX ( i n t v a l u e ) ;
13 i n t x ( ) c o n s t ;
14 void show ( ) ;
15 } ;
16 # e n d i f

Listing C.7: C++-Header file of Tester; the filename is Tester.h

1 # i n c l u d e < i o s t r e a m >
2 # i n c l u d e < T e s t e r . h>
3

4 void T e s t e r : : l oop ( i n t s t a r t , i n t end ) {
5 f o r ( ; s t a r t < end ; s t a r t ++) {
6 s t d : : c o u t << " {x} T e s t e r : : l oop ( " << s t a r t << " ) " << s t d : : e n d l ;
7 }
8 }
9

10 void T e s t e r : : p r o c e s s i n g ( ) {
11 s t d : : c o u t << " {X} p r o c e s s i n g ( ) : x=" << x ( ) << s t d : : e n d l ;
12 }
13

14 void T e s t e r : : c l o s e ( ) {
15 s t d : : c o u t << " {X} c l o s e ( ) " << s t d : : e n d l ;
16 }
17

18 void T e s t e r : : show ( ) {
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19 s t d : : c o u t << " {X} T e s t e r : : show ( ) x := " << x ( ) << s t d : : e n d l ;
20 }
21

22 void T e s t e r : : se tX ( i n t v a l u e ) { _x = v a l u e ; }
23 i n t T e s t e r : : x ( ) c o n s t { re turn _x ; }

Listing C.8: C++-Source file of Tester; the filename is Tester.cpp

C.3 Spinhenge@home’s generated State Machine

1 /∗
2 ∗ C h r i s t i a n Benjamin Ries , May 2013
3 ∗ m a i l @ c h r i s t i a n b e n j a m i n r i e s . de
4 ∗ h t t p : / / www. c h r i s t i a n b e n j a m i n r i e s . de
5 ∗ Templa te v e r s i o n : 0 . 1
6 ∗ DO NOT CHANGE SOMETHING HERE ! ! !
7 ∗ THIS FILE IS GENERATED ! ! !
8 ∗ /
9 Anchors

10 <[−−
11 /∗ Ries ∗ /
12 # i n c l u d e < r i e s / d a t a / e x c e p t i o n s . h>
13 # i n c l u d e < r i e s / b o i n c / mvc / c o n t r o l l e r . h>
14 # i n c l u d e < r i e s / b o i n c / mvc / b o i n c _ h a n d l e r . h>
15 /∗ G e n e r a t e d ∗ /
16 # i n c l u d e < S p i n h e n g e A t H o m e _ c o n t r o l l e r . h>
17 # i n c l u d e <SpinhengeAtHome_work_impl . h>
18 # i n c l u d e <SpinhengeAtHome_ipc . h>
19 /∗ BOINC ∗ /
20 # i n c l u d e < d i a g n o s t i c s . h>
21 /∗ C++ ∗ /
22 # i n c l u d e < i o s t r e a m >
23 /∗ C , Linux ∗ /
24 # i n c l u d e < u n i s t d . h>
25 /∗ b o o s t ∗ /
26 # i n c l u d e < b o o s t / s h a r e d _ p t r . hpp >
27 # i n c l u d e < b o o s t / make_shared . hpp >
28 e x t e r n b o o s t : : s h a r e d _ p t r < Rie s : : BOINC : :MVC: : C o n t r o l l e r > c o n t r o l l e r ;
29 /∗ Hand le r ∗ /
30 b o o s t : : s h a r e d _ p t r < Rie s : : BOINC : :MVC: : Handler > h a n d l e r ( new Ries : : BOINC : :MVC: :

Hand le r ( ) ) ;
31 vo id u n l i n k I P C ( )
32 {
33 u n l i n k ( " SpinhengeAtHome_ipc " ) ;
34 }
35 vo id s i n t ( i n t s i g n r )
36 {
37 s w i t c h ( s i g n r )
38 {
39 c a s e SIGINT :
40 {
41 u n l i n k I P C ( ) ;
42 b o i n c _ f i n i s h ( 1 ) ;
43 } b r e a k ;
44 d e f a u l t :
45 s t d : : c e r r << " S i g n a l " << s i g n r << " unknown . " << s t d : : e n d l ;
46 }
47 }
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48 c o n s t c h a r ∗SpinhengeAtHome_TODO_UNIQUE_IDENTIFIER3485995394_MAIN = " $ (C)
C h r i s t i a n Benjamin Rie s [www. c h r i s t i a n b e n j a m i n r i e s . de ] $ " ;

49 /∗ A c t i o n s ∗ /
50 vo id a c t i o n F i n i s h ( )
51 {
52 c o n t r o l l e r −>h a n d l e r ( )−> f i n i s h e d ( 0 ) ;
53 }
54 −−]>
55 S t a t e m a c h i n e SpinhengeAtHomeSta teMachine
56 {
57 S t a t e s {
58 I n i t i a l R S t a r t
59 Simple R I n i t i a l i z a t i o n
60 <[−−
61 s i g n a l ( SIGINT , s i n t ) ;
62 a t e x i t ( u n l i n k I P C ) ;
63 /∗ D i a g n o s t i c s ∗ /
64 /∗ C o n t r o l l e r ∗ /
65 c o n t r o l l e r = b o o s t : : make_shared <SpinhengeAtHomeImpl > ( ) ;
66 t r y
67 {
68 /∗ BOINC ∗ /
69 h a n d l e r −> i n i t ( ) ;
70 /∗ IPC ∗ /
71 i f ( V i s u a l G r i d : : G e n e r a t e d : : I P C I n i t i a l i z a t i o n ( " SpinhengeAtHome_ipc " ) ) {
72 V i s u a l G r i d : : G e n e r a t e d : : I P C I n s t a n c e ( )−>s e t H a n d l e r ( h a n d l e r ) ;
73 h a n d l e r −>r e g i s t e r T i m e r C a l l b a c k ( V i s u a l G r i d : : G e n e r a t e d : : IPCUpdate ) ;
74 c o n t r o l l e r −>s e t I P C E n a b l e d ( t r u e ) ;
75 }
76 } c a t c h ( R ie s : : E x c e p t i o n s ex ) {
77 s t d : : c e r r << " ex . what ( ) : " << ex . what ( ) << s t d : : e n d l ;
78 c o n t r o l l e r −>h a n d l e r ( )−> f i n i s h e d ( 1 ) ;
79 }
80 −−]>
81 Simple RReady
82 Regions R P r o c e s s i n g
83 {
84 R0
85 {
86 S t a t e s
87 {
88 I n i t i a l R S t a r t 0
89 / / . . .
90 Simple R I d l e R e p o r t
91 <[−−
92 s l e e p ( 5 ) ;
93 −−]>
94 / / . . .
95 Simple RRepor t ing
96 <[−−
97 /∗ I n t e r p r o c e s s −communica t ion ∗ /
98 b o o s t : : s h a r e d _ p t r <SpinhengeAtHome > SpinhengeAtHomePtr =
99 b o o s t : : s t a t i c _ p o i n t e r _ c a s t <SpinhengeAtHome >( c o n t r o l l e r ) ;

100 SpinhengeAtHomePtr−>d o S h a r i n g ( ) ;
101 −−]>
102 }
103 }
104 R1
105 {
106 S t a t e s
107 {
108 I n i t i a l R S t a r t 1
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109 Simple R I d l e C h e c k p o i n t i n g
110 <[−−
111 s l e e p ( 5 ) ;
112 −−]>
113 Simple RCheckpo in t i ng
114 <[−−
115 c o n t r o l l e r −>doCheckpo in t ( ) ;
116 −−]>
117 }
118 }
119 R2
120 {
121 S t a t e s
122 {
123 I n i t i a l R S t a r t 2
124 H i s t o r y RH2
125 Simple RReadCheckpoint
126 / / Core comput ing o f t h e s c i e n t i f i c a p p l i c a t i o n .
127 Simple RComputing
128 <[−−
129 /∗ F i l e s ∗ /
130 c o n t r o l l e r −>a d d I n p u t F i l e ( " d a t a . xml " , " m e t r o p o l i s _ d a t a . xml " ) ;
131 c o n t r o l l e r −>a d d I n p u t F i l e ( " param . j j " , " param . j j " ) ;
132 c o n t r o l l e r −>a d d I n p u t F i l e ( " param . nn " , " param . nn " ) ;
133 c o n t r o l l e r −>a d d I n p u t F i l e ( " param .ww" , " param .ww" ) ;
134 c o n t r o l l e r −>a d d O u t p u t F i l e ( " r e s u l t . z i p " , " m e t r o p o l i s _ o u t . e r g " ) ;
135 c o n t r o l l e r −>addHand le r ( h a n d l e r ) ;
136 c o n t r o l l e r −> s t a r t ( ) ;
137 −−]>
138 }
139 } :
140 E n t r y RGoAhead
141 E x i t R F a i l u r e
142 E x i t RSuspend
143 E x i t R F i n i s h e d
144 :
145 }
146 / / C r e a t e c h e c k p o i n t . . .
147 Simple RPause
148 <[−− −−]>
149 / / E r r o r h a n d l i n g
150 Simple R T r o u b l e s h o o t i n g
151 <[−−
152 s t d : : c e r r << "{E} Arg , some th ing went wrong ! " << s t d : : e n d l ;
153 −−]>
154 F i n a l R F i n i s h
155 T e r m i n a t e RAbort
156 }
157 T r a n s i t i o n s {
158 / / Owner s o u r c e + e v e n t [ gua rd ] / a c t i o n == t a r g e t
159 / / ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
160 RegionMain : R S t a r t == R I n i t i a l i z a t i o n
161 RegionMain : R I n i t i a l i z a t i o n == RReady
162 RegionMain : RReady == R P r o c e s s i n g
163 RegionMain : R F a i l u r e == R T r o u b l e s h o o t i n g
164 RegionMain : R T r o u b l e s h o o t i n g == RAbort
165 RegionMain : R T r o u b l e s h o o t i n g == RGoAhead
166 RegionMain : RGoAhead == RComputing
167 RegionMain : RSuspend == RPause
168 RegionMain : RPause == R F i n i s h
169 RegionMain : R F i n i s h e d / a c t i o n F i n i s h ( ) == R F i n i s h
170 R0 : R S t a r t 0 == R I d l e R e p o r t
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171 R0 : R I d l e R e p o r t == RRepor t ing
172 R0 : RRepor t ing == R I d l e R e p o r t
173 R1 : R S t a r t 1 == R I d l e C h e c k p o i n t i n g
174 R1 : R I d l e C h e c k p o i n t i n g == RCheckpo in t i ng
175 R1 : RCheckpo in t i ng == R I d l e C h e c k p o i n t i n g
176 R2 : R S t a r t 2 == RComputing
177 R2 : RH2 == RReadCheckpoint
178 R2 : RReadCheckpoint == RComputing
179 R2 : RComputing + evC ompu t in gFa i l ed == R F a i l u r e
180 R2 : RComputing + evComput ingSuspend == RSuspend
181 R2 : RComputing + ev Co mp u t i ng F i n i sh ed evComput ingCancel == R F i n i s h e d
182 / / ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
183 }
184 }

Listing C.9: The Ries Statemachine (RSM) code for Spinhenge@home described in
Section 9.2.

1 / / l i b r i e s
2 # i n c l u d e < r i e s / uml / b e h a v i o r . h>
3 # i n c l u d e < r i e s / uml / s t a t e m a c h i n e . h>
4 / / C++
5 # i n c l u d e < i o s t r e a m >
6 # i f d e f _WIN32
7 / / Windows
8 # i n c l u d e <windows . h>
9 # d e f i n e SLEEP ( x ) S l e e p ( x∗1000)

10 # e l s e
11 / / Linux
12 # i n c l u d e < u n i s t d . h>
13 # d e f i n e SLEEP ( x ) s l e e p ( x )
14 # e n d i f
15 u s i n g namespace Rie s : :UML;
16 /∗ Ries ∗ /
17 # i n c l u d e < r i e s / d a t a / e x c e p t i o n s . h>
18 # i n c l u d e < r i e s / b o i n c / mvc / c o n t r o l l e r . h>
19 # i n c l u d e < r i e s / b o i n c / mvc / b o i n c _ h a n d l e r . h>
20 /∗ G e n e r a t e d ∗ /
21 # i n c l u d e < S p i n h e n g e A t H o m e _ c o n t r o l l e r . h>
22 # i n c l u d e <SpinhengeAtHome_work_impl . h>
23 # i n c l u d e <SpinhengeAtHome_ipc . h>
24 /∗ BOINC ∗ /
25 # i n c l u d e < d i a g n o s t i c s . h>
26 /∗ C++ ∗ /
27 # i n c l u d e < i o s t r e a m >
28 /∗ C , Linux ∗ /
29 # i n c l u d e < u n i s t d . h>
30 /∗ b o o s t ∗ /
31 # i n c l u d e < b o o s t / s h a r e d _ p t r . hpp >
32 # i n c l u d e < b o o s t / make_shared . hpp >
33 e x t e r n b o o s t : : s h a r e d _ p t r < Rie s : : BOINC : :MVC: : C o n t r o l l e r > c o n t r o l l e r ;
34 /∗ Hand le r ∗ /
35 b o o s t : : s h a r e d _ p t r < Rie s : : BOINC : :MVC: : Handler > h a n d l e r ( new Ries : : BOINC : :MVC: :

Hand le r ( ) ) ;
36 vo i d u n l i n k I P C ( )
37 {
38 u n l i n k ( " SpinhengeAtHome_ipc " ) ;
39 }
40 vo i d s i n t ( i n t s i g n r )
41 {
42 s w i t c h ( s i g n r )
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43 {
44 c a s e SIGINT :
45 {
46 u n l i n k I P C ( ) ;
47 b o i n c _ f i n i s h ( 1 ) ;
48 } b r e a k ;
49 d e f a u l t :
50 s t d : : c e r r << " S i g n a l " << s i g n r << " unknown . " << s t d : : e n d l ;
51 }
52 }
53 c o n s t c h a r ∗SpinhengeAtHome_TODO_UNIQUE_IDENTIFIER3485995394_MAIN = " $ (C)

C h r i s t i a n Benjamin Rie s [www. c h r i s t i a n b e n j a m i n r i e s . de ] $ " ;
54 /∗ A c t i o n s ∗ /
55 vo id a c t i o n F i n i s h ( )
56 {
57 c o n t r o l l e r −>h a n d l e r ( )−> f i n i s h e d ( 0 ) ;
58 }
59

60 c l a s s E f f e c t t R F i n i s h e d R F i n i s h : p u b l i c F u n c t i o n B e h a v i o r {
61 p u b l i c :
62 E f f e c t t R F i n i s h e d R F i n i s h ( ) : F u n c t i o n B e h a v i o r ( " E f f e c t t R F i n i s h e d R F i n i s h " ) {}
63 vo id e x e c u t e ( ) { a c t i o n F i n i s h ( ) ; }
64 } ;
65 c l a s s B e h a v i o r R C h e c k p o i n t i n g : p u b l i c B e h a v i o r {
66 p u b l i c :
67 B e h a v i o r R C h e c k p o i n t i n g ( ) : B e h a v i o r ( " B e h a v i o r R C h e c k p o i n t i n g " ) {}
68 vo id e x e c u t e ( ) { c o n t r o l l e r −>doCheckpo in t ( ) ; }
69 } ;
70 c l a s s BehaviorRComput ing : p u b l i c B e h a v i o r {
71 p u b l i c :
72 BehaviorRComputing ( ) : B e h a v i o r ( " BehaviorRComput ing " ) {}
73 vo id e x e c u t e ( ) { /∗ F i l e s ∗ /
74 c o n t r o l l e r −>a d d I n p u t F i l e ( " d a t a . xml " , " m e t r o p o l i s _ d a t a . xml " ) ;
75 c o n t r o l l e r −>a d d I n p u t F i l e ( " param . j j " , " param . j j " ) ;
76 c o n t r o l l e r −>a d d I n p u t F i l e ( " param . nn " , " param . nn " ) ;
77 c o n t r o l l e r −>a d d I n p u t F i l e ( " param .ww" , " param .ww" ) ;
78 c o n t r o l l e r −>a d d O u t p u t F i l e ( " r e s u l t . z i p " , "∗ . r e s ; ∗ . d a t " ) ;
79 c o n t r o l l e r −>addHand le r ( h a n d l e r ) ;
80 c o n t r o l l e r −> s t a r t ( ) ; }
81 } ;
82 c l a s s B e h a v i o r R I d l e C h e c k p o i n t i n g : p u b l i c B e h a v i o r {
83 p u b l i c :
84 B e h a v i o r R I d l e C h e c k p o i n t i n g ( ) : B e h a v i o r ( " B e h a v i o r R I d l e C h e c k p o i n t i n g " ) {}
85 vo id e x e c u t e ( ) { s l e e p ( 5 ) ; }
86 } ;
87 c l a s s B e h a v i o r R I d l e R e p o r t : p u b l i c B e h a v i o r {
88 p u b l i c :
89 B e h a v i o r R I d l e R e p o r t ( ) : B e h a v i o r ( " B e h a v i o r R I d l e R e p o r t " ) {}
90 vo id e x e c u t e ( ) { s l e e p ( 5 ) ; }
91 } ;
92 c l a s s B e h a v i o r R I n i t i a l i z a t i o n : p u b l i c B e h a v i o r {
93 p u b l i c :
94 B e h a v i o r R I n i t i a l i z a t i o n ( ) : B e h a v i o r ( " B e h a v i o r R I n i t i a l i z a t i o n " ) {}
95 vo id e x e c u t e ( ) { s i g n a l ( SIGINT , s i n t ) ;
96 a t e x i t ( u n l i n k I P C ) ;
97 /∗ D i a g n o s t i c s ∗ /
98 /∗ C o n t r o l l e r ∗ /
99 c o n t r o l l e r = b o o s t : : make_shared <SpinhengeAtHomeImpl > ( ) ;

100 t r y
101 {
102 /∗ BOINC ∗ /
103 h a n d l e r −> i n i t ( ) ;
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104 /∗ IPC ∗ /
105 i f ( V i s u a l G r i d : : G e n e r a t e d : : I P C I n i t i a l i z a t i o n ( " SpinhengeAtHome_ipc " ) ) {
106 V i s u a l G r i d : : G e n e r a t e d : : I P C I n s t a n c e ( )−>s e t H a n d l e r ( h a n d l e r ) ;
107 h a n d l e r −>r e g i s t e r T i m e r C a l l b a c k ( V i s u a l G r i d : : G e n e r a t e d : : IPCUpdate ) ;
108 c o n t r o l l e r −>s e t I P C E n a b l e d ( t r u e ) ;
109 }
110 } c a t c h ( R ie s : : E x c e p t i o n s ex ) {
111 s t d : : c e r r << " ex . what ( ) : " << ex . what ( ) << s t d : : e n d l ;
112 c o n t r o l l e r −>h a n d l e r ( )−> f i n i s h e d ( 1 ) ;
113 }}
114 } ;
115 c l a s s Behav iorRPause : p u b l i c B e h a v i o r {
116 p u b l i c :
117 Behav iorRPause ( ) : B e h a v i o r ( " Behav iorRPause " ) {}
118 vo i d e x e c u t e ( ) {}
119 } ;
120 c l a s s B e h a v i o r R R e p o r t i n g : p u b l i c B e h a v i o r {
121 p u b l i c :
122 B e h a v i o r R R e p o r t i n g ( ) : B e h a v i o r ( " B e h a v i o r R R e p o r t i n g " ) {}
123 vo i d e x e c u t e ( ) { /∗ I n t e r p r o c e s s −communica t ion ∗ /
124 b o o s t : : s h a r e d _ p t r <SpinhengeAtHome > SpinhengeAtHomePtr =
125 b o o s t : : s t a t i c _ p o i n t e r _ c a s t <SpinhengeAtHome >( c o n t r o l l e r ) ;
126 SpinhengeAtHomePtr−>d o S h a r i n g ( ) ; }
127 } ;
128 c l a s s B e h a v i o r R T r o u b l e s h o o t i n g : p u b l i c B e h a v i o r {
129 p u b l i c :
130 B e h a v i o r R T r o u b l e s h o o t i n g ( ) : B e h a v i o r ( " B e h a v i o r R T r o u b l e s h o o t i n g " ) {}
131 vo i d e x e c u t e ( ) { s t d : : c e r r << "{E} Arg , some th ing went wrong ! " << s t d : : e n d l ; }
132 } ;
133

134 i n t main ( i n t a rgc , c h a r ∗∗ a rgv )
135 {
136 S t a t e M a c h i n e ∗SpinhengeAtHomeSta teMachine
137 = new S t a t e M a c h i n e ( " SpinhengeAtHomeSta teMachine " ) ;
138 Region ∗RegionMain = new Region ( " RegionMain " ) ;
139 RegionMain−>s t a t e M a c h i n e = SpinhengeAtHomeSta teMachine ;
140 P s e u d o S t a t e ∗R S t a r t = new P s e u d o S t a t e ( S t a t e I n i t i a l , " R S t a r t " ) ;
141 S t a t e ∗ R I n i t i a l i z a t i o n = new S t a t e ( " R I n i t i a l i z a t i o n " ) ;
142 S t a t e ∗RReady = new S t a t e ( " RReady " ) ;
143 S t a t e ∗R P r o c e s s i n g = new S t a t e ( " R P r o c e s s i n g " ) ;
144 i n t R0RegionIndex = RProces s ing −>r e g i o n . s i z e ( ) ;
145 (∗ R P r o c e s s i n g ) [ R0RegionIndex ] = new Region ( " R0 " ) ;
146 (∗ R P r o c e s s i n g ) [ R0RegionIndex]−> s t a t e = R P r o c e s s i n g ;
147 Region ∗R0 = (∗ R P r o c e s s i n g ) [ R0RegionIndex ] ;
148 P s e u d o S t a t e ∗R S t a r t 0 = new P s e u d o S t a t e ( S t a t e I n i t i a l , " R S t a r t 0 " ) ;
149 S t a t e ∗R I d l e R e p o r t = new S t a t e ( " R I d l e R e p o r t " ) ;
150 S t a t e ∗RRepor t ing = new S t a t e ( " RRepor t ing " ) ;
151 i n t R1RegionIndex = RProces s ing −>r e g i o n . s i z e ( ) ;
152 (∗ R P r o c e s s i n g ) [ R1RegionIndex ] = new Region ( " R1 " ) ;
153 (∗ R P r o c e s s i n g ) [ R1RegionIndex]−> s t a t e = R P r o c e s s i n g ;
154 Region ∗R1 = (∗ R P r o c e s s i n g ) [ R1RegionIndex ] ;
155 P s e u d o S t a t e ∗R S t a r t 1 = new P s e u d o S t a t e ( S t a t e I n i t i a l , " R S t a r t 1 " ) ;
156 S t a t e ∗R I d l e C h e c k p o i n t i n g = new S t a t e ( " R I d l e C h e c k p o i n t i n g " ) ;
157 S t a t e ∗RCheckpo in t i ng = new S t a t e ( " RCheckpo in t i ng " ) ;
158 i n t R2RegionIndex = RProces s ing −>r e g i o n . s i z e ( ) ;
159 (∗ R P r o c e s s i n g ) [ R2RegionIndex ] = new Region ( " R2 " ) ;
160 (∗ R P r o c e s s i n g ) [ R2RegionIndex]−> s t a t e = R P r o c e s s i n g ;
161 Region ∗R2 = (∗ R P r o c e s s i n g ) [ R2RegionIndex ] ;
162 P s e u d o S t a t e ∗R S t a r t 2 = new P s e u d o S t a t e ( S t a t e I n i t i a l , " R S t a r t 2 " ) ;
163 P s e u d o S t a t e ∗RH2 = new P s e u d o S t a t e ( S t a t e D e e p H i s t o r y , "RH2 " ) ;
164 S t a t e ∗RReadCheckpoint = new S t a t e ( " RReadCheckpoint " ) ;
165 S t a t e ∗RComputing = new S t a t e ( " RComputing " ) ;
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166 P s e u d o S t a t e ∗RGoAhead = new P s e u d o S t a t e ( S t a t e E n t r y , " RGoAhead " ) ;
167 RGoAhead−> s t a t e = R P r o c e s s i n g ;
168 RProces s ing −>c o n n e c t i o n P o i n t . push_back ( RGoAhead ) ;
169 C o n n e c t i o n P o i n t R e f e r e n c e ∗cRefRGoAhead = new C o n n e c t i o n P o i n t R e f e r e n c e ( "

cRefRGoAhead " ) ;
170 cRefRGoAhead−> s t a t e = R P r o c e s s i n g ;
171 cRefRGoAhead−> e x i t . push_back ( RGoAhead ) ;
172 RProces s ing −>c o n n e c t i o n . push_back ( cRefRGoAhead ) ;
173 P s e u d o S t a t e ∗R F a i l u r e = new P s e u d o S t a t e ( S t a t e E x i t , " R F a i l u r e " ) ;
174 R F a i l u r e −> s t a t e = R P r o c e s s i n g ;
175 RProces s ing −>c o n n e c t i o n P o i n t . push_back ( R F a i l u r e ) ;
176 C o n n e c t i o n P o i n t R e f e r e n c e ∗ c R e f R F a i l u r e = new C o n n e c t i o n P o i n t R e f e r e n c e ( "

c R e f R F a i l u r e " ) ;
177 c R e f R F a i l u r e −> s t a t e = R P r o c e s s i n g ;
178 c R e f R F a i l u r e −> e x i t . push_back ( R F a i l u r e ) ;
179 RProces s ing −>c o n n e c t i o n . push_back ( c R e f R F a i l u r e ) ;
180 P s e u d o S t a t e ∗RSuspend = new P s e u d o S t a t e ( S t a t e E x i t , " RSuspend " ) ;
181 RSuspend−> s t a t e = R P r o c e s s i n g ;
182 RProces s ing −>c o n n e c t i o n P o i n t . push_back ( RSuspend ) ;
183 C o n n e c t i o n P o i n t R e f e r e n c e ∗cRefRSuspend = new C o n n e c t i o n P o i n t R e f e r e n c e ( "

cRefRSuspend " ) ;
184 cRefRSuspend−> s t a t e = R P r o c e s s i n g ;
185 cRefRSuspend−> e x i t . push_back ( RSuspend ) ;
186 RProces s ing −>c o n n e c t i o n . push_back ( cRefRSuspend ) ;
187 P s e u d o S t a t e ∗R F i n i s h e d = new P s e u d o S t a t e ( S t a t e E x i t , " R F i n i s h e d " ) ;
188 RFin i shed−> s t a t e = R P r o c e s s i n g ;
189 RProces s ing −>c o n n e c t i o n P o i n t . push_back ( R F i n i s h e d ) ;
190 C o n n e c t i o n P o i n t R e f e r e n c e ∗ c R e f R F i n i s h e d = new C o n n e c t i o n P o i n t R e f e r e n c e ( "

c R e f R F i n i s h e d " ) ;
191 cRefRFin i shed −> s t a t e = R P r o c e s s i n g ;
192 cRefRFin i shed −> e x i t . push_back ( R F i n i s h e d ) ;
193 RProces s ing −>c o n n e c t i o n . push_back ( c R e f R F i n i s h e d ) ;
194 S t a t e ∗RPause = new S t a t e ( " RPause " ) ;
195 S t a t e ∗R T r o u b l e s h o o t i n g = new S t a t e ( " R T r o u b l e s h o o t i n g " ) ;
196 F i n a l S t a t e ∗R F i n i s h = new F i n a l S t a t e ( " R F i n i s h " ) ;
197 P s e u d o S t a t e ∗RAbort = new P s e u d o S t a t e ( S t a t e T e r m i n a t e , " RAbort " ) ;
198

199 T r i g g e r ∗ evComput ingCancel = new T r i g g e r ( " evComput ingCancel " ) ;
200 T r i g g e r ∗ evC ompu t in gFa i l ed = new T r i g g e r ( " ev Com pu t i ngF a i l e d " ) ;
201 T r i g g e r ∗ ev Co m pu t i ng F i n i sh ed = new T r i g g e r ( " e vC om pu t i ng F i n i sh e d " ) ;
202 T r i g g e r ∗ evComput ingSuspend= new T r i g g e r ( " evComput ingSuspend " ) ;
203

204 T r a n s i t i o n ∗ t R S t a r t R I n i t i a l i z a t i o n = new T r a n s i t i o n ( " t R S t a r t R I n i t i a l i z a t i o n " ,
R S t a r t , R I n i t i a l i z a t i o n ) ;

205 T r a n s i t i o n ∗ t R I n i t i a l i z a t i o n R R e a d y = new T r a n s i t i o n ( " t R I n i t i a l i z a t i o n R R e a d y " ,
R I n i t i a l i z a t i o n , RReady ) ;

206 T r a n s i t i o n ∗ tRReadyRProcess ing = new T r a n s i t i o n ( " tRReadyRProcess ing " , RReady ,
R P r o c e s s i n g ) ;

207 T r a n s i t i o n ∗ t R F a i l u r e R T r o u b l e s h o o t i n g = new T r a n s i t i o n ( "
t R F a i l u r e R T r o u b l e s h o o t i n g " , R F a i l u r e , R T r o u b l e s h o o t i n g ) ;

208 T r a n s i t i o n ∗ t R T r o u b l e s h o o t i n g R A b o r t = new T r a n s i t i o n ( " t R T r o u b l e s h o o t i n g R A b o r t " ,
R T r o u b l e s h o o t i n g , RAbort ) ;

209 T r a n s i t i o n ∗ tRTroubleshoot ingRGoAhead = new T r a n s i t i o n ( "
tRTroubleshoot ingRGoAhead " , R T r o u b l e s h o o t i n g , RGoAhead ) ;

210 T r a n s i t i o n ∗ tRGoAheadRComputing = new T r a n s i t i o n ( " tRGoAheadRComputing " , RGoAhead
, RComputing ) ;

211 T r a n s i t i o n ∗ tRSuspendRPause = new T r a n s i t i o n ( " tRSuspendRPause " , RSuspend , RPause
) ;

212 T r a n s i t i o n ∗ t R P a u s e R F i n i s h = new T r a n s i t i o n ( " t R P a u s e R F i n i s h " , RPause , R F i n i s h ) ;
213 T r a n s i t i o n ∗ t R F i n i s h e d R F i n i s h = new T r a n s i t i o n ( " t R F i n i s h e d R F i n i s h " , RFin i shed ,

R F i n i s h ) ;
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214 E f f e c t t R F i n i s h e d R F i n i s h ∗ i n s t a n c e E f f e c t t R F i n i s h e d R F i n i s h = new
E f f e c t t R F i n i s h e d R F i n i s h ( ) ;

215 t R F i n i s h e d R F i n i s h −>add ( i n s t a n c e E f f e c t t R F i n i s h e d R F i n i s h ) ;
216 T r a n s i t i o n ∗ t R S t a r t 0 R I d l e R e p o r t = new T r a n s i t i o n ( " t R S t a r t 0 R I d l e R e p o r t " , R S t a r t 0 ,

R I d l e R e p o r t ) ;
217 T r a n s i t i o n ∗ t R I d l e R e p o r t R R e p o r t i n g = new T r a n s i t i o n ( " t R I d l e R e p o r t R R e p o r t i n g " ,

R I d l e R e p o r t , RRepor t ing ) ;
218 T r a n s i t i o n ∗ t R R e p o r t i n g R I d l e R e p o r t = new T r a n s i t i o n ( " t R R e p o r t i n g R I d l e R e p o r t " ,

RRepor t ing , R I d l e R e p o r t ) ;
219 T r a n s i t i o n ∗ t R S t a r t 1 R I d l e C h e c k p o i n t i n g = new T r a n s i t i o n ( "

t R S t a r t 1 R I d l e C h e c k p o i n t i n g " , R S t a r t 1 , R I d l e C h e c k p o i n t i n g ) ;
220 T r a n s i t i o n ∗ t R I d l e C h e c k p o i n t i n g R C h e c k p o i n t i n g = new T r a n s i t i o n ( "

t R I d l e C h e c k p o i n t i n g R C h e c k p o i n t i n g " , R I d l e C h e c k p o i n t i n g , RCheckpo in t i ng ) ;
221 T r a n s i t i o n ∗ t R C h e c k p o i n t i n g R I d l e C h e c k p o i n t i n g = new T r a n s i t i o n ( "

t R C h e c k p o i n t i n g R I d l e C h e c k p o i n t i n g " , RCheckpoin t ing , R I d l e C h e c k p o i n t i n g ) ;
222 T r a n s i t i o n ∗ tRS ta r t2RComput ing = new T r a n s i t i o n ( " tRSta r t2RComput ing " , R S t a r t 2 ,

RComputing ) ;
223 T r a n s i t i o n ∗ tRH2RReadCheckpoint = new T r a n s i t i o n ( " tRH2RReadCheckpoint " , RH2 ,

RReadCheckpoint ) ;
224 T r a n s i t i o n ∗ tRReadCheckpointRComput ing = new T r a n s i t i o n ( "

tRReadCheckpointRComput ing " , RReadCheckpoint , RComputing ) ;
225 T r a n s i t i o n ∗ tRComput ingRFa i lu r e = new T r a n s i t i o n ( " tRCompu t ingRFa i lu re " ,

RComputing , R F a i l u r e ) ;
226 tRComput ingRFa i lu re−>add ( evCo mpu t in g Fa i l e d ) ;
227 T r a n s i t i o n ∗ tRComputingRSuspend = new T r a n s i t i o n ( " tRComputingRSuspend " ,

RComputing , RSuspend ) ;
228 tRComputingRSuspend−>add ( evComput ingSuspend ) ;
229 T r a n s i t i o n ∗ tRComput ingRFin i shed = new T r a n s i t i o n ( " tRComput ingRFin i shed " ,

RComputing , R F i n i s h e d ) ;
230 tRComput ingRFin ished−>add ( ev Co mp u t i n gF i n i sh e d ) ;
231 tRComput ingRFin ished−>add ( evComput ingCancel ) ;
232

233 R S t a r t −>c o n t a i n e r = RegionMain ;
234 R I n i t i a l i z a t i o n −>c o n t a i n e r = RegionMain ;
235 RReady−>c o n t a i n e r = RegionMain ;
236 RProces s ing −>c o n t a i n e r = RegionMain ;
237 R S t a r t 0 −>c o n t a i n e r = R0 ;
238 R I d l e R e p o r t −>c o n t a i n e r = R0 ;
239 RRepor t ing−>c o n t a i n e r = R0 ;
240 R S t a r t 1 −>c o n t a i n e r = R1 ;
241 R I d l e C h e c k p o i n t i n g −>c o n t a i n e r = R1 ;
242 RCheckpoin t ing−>c o n t a i n e r = R1 ;
243 R S t a r t 2 −>c o n t a i n e r = R2 ;
244 RH2−>c o n t a i n e r = R2 ;
245 RReadCheckpoint−>c o n t a i n e r = R2 ;
246 RComputing−>c o n t a i n e r = R2 ;
247 RPause−>c o n t a i n e r = RegionMain ;
248 R T r o u b l e s h o o t i n g −>c o n t a i n e r = RegionMain ;
249 RFin i sh−>c o n t a i n e r = RegionMain ;
250 RAbort−>c o n t a i n e r = RegionMain ;
251 t R S t a r t R I n i t i a l i z a t i o n −>c o n t a i n e r = RegionMain ;
252 t R I n i t i a l i z a t i o n R R e a d y −>c o n t a i n e r = RegionMain ;
253 tRReadyRProcess ing−>c o n t a i n e r = RegionMain ;
254 t R F a i l u r e R T r o u b l e s h o o t i n g −>c o n t a i n e r = RegionMain ;
255 t R T r o u b l e s h o o t i n g R A b o r t −>c o n t a i n e r = RegionMain ;
256 tRTroubleshoot ingRGoAhead−>c o n t a i n e r = RegionMain ;
257 tRGoAheadRComputing−>c o n t a i n e r = RegionMain ;
258 tRSuspendRPause−>c o n t a i n e r = RegionMain ;
259 tRPauseRFin i sh −>c o n t a i n e r = RegionMain ;
260 t R F i n i s h e d R F i n i s h −>c o n t a i n e r = RegionMain ;
261 t R S t a r t 0 R I d l e R e p o r t −>c o n t a i n e r = R0 ;
262 t R I d l e R e p o r t R R e p o r t i n g −>c o n t a i n e r = R0 ;
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263 t R R e p o r t i n g R I d l e R e p o r t −>c o n t a i n e r = R0 ;
264 t R S t a r t 1 R I d l e C h e c k p o i n t i n g −>c o n t a i n e r = R1 ;
265 t R I d l e C h e c k p o i n t i n g R C h e c k p o i n t i n g −>c o n t a i n e r = R1 ;
266 t R C h e c k p o i n t i n g R I d l e C h e c k p o i n t i n g −>c o n t a i n e r = R1 ;
267 tRSta r t2RComput ing−>c o n t a i n e r = R2 ;
268 tRH2RReadCheckpoint−>c o n t a i n e r = R2 ;
269 tRReadCheckpointRComputing−>c o n t a i n e r = R2 ;
270 tRComput ingRFa i lu re−>c o n t a i n e r = R2 ;
271 tRComputingRSuspend−>c o n t a i n e r = R2 ;
272 tRComput ingRFin ished−>c o n t a i n e r = R2 ;
273

274 RegionMain−>s u b v e r t e x . push_back ( R S t a r t ) ;
275 RegionMain−>s u b v e r t e x . push_back ( R I n i t i a l i z a t i o n ) ;
276 RegionMain−>s u b v e r t e x . push_back ( RReady ) ;
277 RegionMain−>s u b v e r t e x . push_back ( R P r o c e s s i n g ) ;
278 R0−>s u b v e r t e x . push_back ( R S t a r t 0 ) ;
279 R0−>s u b v e r t e x . push_back ( R I d l e R e p o r t ) ;
280 R0−>s u b v e r t e x . push_back ( RRepor t ing ) ;
281 R1−>s u b v e r t e x . push_back ( R S t a r t 1 ) ;
282 R1−>s u b v e r t e x . push_back ( R I d l e C h e c k p o i n t i n g ) ;
283 R1−>s u b v e r t e x . push_back ( RCheckpo in t i ng ) ;
284 R2−>s u b v e r t e x . push_back ( R S t a r t 2 ) ;
285 R2−>s u b v e r t e x . push_back (RH2) ;
286 R2−>s u b v e r t e x . push_back ( RReadCheckpoint ) ;
287 R2−>s u b v e r t e x . push_back ( RComputing ) ;
288 RegionMain−>s u b v e r t e x . push_back ( RPause ) ;
289 RegionMain−>s u b v e r t e x . push_back ( R T r o u b l e s h o o t i n g ) ;
290 RegionMain−>s u b v e r t e x . push_back ( R F i n i s h ) ;
291 RegionMain−>s u b v e r t e x . push_back ( RAbort ) ;
292

293 T r i g g e r V e c t o r v ;
294 v . push_back ( evComput ingCancel ) ;
295 v . push_back ( e vCom pu t ingF a i l ed ) ;
296 v . push_back ( e vC o mp u t in gF in i s he d ) ;
297 v . push_back ( evComput ingSuspend ) ;
298

299 SpinhengeAtHomeStateMachine−>r e g i o n . push_back ( RegionMain ) ;
300

301 RCheckpoin t ing−>d o A c t i v i t y = new B e h a v i o r R C h e c k p o i n t i n g ( ) ;
302 RComputing−>d o A c t i v i t y = new BehaviorRComputing ( ) ;
303 R I d l e C h e c k p o i n t i n g −>d o A c t i v i t y = new B e h a v i o r R I d l e C h e c k p o i n t i n g ( ) ;
304 R I d l e R e p o r t −>d o A c t i v i t y = new B e h a v i o r R I d l e R e p o r t ( ) ;
305 R I n i t i a l i z a t i o n −>d o A c t i v i t y = new B e h a v i o r R I n i t i a l i z a t i o n ( ) ;
306 RPause−>d o A c t i v i t y = new BehaviorRPause ( ) ;
307 RRepor t ing−>d o A c t i v i t y = new B e h a v i o r R R e p o r t i n g ( ) ;
308 R T r o u b l e s h o o t i n g −>d o A c t i v i t y = new B e h a v i o r R T r o u b l e s h o o t i n g ( ) ;
309

310 SpinhengeAtHomeStateMachine−>p r o c e s s ( ) ;
311

312 S t a t e M a c h i n e ∗sm__ = SpinhengeAtHomeSta teMachine ;
313 boo l t e r m i n a t e d = f a l s e ;
314 w h i l e ( sm__−>i s R u n n i n g ( ) )
315 {
316 i f ( t e r m i n a t e d ) {
317 / / s t d : : c o u t << " Wait f o r t e r m i n a t i o n . . . " << s t d : : e n d l ;
318 SLEEP ( 1 ) ; c o n t i n u e ;
319 }
320 }
321 r e t u r n 0 ;
322 }

Listing C.10: ...
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C.4 Work Processing

Listing C.12 shows a use-case implementation for the creation and handling of
series and workunits. This use-case is based on the Work package specifications
(Section 6.8). The semantic-model used is shown in Listing C.11.

1 d a t a t y p e S t r i n g " s t d : : s t r i n g " ;
2 d a t a t y p e Boolean " boo l " ;
3 d a t a t y p e I n t e g e r " i n t " ;
4 d a t a t y p e F l o a t " f l o a t " ;
5 d a t a t y p e B in a ry " vo id ∗ " ;
6 d a t a t y p e Any " b o o s t : : v a r i a n t < i n t , double , f l o a t , s t d : : s t r i n g , F i l e I n f o B a s e

∗ >";
7

8 F i l e T y p e [ F i l e , S t r i n g , I n t e g e r , Double , F l o a t ]
9

10 A p p l i c a t i o n {
11 name : S t r i n g [ 1 ] ;
12 /∗ c u t ∗ /
13 a s s o c i a t i o n s e r i e s : S e r i e s [ ∗ ] ;
14 }
15

16 W o r k u n i t S t a t e {
17 s t a t e : I n t e g e r ;
18 maximum_sequence : I n t e g e r = " 1 " ;
19 c u r r e n t _ s e q u e n c e : I n t e g e r = " 1 " ;
20

21 check ( ) : S t r i n g ;
22

23 a s s o c i a t i o n w o r k u n i t : Workuni t [ 1 ] ;
24 }
25

26 I n t e r f a c e W o r k u n i t {
27 c r e a t e ( ) : Boolean ;
28 c a n c e l ( ) : Boolean ;
29 i n f o r m a t i o n ( ) : S t r i n g ;
30 }
31

32 S e r i e s {
33 name : S t r i n g ;
34 d e a d l i n e : I n t e g e r = " 1 " ;
35 a c t i v a t e d : Boolean = " f a l s e " ;
36 c o m p o s i t i o n w o r k u n i t : Workuni t [ 1 . . ∗ ] ;
37 a s s o c i a t i o n a p p l i c a t i o n : A p p l i c a t i o n [ 1 ] ;
38 a s s o c i a t i o n r a n g e s : Range [ 0 . . ∗ ] ;
39 }
40

41 Range {
42 g e t V a l u e ( ) : Any ;
43 a s s o c i a t i o n s e r i e s : S e r i e s [ ∗ ] ;
44 a s s o c i a t i o n d a t a f i e l d : D a t a f i e l d [ 1 ] ;
45 }
46

47 RangeRule implemen t s Range {
48 r u l e : S t r i n g [ 1 ] ;
49 }
50

51 RangeSimple implemen t s Range {
52 s t a r t : F l o a t = " 1 . 0 f " [ 1 ] ;
53 s t o p : F l o a t = " 1 . 0 f " [ 1 ] ;
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54 s t e p : F l o a t = " 1 . 0 f " [ 1 ] ;
55 }
56

57 Workuni t imp lemen t s I n t e r f a c e W o r k u n i t {
58 i d : I n t e g e r ;
59 r s c _ f p o p s _ e s t : F l o a t ;
60 r s c _ f p o p s _ b o u n d : F l o a t ;
61 rsc_memory_bound : F l o a t ;
62 r s c _ d i s k _ b o u n d : F l o a t ;
63 de lay_bound : F l o a t ;
64 min_quorum : I n t e g e r = " 2 " ;
65 t a r g e t _ n r e s u l t s : I n t e g e r ;
66 m a x _ e r r o r _ r e s u l t s : I n t e g e r ;
67 m a x _ t o t a l _ r e s u l t s : I n t e g e r ;
68 m a x _ s u c e s s _ r e s u l t s : I n t e g e r ;
69

70 c o m p o s i t i o n f i l e s : I n p u t [ ∗ ] ;
71 c o m p o s i t i o n r e s u l t s : Outpu t [ ∗ ] ;
72

73 a s s o c i a t i o n s e r i e s : S e r i e s [ 1 ] ;
74 a s s o c i a t i o n w o r k u n i t S t a t e : W o r k u n i t S t a t e [ 1 ] ;
75 a s s o c i a t i o n w o r k u n i t A s s o c i a t i o n : W o r k u n i t A s s o c i a t i o n [ 0 . . 1 ] ;
76 }
77

78 W o r k u n i t A s s o c i a t i o n implemen t s I n t e r f a c e W o r k u n i t {
79 a s s o c i a t i o n w o r k u n i t : Workuni t [ 1 ] ;
80 a s s o c i a t i o n s e r i e s : S e r i e s [ ∗ ] ;
81 a s s o c i a t i o n i n p u t : I n p u t [ ∗ ] ;
82 }
83

84 I n t e r f a c e V a l i d a t e { }
85

86 I n t e r f a c e A s s i m i l a t e {
87 a s s o c i a t i o n w o r k u n i t A s s o c i a t i o n : W o r k u n i t A s s o c i a t i o n [ 1 . . ∗ ] ;
88 }
89

90 I n t e r f a c e D a t a s e t {
91 open ( name : S t r i n g ) : Any ;
92 e x i s t s ( name : S t r i n g ) : Any ;
93 }
94

95 I n p u t imp lemen t s I n t e r f a c e D a t a s e t {
96 name : S t r i n g ;
97 c o p y f i l e : Boolean = " f a l s e " ;
98 s t i c k y : Boolean = " f a l s e " ;
99 n o d e l e t e : Boolean = " t r u e " ;

100 r e p o r t _ o n _ r p c : Boolean = " f a l s e " ;
101 un iq ue : Boolean = " f a l s e " ;
102

103 c o m p o s i t i o n d a t a f i e l d : D a t a f i e l d [ ∗ ] ;
104 }
105

106 Outpu t imp lemen t s I n t e r f a c e D a t a s e t {
107 name : S t r i n g ;
108 g e n e r a t e d _ l o c a l l y : Boolean = " t r u e " ;
109 u p l o a d _ w h e n _ p r e s e n t : Boolean = " t r u e " ;
110 max_nbytes : I n t e g e r = " 1 0 2 4 " ;
111 u r l : S t r i n g ;
112 c o p y _ f i l e : Boolean = " f a l s e " ;
113 o p t i o n a l : Boolean = " f a l s e " ;
114 n o _ v a l i d a t e : Boolean = " f a l s e " ;
115 n o _ d e l e t e : Boolean = " f a l s e " ;
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116

117 c o m p o s i t i o n d a t a f i e l d : D a t a f i e l d [ ∗ ] ;
118 }
119

120 D a t a f i e l d {
121 name : S t r i n g ;
122 t y p e : F i l e T y p e ;
123 d a t a : Any ;
124 o p t i o n a l : Boolean = " f a l s e " ;
125

126 open ( ) : Any ;
127 s t o r e ( d a t a : F i l e T y p e ) : Boolean ;
128

129 a s s o c i a t i o n a t t r i b u t e s : D a t a f i e l d [ 0 . . ∗ ] ;
130 a s s o c i a t i o n f i e l d s : D a t a f i e l d [ 0 . . ∗ ] ;
131 }

Listing C.11: Excerpt of the semantic-model of the Work package (Section 6.8) which is
used by the use-case implementation in Listing C.12.

1 / / C++
2 # i n c l u d e < i o s t r e a m >
3 # i n c l u d e < s t r i n g >
4 # i n c l u d e < v e c t o r >
5 # i n c l u d e <map>
6

7 / / C , L inux
8 # i n c l u d e < u n i s t d . h>
9

10 / / l i b r i e s
11 # i n c l u d e < r i e s / b o i n c / b o i n c . h>
12 # i n c l u d e < r i e s / s t r i n g / s t r i n g . h>
13 # i n c l u d e < r i e s / f i l e s y s / f i l e s y s . h>
14

15 / / Genera ted
16 # i n c l u d e < I n p u t . h>
17 # i n c l u d e < Outpu t . h>
18 # i n c l u d e < S e r i e s . h>
19 # i n c l u d e < P r o j e c t . h>
20 # i n c l u d e <RangeRule . h>
21 # i n c l u d e < A p p l i c a t i o n . h>
22 # i n c l u d e < W o r k u n i t A s s o c i a t i o n . h>
23

24 / / R i e s
25 # i n c l u d e < w u F i l e s . h>
26 # i n c l u d e < b o i n c / b o i n c . h>
27 # i n c l u d e < lmbo incOu tpu t . h>
28 # i n c l u d e < lmboincWorkun i t . h>
29 # i n c l u d e < l m b o i n c D a t a f i e l d . h>
30 # i n c l u d e <lmboincRangeRule . h>
31 # i n c l u d e <lmboincRangeSimple . h>
32 # i n c l u d e < I n t e r f a c e D a t a S o u r c e . h>
33

34 us ing namespace G e n e r a t e d ;
35

36 void h e l p _ m a i n _ w o r k u n i t ( ) {
37 s t d : : c o u t << " Help menu f o r mainLMBoincWorkunit \ n " ;
38 s t d : : c o u t << " +++++++++++++++++++++++++++++++++\n " ;
39 s t d : : c o u t << " −−h e l p | −h Th i s h e l p menu . \ n " ;
40 s t d : : c o u t << " −−i n f o WUID Shows i n f o r m a t i o n of one w o r k u n i t . \ n " ;
41 s t d : : c o u t << " −−c a n c e l WUID (WUID) "
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42 << " C a n c e l s p r o c e s s i n g o f one ( o r more between ) \ n "
43 << " s p e c i f i c workun i t , bo th WUs a r e i n c l u s i v e . \ n " ;
44 e x i t ( 0 ) ;
45 }
46

47 i n t main_workun i t ( i n t argc , char ∗∗ a rgv )
48 {
49 / / Cr ea t e t emporary d i r e c t o r y !
50 i f ( mkdir ( " / tmp / v i s u a l g r i d " , S_IRWXU | S_IRWXG | S_IROTH | S_IXOTH ) >= 0) {
51 s t d : : c o u t << " Temporary d i r e c t o r y ’ / tmp / v i s u a l g r i d ’ c r e a t e d ! "
52 << s t d : : e n d l ;
53 }
54

55 i n t r e t v a l = c o n f i g . p a r s e _ f i l e ( PROJECTDIR ) ;
56 i f ( r e t v a l ) {
57 s t d : : c e r r << " : C Could n o t open BOINC ’ s c o n f i g u r a t i o n "
58 << s t d : : e n d l ;
59 e x i t ( 1 ) ;
60 }
61 r e t v a l = bo inc_db . open ( c o n f i g . db_name , c o n f i g . db_hos t ,
62 c o n f i g . db_user , c o n f i g . db_passwd ) ;
63 i f ( r e t v a l ) {
64 s t d : : c e r r << " : C Could n o t c o n n e c t t o d a t a b a s e ( "
65 << c o n f i g . db_name << "@" << c o n f i g . d b _ h o s t << " ) "
66 << s t d : : e n d l ;
67 e x i t ( 1 ) ;
68 }
69

70 f o r ( i n t i =1 ; i < a r g c ; i ++) {
71 i f ( ! s t r cm p ( a rgv [ i ] , "−−h e l p " ) | | ! ( s t r c mp ( a rgv [ i ] , "−h " ) ) ) {
72 h e l p _ m a i n _ w o r k u n i t ( ) ;
73 }
74

75 i f ( ! s t r cm p ( a rgv [ i ] , "−−i n f o " ) ) {
76 i f ( a rgv [++ i ] ) {
77 i n t wuid = a t o i ( a rgv [ i ] ) ;
78 / / lmbo inc
79 LMBoincWorkuni tS ta te ∗ws = new LMBoincWorkuni tSta te ( ) ;
80 LMBoincWorkunit ∗w = new LMBoincWorkunit ( ) ;
81 ws−>s e t W o r k u n i t (w) ;
82 w−>s e t W o r k u n i t S t a t e ( ws ) ;
83 w−> s e t I d ( wuid ) ;
84 s t d : : c o u t << " S t a t e : " << w−>w o r k u n i t S t a t e ( )−>check ( ) << s t d : : e n d l ;
85 e x i t ( 0 ) ;
86 }
87 }
88

89 i f ( ! s t r cm p ( a rgv [ i ] , "−−c a n c e l " ) ) {
90 i n t s t a r t = −1;
91 i n t s t o p = −1;
92

93 i f ( a rgv [++ i ] ) s t a r t = a t o i ( a rgv [ i ] ) ;
94 e l s e {
95 s t d : : c e r r << " : C Miss ing argument , one WUID i s r e q u i r e d ! "
96 << s t d : : e n d l ;
97 h e l p _ m a i n _ w o r k u n i t ( ) ;
98 }
99 i f ( a rgv [++ i ] ) s t o p = a t o i ( a rgv [ i ] ) ;

100 i f ( s t o p <= 0) s t o p = s t a r t ;
101

102 LMBoincWorkunit ∗w = new LMBoincWorkunit ( ) ;
103 f o r ( ; s t a r t <= s t o p ; ++ s t a r t ) {



286 Appendix C. Code Generation

104 w−> s e t I d ( s t a r t ) ;
105 i f ( ! w−>c a n c e l ( ) ) {
106 s t d : : c e r r << " : C C a n c e l a t i o n o f w o r k u n i t ( " << s t a r t << " ) "
107 << " f a i l e d . " << s t d : : e n d l ;
108 } e l s e {
109 s t d : : c o u t << " :−) C a n c e l a t i o n o f w o r k u n i t ( " << s t a r t << " ) "
110 << " s u c c e s s f u l l y . " << s t d : : e n d l ;
111 }
112 }
113 e x i t ( 0 ) ;
114 }
115 }
116

117 P r o j e c t ∗p = new P r o j e c t ( ) ;
118 p−>setName ( "LMBoinc@home" ) ;
119

120 A p p l i c a t i o n ∗app = new A p p l i c a t i o n ( ) ;
121 app−>setName ( " lmboinc " ) ;
122 p−>a d d A p p l i c a t i o n ( app ) ;
123

124 LMBoincRangeRule ∗ r r = new LMBoincRangeRule ( ) ;
125

126 S e r i e s ∗ s e r i e s 1 = new S e r i e s ( ) ;
127 s e r i e s 1 −>setName ( " S1 " ) ;
128 s e r i e s 1 −>s e t A c t i v a t e d ( f a l s e ) ;
129 s e r i e s 1 −>addRanges ( r r ) ;
130 s e r i e s 1 −>s e t A p p l i c a t i o n ( app ) ;
131 s e r i e s 1 −>s e t D e a d l i n e ( t ime (NULL) + 24∗3600) ;
132 r r −>a d d S e r i e s ( s e r i e s 1 ) ;
133

134 S e r i e s ∗ s e r i e s 2 = new S e r i e s ( ) ;
135 s e r i e s 2 −>setName ( " S2 " ) ;
136 s e r i e s 2 −>s e t A c t i v a t e d ( f a l s e ) ;
137 s e r i e s 2 −>addRanges ( r r ) ;
138 s e r i e s 2 −>s e t A p p l i c a t i o n ( app ) ;
139 s e r i e s 2 −>s e t D e a d l i n e ( t ime (NULL) + 24∗3600) ;
140 r r −>a d d S e r i e s ( s e r i e s 2 ) ;
141

142 S e r i e s ∗ s e r i e s 3 = new S e r i e s ( ) ;
143 s e r i e s 3 −>setName ( " S3 " ) ;
144 s e r i e s 3 −>s e t A c t i v a t e d ( f a l s e ) ;
145 s e r i e s 3 −>addRanges ( r r ) ;
146 s e r i e s 3 −>s e t A p p l i c a t i o n ( app ) ;
147 s e r i e s 3 −>s e t D e a d l i n e ( t ime (NULL) + 24∗3600) ;
148 r r −>a d d S e r i e s ( s e r i e s 3 ) ;
149

150 S e r i e s ∗ s e r i e s 4 = new S e r i e s ( ) ;
151 s e r i e s 4 −>setName ( " S4 " ) ;
152 s e r i e s 4 −>s e t A c t i v a t e d ( f a l s e ) ;
153 s e r i e s 4 −>addRanges ( r r ) ;
154 s e r i e s 4 −>s e t A p p l i c a t i o n ( app ) ;
155 s e r i e s 4 −>s e t D e a d l i n e ( t ime (NULL) + 24∗3600) ;
156 r r −>a d d S e r i e s ( s e r i e s 4 ) ;
157

158 app−>a d d S e r i e s ( s e r i e s 1 ) ;
159 app−>a d d S e r i e s ( s e r i e s 2 ) ;
160 app−>a d d S e r i e s ( s e r i e s 3 ) ;
161 app−>a d d S e r i e s ( s e r i e s 4 ) ;
162

163 / / I n p u t : lmbo inc . xml
164 LMBoincData f i e ld ∗ d a t a f i e l d I n 0 0 = new LMBoincData f i e ld ( ) ;
165 d a t a f i e l d I n 0 0 −>setName ( " c o n f i g u r a t i o n " ) ;



C.4. Work Processing 287

166 d a t a f i e l d I n 0 0 −>s e t T y p e ( F i l e T y p e ( F i l e T y p e : : S t r i n g ) ) ;
167 d a t a f i e l d I n 0 0 −>s e t D a t a ( s t d : : s t r i n g ( " " ) ) ;
168

169 LMBoincData f i e ld ∗ d a t a f i e l d I n 0 1 = new LMBoincData f i e ld ( ) ;
170 d a t a f i e l d I n 0 1 −>setName ( " mode " ) ;
171 d a t a f i e l d I n 0 1 −>s e t T y p e ( F i l e T y p e : : S t r i n g ) ;
172 d a t a f i e l d I n 0 1 −>s e t D a t a ( s t d : : s t r i n g ( " " ) ) ;
173 r r −> s e t D a t a f i e l d ( d a t a f i e l d I n 0 1 ) ;
174

175 LMBoincData f i e ld ∗ d a t a f i e l d I n 0 2 = new LMBoincData f i e ld ( ) ;
176 d a t a f i e l d I n 0 2 −>setName ( " s i z e " ) ;
177 d a t a f i e l d I n 0 2 −>s e t T y p e ( F i l e T y p e : : S t r i n g ) ;
178 d a t a f i e l d I n 0 2 −>s e t D a t a ( s t d : : s t r i n g ( " 320 x240 " ) ) ;
179

180 LMBoincData f i e ld ∗ d a t a f i e l d I n 0 3 = new LMBoincData f i e ld ( ) ;
181 d a t a f i e l d I n 0 3 −>setName ( " c o p y r i g h t " ) ;
182 d a t a f i e l d I n 0 3 −>s e t T y p e ( F i l e T y p e : : S t r i n g ) ;
183 d a t a f i e l d I n 0 3 −>s e t D a t a ( s t d : : s t r i n g ( "www. c h r i s t i a n b e n j a m i n r i e s . de " ) ) ;
184

185 LMBoincData f i e ld ∗ d a t a f i e l d I n 0 4 = new LMBoincData f i e ld ( ) ;
186 d a t a f i e l d I n 0 4 −>setName ( " t y p e " ) ;
187 d a t a f i e l d I n 0 4 −>s e t T y p e ( F i l e T y p e : : S t r i n g ) ;
188 d a t a f i e l d I n 0 4 −>s e t D a t a ( s t d : : s t r i n g ( "RGBA" ) ) ;
189

190 d a t a f i e l d I n 0 0 −>a d d F i e l d s ( d a t a f i e l d I n 0 1 ) ;
191 d a t a f i e l d I n 0 0 −>a d d F i e l d s ( d a t a f i e l d I n 0 2 ) ;
192 d a t a f i e l d I n 0 0 −>a d d F i e l d s ( d a t a f i e l d I n 0 3 ) ;
193 d a t a f i e l d I n 0 0 −>a d d F i e l d s ( d a t a f i e l d I n 0 4 ) ;
194

195 I n p u t ∗ i n p u t 0 1 = new I n p u t ( ) ;
196 i n p u t 0 1 −>setName ( " lmboinc . xml " ) ;
197 i n p u t 0 1 −>s e t C o p y f i l e ( f a l s e ) ;
198 i n p u t 0 1 −>s e t S t i c k y ( f a l s e ) ;
199 i n p u t 0 1 −>s e t N o d e l e t e ( f a l s e ) ;
200 i n p u t 0 1 −>s e t R e p o r t _ o n _ r p c ( f a l s e ) ;
201 i n p u t 0 1 −>s e t U n i q u e ( t rue ) ;
202 i n p u t 0 1 −>a d d D a t a f i e l d ( d a t a f i e l d I n 0 0 ) ;
203

204 / / I n p u t : a r c h i v e _ i n . z i p
205 LMBoincData f i e ld ∗ d a t a f i e l d I n 0 5 = new LMBoincData f i e ld ( ) ;
206 d a t a f i e l d I n 0 5 −>setName ( " d a t a " ) ;
207 d a t a f i e l d I n 0 5 −>s e t T y p e ( F i l e T y p e : : F i l e ) ;
208 d a t a f i e l d I n 0 5 −>s e t D a t a ( s t d : : s t r i n g ( " / home / c r / i n p u t f i l e s 1 / d400 . z i p " ) ) ;
209

210 I n p u t ∗ i n p u t 0 2 = new I n p u t ( ) ;
211 i n p u t 0 2 −>setName ( " a r c h i v e _ i n . z i p " ) ;
212 i n p u t 0 2 −>s e t C o p y f i l e ( f a l s e ) ;
213 i n p u t 0 2 −>s e t S t i c k y ( f a l s e ) ;
214 i n p u t 0 2 −>s e t N o d e l e t e ( f a l s e ) ;
215 i n p u t 0 2 −>s e t R e p o r t _ o n _ r p c ( f a l s e ) ;
216 i n p u t 0 2 −>s e t U n i q u e ( f a l s e ) ;
217 i n p u t 0 2 −>a d d D a t a f i e l d ( d a t a f i e l d I n 0 5 ) ;
218

219 / / Ou tpu t : a r c h i v e _ o u t . z i p
220 LMBoincData f i e ld ∗ d a t a f i e l d O u t 0 1 = new LMBoincData f i e ld ( ) ;
221 d a t a f i e l d O u t 0 1 −>setName ( " d a t a " ) ;
222 d a t a f i e l d O u t 0 1 −>s e t T y p e ( F i l e T y p e : : F i l e ) ;
223

224 Outpu t ∗ o u t p u t 0 1 = new Outpu t ( ) ;
225 ou tpu t01 −>setName ( " a r c h i v e _ o u t . z i p " ) ;
226 ou tpu t01 −>s e t U r l ( "<UPLOAD_URL/ > " ) ;
227 ou tpu t01 −>s e t G e n e r a t e d _ l o c a l l y ( t r ue ) ;
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228 ou tpu t01 −>s e t U p l o a d _ w h e n _ p r e s e n t ( t ru e ) ;
229 / / 1 e6 = 1MB, 1 e7 = 10MB
230 ou tpu t01 −>se tMax_nby te s (1 e9 ) ;
231 ou tpu t01 −>s e t C o p y _ f i l e ( t rue ) ;
232 ou tpu t01 −>s e t O p t i o n a l ( f a l s e ) ;
233 ou tpu t01 −>s e t N o _ v a l i d a t e ( f a l s e ) ;
234 ou tpu t01 −>s e t N o _ d e l e t e ( f a l s e ) ;
235 ou tpu t01 −>a d d D a t a f i e l d ( d a t a f i e l d O u t 0 1 ) ;
236

237 / / lmbo inc
238 LMBoincWorkunit ∗w o r k S e r i e s 1 = new LMBoincWorkunit ( ) ;
239 s e r i e s 1 −>addWorkuni t ( w o r k S e r i e s 1 ) ;
240 workSe r i e s1 −> s e t S e r i e s ( s e r i e s 1 ) ;
241 workSe r i e s1 −>a d d F i l e s ( i n p u t 0 1 ) ;
242 workSe r i e s1 −>a d d F i l e s ( i n p u t 0 2 ) ;
243 workSe r i e s1 −>a d d R e s u l t s ( o u t p u t 0 1 ) ;
244 workSe r i e s1 −>s e t R s c _ f p o p s _ e s t (1 e10 ) ;
245 workSe r i e s1 −>s e t R s c _ f p o p s _ b o u n d (1 e11 ) ;
246 workSe r i e s1 −>setRsc_memory_bound (1 e8 ) ;
247 workSe r i e s1 −>s e t R s c _ d i s k _ b o u n d (1 e8 ) ;
248 workSe r i e s1 −>s e t D e l a y _ b o u n d (7∗24∗60∗60) ;
249 workSe r i e s1 −>setMin_quorum ( 2 ) ;
250 workSe r i e s1 −> s e t T a r g e t _ n r e s u l t s ( 3 ) ;
251 workSe r i e s1 −>s e t M a x _ e r r o r _ r e s u l t s ( 1 ) ;
252 workSe r i e s1 −> s e t M a x _ t o t a l _ r e s u l t s ( 1 0 ) ;
253 workSe r i e s1 −>s e t M a x _ s u c e s s _ r e s u l t s ( 1 0 ) ;
254

255 LMBoincWorkunit ∗w o r k S e r i e s 2 = new LMBoincWorkunit ( ) ;
256 s e r i e s 2 −>addWorkuni t ( w o r k S e r i e s 2 ) ;
257 workSe r i e s2 −> s e t S e r i e s ( s e r i e s 2 ) ;
258 workSe r i e s2 −>a d d F i l e s ( i n p u t 0 1 ) ;
259 workSe r i e s2 −>a d d F i l e s ( i n p u t 0 2 ) ;
260 workSe r i e s2 −>a d d R e s u l t s ( o u t p u t 0 1 ) ;
261 workSe r i e s2 −>s e t R s c _ f p o p s _ e s t (1 e10 ) ;
262 workSe r i e s2 −>s e t R s c _ f p o p s _ b o u n d (1 e11 ) ;
263 workSe r i e s2 −>setRsc_memory_bound (1 e8 ) ;
264 workSe r i e s2 −>s e t R s c _ d i s k _ b o u n d (1 e8 ) ;
265 workSe r i e s2 −>s e t D e l a y _ b o u n d (7∗24∗60∗60) ;
266 workSe r i e s2 −>setMin_quorum ( 2 ) ;
267 workSe r i e s2 −> s e t T a r g e t _ n r e s u l t s ( 3 ) ;
268 workSe r i e s2 −>s e t M a x _ e r r o r _ r e s u l t s ( 1 ) ;
269 workSe r i e s2 −> s e t M a x _ t o t a l _ r e s u l t s ( 1 0 ) ;
270 workSe r i e s2 −>s e t M a x _ s u c e s s _ r e s u l t s ( 1 0 ) ;
271

272 LMBoincWorkunit ∗w o r k S e r i e s 3 = new LMBoincWorkunit ( ) ;
273 s e r i e s 3 −>addWorkuni t ( w o r k S e r i e s 3 ) ;
274 workSe r i e s3 −> s e t S e r i e s ( s e r i e s 3 ) ;
275 workSe r i e s3 −>a d d F i l e s ( i n p u t 0 1 ) ;
276 workSe r i e s3 −>a d d F i l e s ( i n p u t 0 2 ) ;
277 workSe r i e s3 −>a d d R e s u l t s ( o u t p u t 0 1 ) ;
278 workSe r i e s3 −>s e t R s c _ f p o p s _ e s t (1 e10 ) ;
279 workSe r i e s3 −>s e t R s c _ f p o p s _ b o u n d (1 e11 ) ;
280 workSe r i e s3 −>setRsc_memory_bound (1 e8 ) ;
281 workSe r i e s3 −>s e t R s c _ d i s k _ b o u n d (1 e8 ) ;
282 workSe r i e s3 −>s e t D e l a y _ b o u n d (7∗24∗60∗60) ;
283 workSe r i e s3 −>setMin_quorum ( 2 ) ;
284 workSe r i e s3 −> s e t T a r g e t _ n r e s u l t s ( 3 ) ;
285 workSe r i e s3 −>s e t M a x _ e r r o r _ r e s u l t s ( 1 ) ;
286 workSe r i e s3 −> s e t M a x _ t o t a l _ r e s u l t s ( 1 0 ) ;
287 workSe r i e s3 −>s e t M a x _ s u c e s s _ r e s u l t s ( 1 0 ) ;
288

289 LMBoincWorkunit ∗w o r k S e r i e s 4 = new LMBoincWorkunit ( ) ;
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290 s e r i e s 4 −>addWorkuni t ( w o r k S e r i e s 4 ) ;
291 workSe r i e s4 −> s e t S e r i e s ( s e r i e s 4 ) ;
292 workSe r i e s4 −>a d d F i l e s ( i n p u t 0 1 ) ;
293 workSe r i e s4 −>a d d F i l e s ( i n p u t 0 2 ) ;
294 workSe r i e s4 −>a d d R e s u l t s ( o u t p u t 0 1 ) ;
295 workSe r i e s4 −>s e t R s c _ f p o p s _ e s t (1 e10 ) ;
296 workSe r i e s4 −>s e t R s c _ f p o p s _ b o u n d (1 e11 ) ;
297 workSe r i e s4 −>setRsc_memory_bound (1 e8 ) ;
298 workSe r i e s4 −>s e t R s c _ d i s k _ b o u n d (1 e8 ) ;
299 workSe r i e s4 −>s e t D e l a y _ b o u n d (7∗24∗60∗60) ;
300 workSe r i e s4 −>setMin_quorum ( 2 ) ;
301 workSe r i e s4 −> s e t T a r g e t _ n r e s u l t s ( 3 ) ;
302 workSe r i e s4 −>s e t M a x _ e r r o r _ r e s u l t s ( 1 ) ;
303 workSe r i e s4 −> s e t M a x _ t o t a l _ r e s u l t s ( 1 0 ) ;
304 workSe r i e s4 −>s e t M a x _ s u c e s s _ r e s u l t s ( 1 0 ) ;
305

306 S e r i e s ∗ s e r i e s 5 = new S e r i e s ( ) ;
307 s e r i e s 5 −>setName ( " S5 " ) ;
308 s e r i e s 5 −>s e t A c t i v a t e d ( f a l s e ) ;
309 s e r i e s 5 −>s e t A p p l i c a t i o n ( app ) ;
310 s e r i e s 5 −>s e t D e a d l i n e ( t ime (NULL) + 24∗3600) ;
311

312 G e n e r a t e d : : I n p u t ∗ s 5 i n 1 = new G e n e r a t e d : : I n p u t ( ) ;
313 s5 in1 −>setName ( " i n p u t 1 " ) ;
314 s5 in1 −>s e t C o p y f i l e ( t rue ) ;
315 s5 in1 −> s e t S t i c k y ( f a l s e ) ;
316 s5 in1 −>s e t N o d e l e t e ( f a l s e ) ;
317 s5 in1 −>s e t R e p o r t _ o n _ r p c ( t rue ) ;
318 s5 in1 −>s e t U n i q u e ( f a l s e ) ;
319

320 G e n e r a t e d : : I n p u t ∗ s 5 i n 2 = new G e n e r a t e d : : I n p u t ( ) ;
321 s5 in2 −>setName ( " i n p u t 2 " ) ;
322 s5 in2 −>s e t C o p y f i l e ( t rue ) ;
323 s5 in2 −> s e t S t i c k y ( f a l s e ) ;
324 s5 in2 −>s e t N o d e l e t e ( f a l s e ) ;
325 s5 in2 −>s e t R e p o r t _ o n _ r p c ( t rue ) ;
326 s5 in2 −>s e t U n i q u e ( f a l s e ) ;
327

328 G e n e r a t e d : : I n p u t ∗ s 5 i n 3 = new G e n e r a t e d : : I n p u t ( ) ;
329 s5 in3 −>setName ( " i n p u t 3 " ) ;
330 s5 in3 −>s e t C o p y f i l e ( t rue ) ;
331 s5 in3 −> s e t S t i c k y ( f a l s e ) ;
332 s5 in3 −>s e t N o d e l e t e ( f a l s e ) ;
333 s5 in3 −>s e t R e p o r t _ o n _ r p c ( t rue ) ;
334 s5 in3 −>s e t U n i q u e ( f a l s e ) ;
335

336 G e n e r a t e d : : I n p u t ∗ s 5 i n 4 = new G e n e r a t e d : : I n p u t ( ) ;
337 s5 in4 −>setName ( " i n p u t 4 " ) ;
338 s5 in4 −>s e t C o p y f i l e ( t rue ) ;
339 s5 in4 −> s e t S t i c k y ( f a l s e ) ;
340 s5 in4 −>s e t N o d e l e t e ( f a l s e ) ;
341 s5 in4 −>s e t R e p o r t _ o n _ r p c ( t rue ) ;
342 s5 in4 −>s e t U n i q u e ( f a l s e ) ;
343

344 bool f i r s t R u n = t rue ;
345 bool f i f t h W U C r e a t e d = f a l s e ;
346

347 f o r ( ; ; ) {
348 i f ( f i r s t R u n ) {
349 s t d : : c o u t << " F i r s t run . . . " << s t d : : e n d l ;
350

351 s e r i e s 1 −>s e t A c t i v a t e d ( t rue ) ;
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352 workSe r i e s1 −> c r e a t e ( ) ;
353

354 s e r i e s 1 −>s e t A c t i v a t e d ( f a l s e ) ;
355 s e r i e s 2 −>s e t A c t i v a t e d ( t rue ) ;
356 workSe r i e s2 −> c r e a t e ( ) ;
357

358 s e r i e s 2 −>s e t A c t i v a t e d ( f a l s e ) ;
359 s e r i e s 3 −>s e t A c t i v a t e d ( t rue ) ;
360 workSe r i e s3 −> c r e a t e ( ) ;
361

362 s e r i e s 3 −>s e t A c t i v a t e d ( f a l s e ) ;
363 s e r i e s 4 −>s e t A c t i v a t e d ( t rue ) ;
364 workSe r i e s4 −> c r e a t e ( ) ;
365

366 f i r s t R u n = f a l s e ;
367 }
368

369 i n t s e r i e s 1 N o t F i n i s h e d = 0 ;
370 f o r ( auto i t : s e r i e s 1 −>w o r k u n i t ( ) ) {
371 LMBoincWorkuni tSta te ∗ s =
372 s t a t i c _ c a s t < LMBoincWorkuni tSta te ∗>( i t −>w o r k u n i t S t a t e ( ) ) ;
373 i f ( s && s−>check ( ) != "FINISHED" )
374 s e r i e s 1 N o t F i n i s h e d ++;
375 }
376

377 i n t s e r i e s 2 N o t F i n i s h e d = 0 ;
378 f o r ( auto i t : s e r i e s 2 −>w o r k u n i t ( ) ) {
379 LMBoincWorkuni tSta te ∗ s =
380 s t a t i c _ c a s t < LMBoincWorkuni tSta te ∗>( i t −>w o r k u n i t S t a t e ( ) ) ;
381 i f ( s && s−>check ( ) != "FINISHED" )
382 s e r i e s 2 N o t F i n i s h e d ++;
383 }
384

385 i n t s e r i e s 3 N o t F i n i s h e d = 0 ;
386 f o r ( auto i t : s e r i e s 3 −>w o r k u n i t ( ) ) {
387 LMBoincWorkuni tSta te ∗ s =
388 s t a t i c _ c a s t < LMBoincWorkuni tSta te ∗>( i t −>w o r k u n i t S t a t e ( ) ) ;
389 i f ( s && s−>check ( ) != "FINISHED" )
390 s e r i e s 3 N o t F i n i s h e d ++;
391 }
392

393 i n t s e r i e s 4 N o t F i n i s h e d = 0 ;
394 f o r ( auto i t : s e r i e s 4 −>w o r k u n i t ( ) ) {
395 LMBoincWorkuni tSta te ∗ s =
396 s t a t i c _ c a s t < LMBoincWorkuni tSta te ∗>( i t −>w o r k u n i t S t a t e ( ) ) ;
397 i f ( s && s−>check ( ) != "FINISHED" )
398 s e r i e s 4 N o t F i n i s h e d ++;
399 }
400 /∗
401 s t d : : c o u t << " Not f i n i s h e d f o r ’" << s e r i e s 1 −>name ( ) << " ’ : "
402 << s e r i e s 1 N o t F i n i s h e d << s t d : : e n d l ;
403 s t d : : c o u t << " Not f i n i s h e d f o r ’" << s e r i e s 2 −>name ( ) << " ’ : "
404 << s e r i e s 2 N o t F i n i s h e d << s t d : : e n d l ;
405 s t d : : c o u t << " Not f i n i s h e d f o r ’" << s e r i e s 3 −>name ( ) << " ’ : "
406 << s e r i e s 3 N o t F i n i s h e d << s t d : : e n d l ;
407 s t d : : c o u t << " Not f i n i s h e d f o r ’" << s e r i e s 4 −>name ( ) << " ’ : "
408 << s e r i e s 4 N o t F i n i s h e d << s t d : : e n d l ;
409 ∗ /
410 i f ( s e r i e s 1 N o t F i n i s h e d
411 + s e r i e s 2 N o t F i n i s h e d
412 + s e r i e s 3 N o t F i n i s h e d
413 + s e r i e s 4 N o t F i n i s h e d == 0 && ! f i f t h W U C r e a t e d
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414 ) {
415 s t d : : c o u t << " C r e a t e S5 ! " << s t d : : e n d l ;
416

417 / / We know t h a t we j u s t have one w o r k u n i t
418 / / f o r each S e r i e , t h i s makes q u e r i e s e a s i e r .
419 / / O therwise , we have t o i t e r a t e o ver a l l
420 / / w o r k u n i t s o f one s e r i e s and have t o merge
421 / / them f o r t h i s f i f t h s e r i e .
422

423 s t d : : s t r i n g s t r e a m s q u e r y ;
424 / / ∗∗∗
425 LMBoincWorkunit ∗sw1 =
426 s t a t i c _ c a s t <LMBoincWorkunit∗>( s e r i e s 1 −>w o r k u n i t ( 0 ) ) ;
427 LMBoincOutputDB ∗odb1 = new LMBoincOutputDB ( ) ;
428 s q u e r y . s t r ( " " ) ;
429 s q u e r y << " where wuid=" << sw1−>i d ( ) ;
430 odb1−>lookup ( s q u e r y . s t r ( ) . c _ s t r ( ) ) ;
431

432 LMBoincData f i e ld ∗ df1 = new LMBoincData f i e ld ( ) ;
433 df1−>setName ( " d a t a " ) ;
434 df1−>s e t T y p e ( F i l e T y p e : : F i l e ) ;
435 df1−>s e t D a t a ( s t d : : s t r i n g ( odb1−>db p a t h ) ) ;
436 s5 in1 −>a d d D a t a f i e l d ( d f1 ) ;
437 / / ∗∗∗
438 LMBoincWorkunit ∗sw2 =
439 s t a t i c _ c a s t <LMBoincWorkunit∗>( s e r i e s 2 −>w o r k u n i t ( 0 ) ) ;
440 LMBoincOutputDB ∗odb2 = new LMBoincOutputDB ( ) ;
441 s q u e r y . s t r ( " " ) ;
442 s q u e r y << " where wuid=" << sw2−>i d ( ) ;
443 odb2−>lookup ( s q u e r y . s t r ( ) . c _ s t r ( ) ) ;
444

445 LMBoincData f i e ld ∗ df2 = new LMBoincData f i e ld ( ) ;
446 df2−>setName ( " d a t a " ) ;
447 df2−>s e t T y p e ( F i l e T y p e : : F i l e ) ;
448 df2−>s e t D a t a ( s t d : : s t r i n g ( odb2−>db p a t h ) ) ;
449 s5 in2 −>a d d D a t a f i e l d ( d f2 ) ;
450 / / ∗∗∗
451 LMBoincWorkunit ∗sw3 =
452 s t a t i c _ c a s t <LMBoincWorkunit∗>( s e r i e s 3 −>w o r k u n i t ( 0 ) ) ;
453 LMBoincOutputDB ∗odb3 = new LMBoincOutputDB ( ) ;
454 s q u e r y . s t r ( " " ) ;
455 s q u e r y << " where wuid=" << sw3−>i d ( ) ;
456 odb3−>lookup ( s q u e r y . s t r ( ) . c _ s t r ( ) ) ;
457

458 LMBoincData f i e ld ∗ df3 = new LMBoincData f i e ld ( ) ;
459 df3−>setName ( " d a t a " ) ;
460 df3−>s e t T y p e ( F i l e T y p e : : F i l e ) ;
461 df3−>s e t D a t a ( s t d : : s t r i n g ( odb3−>db p a t h ) ) ;
462 s5 in3 −>a d d D a t a f i e l d ( d f3 ) ;
463 / / ∗∗∗
464 LMBoincWorkunit ∗sw4 =
465 s t a t i c _ c a s t <LMBoincWorkunit∗>( s e r i e s 4 −>w o r k u n i t ( 0 ) ) ;
466 LMBoincOutputDB ∗odb4 = new LMBoincOutputDB ( ) ;
467 s q u e r y . s t r ( " " ) ;
468 s q u e r y << " where wuid=" << sw4−>i d ( ) ;
469 odb4−>lookup ( s q u e r y . s t r ( ) . c _ s t r ( ) ) ;
470

471 LMBoincData f i e ld ∗ df4 = new LMBoincData f i e ld ( ) ;
472 df4−>setName ( " d a t a " ) ;
473 df4−>s e t T y p e ( F i l e T y p e : : F i l e ) ;
474 df4−>s e t D a t a ( s t d : : s t r i n g ( odb4−>db p a t h ) ) ;
475 s5 in4 −>a d d D a t a f i e l d ( d f4 ) ;
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476

477 / / ∗∗∗ Cre a t e new w o r k u n i t w i t h f o u r i n p u t f i l e s .
478

479 / / . . . lmbo inc . xml w i t h a d i f f e r e n t " mode " :
480 d a t a f i e l d I n 0 1 −>s e t T y p e ( F i l e T y p e : : S t r i n g ) ;
481 d a t a f i e l d I n 0 1 −>s e t D a t a ( s t d : : s t r i n g ( " merge " ) ) ;
482 / / T h i s d a t a f i e l d i s embedded i n " i n p u t 0 1 " .
483

484 / / . . . a r c h i v e _ i n . z i p i s used f o r a bash s c r i p t .
485 LMBoincData f i e ld ∗ d a t a f i e l d D o I m a g e s = new LMBoincData f i e ld ( ) ;
486 d a t a f i e l d D o I m a g e s −>setName ( " d a t a " ) ;
487 d a t a f i e l d D o I m a g e s −>s e t T y p e ( F i l e T y p e : : F i l e ) ;
488 d a t a f i e l d D o I m a g e s −>s e t D a t a ( s t d : : s t r i n g (
489 " / home / c r / p r o j e c t s / lmboinc / t e s t . xml " ) ) ;
490 I n p u t ∗ i n p u t 0 2 = new I n p u t ( ) ;
491 i n p u t 0 2 −>setName ( " a r c h i v e _ i n . z i p " ) ;
492 i n p u t 0 2 −>s e t C o p y f i l e ( f a l s e ) ;
493 i n p u t 0 2 −>s e t S t i c k y ( f a l s e ) ;
494 i n p u t 0 2 −>s e t N o d e l e t e ( f a l s e ) ;
495 i n p u t 0 2 −>s e t R e p o r t _ o n _ r p c ( f a l s e ) ;
496 i n p u t 0 2 −>s e t U n i q u e ( f a l s e ) ;
497 i n p u t 0 2 −>a d d D a t a f i e l d ( d a t a f i e l d D o I m a g e s ) ;
498

499 LMBoincWorkunit ∗ws5 = new LMBoincWorkunit ( ) ;
500 s e r i e s 5 −>addWorkuni t ( ws5 ) ;
501 ws5−> s e t S e r i e s ( s e r i e s 5 ) ;
502 / / lmbo inc . xml w i t h mode:= merge
503 ws5−>a d d F i l e s ( i n p u t 0 1 ) ;
504 / / a r c h i v e _ i n . z i p : j u s t a dummy
505 ws5−>a d d F i l e s ( i n p u t 0 2 ) ;
506 ws5−>a d d F i l e s ( s 5 i n 1 ) ;
507 ws5−>a d d F i l e s ( s 5 i n 2 ) ;
508 ws5−>a d d F i l e s ( s 5 i n 3 ) ;
509 ws5−>a d d F i l e s ( s 5 i n 4 ) ;
510 ws5−>a d d R e s u l t s ( o u t p u t 0 1 ) ;
511 ws5−>s e t R s c _ f p o p s _ e s t (1 e10 ) ;
512 ws5−>s e t R s c _ f p o p s _ b o u n d (1 e18 ) ;
513 ws5−>setRsc_memory_bound (1 e7 ) ;
514 ws5−>s e t R s c _ d i s k _ b o u n d (1 e8 ) ;
515 ws5−>s e t D e l a y _ b o u n d (7∗24∗60∗60) ;
516 ws5−>setMin_quorum ( 2 ) ;
517 ws5−> s e t T a r g e t _ n r e s u l t s ( 3 ) ;
518 ws5−>s e t M a x _ e r r o r _ r e s u l t s ( 1 ) ;
519 ws5−> s e t M a x _ t o t a l _ r e s u l t s ( 1 0 ) ;
520 ws5−>s e t M a x _ s u c e s s _ r e s u l t s ( 1 0 ) ;
521

522 ws5−>c r e a t e ( ) ;
523

524 f i f t h W U C r e a t e d = t rue ;
525 }
526

527 / / u s l e e p ( 5 0 0 ) ;
528 s l e e p ( 1 ) ;
529 }
530 }
531

532 i n t main ( i n t argc , char ∗∗ a rgv ) {
533 s t d : : s t r i n g appname = argv [ 0 ] ;
534 appname = Rie s : : f i l e n a m e ( appname ) ;
535 s t d : : c o u t << " S t a r t t h i s a p p l i c a t i o n : " << appname << s t d : : e n d l ;
536 i f ( appname == " mainLMBoincWorkunit " ) {
537 re turn main_workun i t ( a rgc , a rgv ) ;
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538 } e l s e
539 i f ( appname == " mainLMBoincVal ida tor " ) {
540 re turn m a i n _ v a l i d a t e ( a rgc , a rgv ) ;
541 } e l s e
542 i f ( appname == " mainLMBoincAss imi la to r " ) {
543 re turn A s s i m i l a t o r : : m a i n _ a s s i m i l a t e ( a rgc , a rgv ) ;
544 } e l s e {
545 s t d : : c o u t << " Th i s a p p l i c a t i o n i s n o t mapped . " << s t d : : e n d l ;
546 re turn 1 ;
547 }
548 }

Listing C.12: Use-Case for the workunit processing of LMBoinc [54, 186].

C.5 Infrastructure Deployment

The semantic-model used for the infrastructure deployment is included in List-
ing C.13. The generated class hierarchy of the case study in Chapter 9 is shown in
Listing C.14.

1 /∗
2 ∗ C h r i s t i a n Benjamin Ries , March 2012
3 ∗ h t t p : / / www. c h r i s t i a n b e n j a m i n r i e s . de
4 ∗
5 ∗ c l a s s − i n f r a s t r u c t u r e . vgsm ( V i s u a l G r i d Seman t i c Model )
6 ∗ /
7

8 / / F o l l o w i n g o p e r a t i o n i s added t o c r e a t e
9 / / po lymorph i c c l a s s e s :

10 / / __dummy ( ) : I n t e g e r ;
11

12 i n c l u d e s { " dummyHeader . h " , " O p e r a t i o n . h " }
13

14 d a t a t y p e S t r i n g " s t d : : s t r i n g " ;
15 d a t a t y p e Boolean " boo l " ;
16 d a t a t y p e I n t e g e r " i n t " ;
17 d a t a t y p e U n l i m i t e d N a t u r a l " i n t " ;
18 d a t a t y p e F l o a t " f l o a t " ;
19 d a t a t y p e B in a ry " vo id ∗ " ;
20 d a t a t y p e Any " b o o s t : : v a r i a n t < i n t , double , f l o a t , s t d : : s t r i n g > " ;
21

22 / / E . g . one Linux or Unix
23 O p e r a t i n g S y s t e m [
24 Ubuntu = 1 , Ubun tuSe rve r = 2
25 ] { /∗ empty ∗ / }
26

27 / / E . g . NFS , SAMBA
28 ShareType [
29 NFS , SAMBA
30 ] {
31 v e r s i o n : S t r i n g [ 0 . . 1 ] ;
32 }
33

34 / / E . g . Feeder , T r a n s i t i o n e r
35 S e r v i c e T y p e [
36 Webserver , Database , Task ,
37 Feeder , A s s i m i l a t o r , V a l i d a t o r ,
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38 T r a n s i t i o n e r , S c h e d u l e r
39 ]
40

41 Targe tType [ Windows , Linux , MacOSX ]
42 F i l e T y p e [ F i l e , S t r i n g , I n t e g e r , Double , F l o a t ]
43

44 NamedElement {
45 name : S t r i n g [ 1 ] ;
46 q u a l i f i e d N a m e : S t r i n g [ 1 ] ;
47 __dummy ( ) : I n t e g e r ;
48 a s s o c i a t i o n owner : NamedElement [ 1 ] ;
49 }
50

51 Package implemen t s NamedElement {
52 a s s o c i a t i o n member : NamedElement [ ∗ ] ;
53 }
54

55 C l a s s implemen t s NamedElement { }
56

57 P o r t imp lemen t s NamedElement {
58 __dummy ( ) : I n t e g e r ;
59 a s s o c i a t i o n p r o v i d e d : NamedElement [ ∗ ] ;
60 a s s o c i a t i o n r e q u i r e d : NamedElement [ ∗ ] ;
61 }
62

63 Component imp lemen t s C l a s s {
64 a s s o c i a t i o n packagedElemen t : NamedElement [ ∗ ] ;
65 }
66

67 A s s o c i a t i o n implemen t s NamedElement {
68 __dummy ( ) : I n t e g e r ;
69 a s s o c i a t i o n s o u r c e : NamedElement [ 1 ] ;
70 a s s o c i a t i o n t a r g e t : NamedElement [ 1 ] ;
71 }
72

73 Connec to r imp lemen t s A s s o c i a t i o n {
74 }
75

76 O p e r a t i o n {
77 execcmd : S t r i n g [ 1 ] ;
78 __dummy ( ) : I n t e g e r ;
79 }
80

81 / /
82 / / P r o f i l e C l a s s e s
83 / /
84

85 / / C h a p t e r 7 . 3 . 3 8 ; Package ( from Ke r ne l )
86 P r o j e c t s imp lemen t s Package {
87 a s s o c i a t i o n p r o j e c t s : P r o j e c t [ ∗ ] ;
88 }
89

90 / / C h a p t e r 7 . 3 . 3 8 ; Package ( from Ke r ne l )
91 P r o j e c t imp lemen t s Package {
92 name : S t r i n g [ 1 ] ;
93 d e s c r i p t i o n : S t r i n g [ 1 ] ;
94 w o r k i n g D i r e c t o r y : S t r i n g [ 0 . . 1 ] ;
95 s t a t e : Boolean = " f a l s e " [ 1 ] ;
96 i s R e s o u r c e : Boolean [ 1 ] ;
97

98 a s s o c i a t i o n a p p l i c a t i o n : A p p l i c a t i o n [ 1 . . ∗ ] ;
99 a s s o c i a t i o n o p e r a t i o n s : O p e r a t i o n [ ∗ ] ;
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100 }
101

102 / /
103 Host imp lemen t s Component {
104 hostname : S t r i n g [ 1 ] ;
105 main : Boolean = " t r u e " [ 1 ] ;
106 o p e r a t i n g S y s t e m : O p e r a t i n g S y s t e m [ 1 ] ;
107 i s R e s o u r c e : Boolean [ 1 ] ;
108 c o m p o s i t i o n ne twork : NIC [ 1 . . ∗ ] ;
109

110 a s s o c i a t i o n r e q u i r e d : Sha re [ ∗ ] ;
111 a s s o c i a t i o n p r o v i d e d : Sha re [ ∗ ] ;
112 }
113

114 SAN implemen t s Host { }
115

116 / / C h a p t e r 7 . 3 . 7 ; C l a s s ( from Ke r ne l )
117 NIC implemen t s C l a s s {
118 d e v i c e : S t r i n g [ 1 ] ;
119 i p v a l u e : S t r i n g [ 0 . . 1 ] ;
120 }
121

122 / / C h a p t e r 9 . 3 . 1 2 ; P o r t ( from P o r t s )
123 P o r t E x p o r t imp lemen t s P o r t {
124 i s P r o j e c t s : Boolean = " f a l s e " [ 0 . . 1 ] ;
125 a s s o c i a t i o n e x p o r t T o : Host [ ∗ ] ;
126 }
127

128 / / C h a p t e r 9 . 3 . 1 2 ; P o r t ( from P o r t s )
129 P o r t I m p o r t imp lemen t s P o r t { }
130

131 / / C h a p t e r 7 . 3 . 2 4 ; I n t e r f a c e ( from I n t e r f a c e s )
132 Share implemen t s C l a s s {
133 sha reType : ShareType [ 1 ] ;
134 shareName : S t r i n g [ 0 . . 1 ] ;
135 p a t h : S t r i n g [ 1 ] ;
136 m o u n t p o i n t : S t r i n g [ 1 ] ;
137 }
138

139 / / C h a p t e r 8 . 3 . 1 ; Component ( from BasicComponents )
140 S e r v i c e implemen t s Component
141 {
142 i s R e s o u r c e : Boolean [ 1 ] ;
143

144 s t a t e : Boolean [ 1 ] ;
145 s e r v i c e T y p e : S e r v i c e T y p e [ 1 ] ;
146 command : O p e r a t i o n [ 1 ] ;
147 o u t p u t F i l e : S t r i n g [ 0 . . 1 ] ;
148 debugMode : I n t e g e r = "2" [ 0 . . 1 ] ;
149

150 / / De f ined i n a Task d iagram .
151 / / / / S e r v i c e T y p e : : Task
152 / / p e r i o d : S t r i n g [ 1 ] ;
153

154 / / S e r v i c e T y p e : : ∗
155 / / mod : I n t e g e r [ 2 ] ;
156 mod0 : I n t e g e r [ 1 ] ;
157 mod1 : I n t e g e r [ 1 ] ;
158 s l e e p : I n t e g e r [ 1 ] ;
159 o n e p a s s : Boolean = " f a l s e " [ 1 ] ;
160

161 / / S e r v i c e T y p e : : Task ( command := f i l e _ d e l e t e r )
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162 / / S e r v i c e T y p e : : A s s i m i l a t o r
163 / / S e r v i c e T y p e : : V a l i d a t o r
164 appname : S t r i n g [ 1 ] ;
165 apps : S t r i n g [ 1 ] ;
166

167 / / S e r v i c e T y p e : : F ee de r
168 a l l a p p s : Boolean = " f a l s e " [ 1 ] ;
169 a p p i d s : I n t e g e r [ 0 . . ∗ ] ;
170 randomOrder : Boolean = " f a l s e " [ 1 ] ;
171 p r i o r i t y O r d e r : Boolean = " f a l s e " [ 1 ] ;
172 p r i o r i t y O r d e r C r e a t e T i m e : Boolean = " f a l s e " [ 1 ] ;
173 p u r g e S t a t e : Boolean = " f a l s e " [ 1 ] ;
174 wmod : I n t e g e r [ 2 ] ;
175 wmod0 : I n t e g e r [ 1 ] ;
176 wmod1 : I n t e g e r [ 1 ] ;
177

178 / / S e r v i c e T y p e : : Task ( command := f i l e _ d e l e t e r )
179 d e l e t e A n t i q u e s : Boolean [ 1 ] ;
180 d o n t R e t r y E r r o r : Boolean [ 1 ] ;
181 i n p u t O n l y : Boolean [ 1 ] ;
182 o u t p u t O n l y : Boolean [ 1 ] ;
183

184 / / S e r v i c e T y p e : : Task ( command := dbpurge )
185 ageDay : I n t e g e r [ 0 . . 1 ] ;
186 maxPurge : I n t e g e r [ 0 . . 1 ] ;
187 us eZ ip : Boolean [ 0 . . 1 ] ;
188 useGZip : Boolean [ 0 . . 1 ] ;
189 noArch ive : Boolean [ 0 . . 1 ] ;
190 maxWUperFile : I n t e g e r [ 0 . . 1 ] ;
191

192 / / S e r v i c e T y p e : : A s s i m i l a t o r
193 updateDB : Boolean = " t r u e " [ 1 ] ;
194 i n s e r t D B : Boolean = " t r u e " [ 1 ] ;
195

196 / / S e r v i c e T y p e : : V a l i d a t o r
197 maxCla imedCred i t : F l o a t [ 0 . . 1 ] ;
198 m a x G r a n t e d C r e d i t : F l o a t [ 0 . . 1 ] ;
199 g r a n t C l a i m e d C r e d i t : F l o a t [ 0 . . 1 ] ;
200 u p d a t e C r e d i t J o b : Boolean [ 0 . . 1 ] ;
201 creditFromWU : Boolean [ 0 . . 1 ] ;
202

203 / / S e r v i c e T y p e : : Webserver
204 i n s t a n c e s : I n t e g e r = "5" [ 1 ] ;
205 p o r t : I n t e g e r = "80" [ 1 ] ;
206 u s e S e c u r e : Boolean = " f a l s e " [ 1 ] ;
207 i s M a s t e r : Boolean = " t r u e " [ 1 ] ;
208 i s S c h e d u l e r : Boolean = " t r u e " [ 1 ] ;
209 i s U p l o a d : Boolean = " t r u e " [ 1 ] ;
210 i sForum : Boolean = " t r u e " [ 1 ] ;
211 i sDownload : Boolean = " t r u e " [ 1 ] ;
212

213 / / O p e r a t i o n s
214 s t a r t ( ) : Boolean ;
215 s t o p ( ) : Boolean ;
216 r e s t a r t ( ) : Boolean ;
217

218 a s s o c i a t i o n r e q u i r e d : Sha re [ ∗ ] ;
219 a s s o c i a t i o n p r o v i d e d : Sha re [ ∗ ] ;
220 a s s o c i a t i o n l i b r a r i e s : S o f t w a r e [ ∗ ] ;
221 }
222

223 Serv iceDynamic implemen t s S e r v i c e {
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224 dynamic : Boolean = " f a l s e " [ 1 ] ;
225 a s s o c i a t i o n h o s t s : Host [ ∗ ] ;
226 a s s o c i a t i o n b a l a n c i n g R u l e s : LoadBa lance r [ ∗ ] ;
227 }
228

229 / / C h a p t e r 7 . 3 . 7 ; C l a s s ( from Ke r ne l )
230 LoadBa lance r imp lemen t s C l a s s {
231 r u l e s : O p e r a t i o n [ ∗ ] ;
232 }
233

234 / / C h a p t e r 8 . 3 . 1 ; Component ( from BasicComponents )
235 Da t a b a s e imp lemen t s S e r v i c e {
236 p o r t : I n t e g e r [ 1 ] ;
237 i s R e s o u r c e : Boolean [ 1 ] ;
238

239 a s s o c i a t i o n r e p l i c a t i o n : R e p l i c a t i o n A s s o c i a t i o n [ 0 . . ∗ ] ;
240 }
241

242 DB implemen t s P o r t {
243 i s P r o j e c t D B : Boolean = " t r u e " [ 1 ] ;
244 i sSc ienceDB : Boolean = " t r u e " [ 1 ] ;
245 }
246

247 / / C h a p t e r 7 . 3 . 2 4 ; I n t e r f a c e ( from I n t e r f a c e s )
248 Tab le implemen t s C l a s s {
249 name : S t r i n g [ 1 ] ;
250 }
251

252 / / C h a p t e r 8 . 3 . 4 ; Connec to r ( from BasicComponents )
253 / / A c t u a l l y t h i s c l a s s i s named " Connec to r " , b u t t h i s
254 / / i m p l e m e n t a t i o n f a i l e d when two c l a s s e d named s i m i l a r .
255 P o r t C o n n e c t o r imp lemen t s Connec to r { }
256

257 / / C h a p t e r 7 . 3 . 3 ; A s s o c i a t i o n ( from K e r ne l )
258 R e p l i c a t i o n A s s o c i a t i o n implemen t s A s s o c i a t i o n { }
259

260 / / C h a p t e r 8 . 3 . 1 ; Component ( from BasicComponents )
261 A p p l i c a t i o n implemen t s Component
262 {
263 name : S t r i n g [ 1 ] ;
264 d e s c r i p t i o n : S t r i n g [ 1 ] ;
265 t a r g e t T y p e : Ta rge tType [ ∗ ] ;
266 i s R e s o u r c e : Boolean [ 1 ] ;
267 }
268

269 / / C h a p t e r 7 . 3 . 3 4 ; NamedElement ( from Kernel , Dependenc i e s )
270 C o n f i g u r a t i o n S e r v i c e imp lemen t s NamedElement { }
271

272 S o f t w a r e {
273 f i l eName : S t r i n g [ 0 . . 1 ] ;
274 a s s o c i a t i o n s o f t w a r e : S o f t w a r e [ ∗ ] ;
275 }

Listing C.13: Excerpt of the semantic-model of the Infrastructure package (Section 6.5)
which is used by the case study in Chapter 9.

1 # i f n d e f __GENERATE_VGIDE_INFRASTRUCTURE__
2 # d e f i n e __GENERATE_VGIDE_INFRASTRUCTURE__
3 void g e n e r a t e I n f r a s t r u c t u r e ( P r o j e c t ∗ o w n e r P r o j e c t ) {
4 Host ∗ h o s t 1 = new Host ( ) ;
5 hos t1 −>setOwner ( o w n e r P r o j e c t ) ;
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6 o w n e r P r o j e c t −>addMember ( h o s t 1 ) ;
7 hos t1 −>se tHos tname ( " lmboinc−main " ) ;
8 hos t1 −>s e t O p e r a t i n g S y s t e m ( 1 ) ;
9 NIC ∗ n i c 2 = new NIC ( ) ;

10 nic2−>setOwner ( h o s t 1 ) ;
11 hos t1 −>addNetwork ( n i c 2 ) ;
12 nic2−>s e t D e v i c e ( " e t h 0 " ) ;
13 nic2−>s e t I p v a l u e ( " 1 9 2 . 1 6 8 . 1 . 9 / 2 4 " ) ;
14 D a t a b a s e ∗db3 = new D a t a b a s e ( ) ;
15 db3−>setOwner ( h o s t 1 ) ;
16 hos t1 −>addPackagedElement ( db3 ) ;
17 db3−>setName ( "MySQL−DB" ) ;
18 db3−> s e t P o r t ( 3 3 0 6 ) ;
19 db3−> s e t S t a t e ( f a l s e ) ;
20 db3−>s e t S e r v i c e T y p e ( 1 1 ) ;
21 DB ∗ dbCon tex t4 = new DB( ) ;
22 dbContex t4−>setOwner ( db3 ) ;
23 db3−>addPackagedElement ( dbCon tex t4 ) ;
24 dbContex t4−>s e t I s P r o j e c t D B ( t rue ) ;
25 dbContex t4−>s e t I s S c i e n c e D B ( f a l s e ) ;
26 S e r v i c e ∗ s e r v i c e 5 = new S e r v i c e ( ) ;
27 s e r v i c e 5 −>setOwner ( h o s t 1 ) ;
28 hos t1 −>addPackagedElement ( s e r v i c e 5 ) ;
29 s e r v i c e 5 −>setName ( " A s s i m i l a t o r " ) ;
30 s e r v i c e 5 −> s e t S t a t e ( t rue ) ;
31 s e r v i c e 5 −>s e t S e r v i c e T y p e ( 1 0 ) ;
32 s e r v i c e 5 −>s e t S l e e p ( 5 ) ;
33 s e r v i c e 5 −>s e t O n e p a s s ( f a l s e ) ;
34 s e r v i c e 5 −>setMod0 ( 0 ) ;
35 s e r v i c e 5 −>setMod1 ( 0 ) ;
36 s e r v i c e 5 −>setAppname ( " lmboinc " ) ;
37 P o r t I m p o r t ∗ p o r t I m p o r t 5 = new P o r t I m p o r t ( ) ;
38 s e r v i c e 5 −>addPackagedElement ( p o r t I m p o r t 5 ) ;
39 p o r t I m p o r t 5 −>setOwner ( s e r v i c e 5 ) ;
40 Share ∗ s h a r e I m p o r t 7 = new Share ( ) ;
41 s h a r e I m p o r t 7 −>setOwner ( s e r v i c e 5 ) ;
42 s h a r e I m p o r t 7 −>setShareName ( " d s t V a l i d " ) ;
43 s h a r e I m p o r t 7 −>s e t S h a r e T y p e ( 0 ) ;
44 s h a r e I m p o r t 7 −>s e t M o u n t p o i n t ( " / mnt / lmboinc / v a l i d " ) ;
45 s e r v i c e 5 −>addRequ i r ed ( s h a r e I m p o r t 7 ) ;
46 Share ∗ s h a r e I m p o r t 8 = new Share ( ) ;
47 s h a r e I m p o r t 8 −>setOwner ( s e r v i c e 5 ) ;
48 s h a r e I m p o r t 8 −>setShareName ( " d s t F a i l e d " ) ;
49 s h a r e I m p o r t 8 −>s e t S h a r e T y p e ( 0 ) ;
50 s h a r e I m p o r t 8 −>s e t M o u n t p o i n t ( " / mnt / lmboinc / f a i l e d " ) ;
51 s e r v i c e 5 −>addRequ i r ed ( s h a r e I m p o r t 8 ) ;
52 S e r v i c e ∗ s e r v i c e 9 = new S e r v i c e ( ) ;
53 s e r v i c e 9 −>setOwner ( h o s t 1 ) ;
54 hos t1 −>addPackagedElement ( s e r v i c e 9 ) ;
55 s e r v i c e 9 −>setName ( " Fe ed e r " ) ;
56 s e r v i c e 9 −> s e t S t a t e ( t rue ) ;
57 s e r v i c e 9 −>s e t S e r v i c e T y p e ( 1 0 ) ;
58 s e r v i c e 9 −>setDebugMode ( 2 ) ;
59 s e r v i c e 9 −>setRandomOrder ( f a l s e ) ;
60 s e r v i c e 9 −> s e t P r i o r i t y O r d e r ( f a l s e ) ;
61 s e r v i c e 9 −>s e t P r i o r i t y O r d e r C r e a t e T i m e ( f a l s e ) ;
62 s e r v i c e 9 −>s e t A l l a p p s ( t rue ) ;
63 s e r v i c e 9 −>setWmod0 ( 0 ) ;
64 s e r v i c e 9 −>setWmod1 ( 0 ) ;
65 s e r v i c e 9 −>s e t S l e e p ( 5 ) ;
66 s e r v i c e 9 −>s e t O n e p a s s ( f a l s e ) ;
67 s e r v i c e 9 −>setMod0 ( 0 ) ;
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68 s e r v i c e 9 −>setMod1 ( 0 ) ;
69 S e r v i c e ∗ s e r v i c e 1 0 = new S e r v i c e ( ) ;
70 s e r v i c e 1 0 −>setOwner ( h o s t 1 ) ;
71 hos t1 −>addPackagedElement ( s e r v i c e 1 0 ) ;
72 s e r v i c e 1 0 −>setName ( " V a l i d a t o r " ) ;
73 s e r v i c e 1 0 −> s e t S t a t e ( t rue ) ;
74 s e r v i c e 1 0 −>s e t S e r v i c e T y p e ( 1 0 ) ;
75 s e r v i c e 1 0 −>s e t M a x G r a n t e d C r e d i t ( 9 . 6 4 2 8 9 e−39) ;
76 s e r v i c e 1 0 −>s e t U p d a t e C r e d i t J o b ( 1 ) ;
77 s e r v i c e 1 0 −>setCreditFromWU ( 0 ) ;
78 s e r v i c e 1 0 −>s e t G r a n t C l a i m e d C r e d i t ( 0 ) ;
79 s e r v i c e 1 0 −>s e t M a x C l a i m e d C r e d i t ( 2 . 9 3 8 9 1 e−39) ;
80 s e r v i c e 1 0 −>s e t S l e e p ( 5 ) ;
81 s e r v i c e 1 0 −>s e t O n e p a s s ( f a l s e ) ;
82 s e r v i c e 1 0 −>setMod0 ( 0 ) ;
83 s e r v i c e 1 0 −>setMod1 ( 0 ) ;
84 S e r v i c e ∗ s e r v i c e 1 1 = new S e r v i c e ( ) ;
85 s e r v i c e 1 1 −>setOwner ( h o s t 1 ) ;
86 hos t1 −>addPackagedElement ( s e r v i c e 1 1 ) ;
87 s e r v i c e 1 1 −>setName ( " Webserver " ) ;
88 s e r v i c e 1 1 −> s e t S t a t e ( t rue ) ;
89 s e r v i c e 1 1 −>s e t S e r v i c e T y p e ( 1 0 ) ;
90 s e r v i c e 1 1 −> s e t I n s t a n c e s ( 5 ) ;
91 s e r v i c e 1 1 −> s e t P o r t ( 8 0 ) ;
92 s e r v i c e 1 1 −>s e t U s e S e c u r e ( f a l s e ) ;
93 s e r v i c e 1 1 −>s e t I s M a s t e r ( t rue ) ;
94 s e r v i c e 1 1 −>s e t I s S c h e d u l e r ( t rue ) ;
95 s e r v i c e 1 1 −>s e t I s D o w n l o a d ( t rue ) ;
96 s e r v i c e 1 1 −>s e t I s U p l o a d ( t rue ) ;
97 s e r v i c e 1 1 −>s e t I s F o r u m ( t rue ) ;
98 S e r v i c e ∗ s e r v i c e 1 2 = new S e r v i c e ( ) ;
99 s e r v i c e 1 2 −>setOwner ( h o s t 1 ) ;

100 hos t1 −>addPackagedElement ( s e r v i c e 1 2 ) ;
101 s e r v i c e 1 2 −>setName ( " T r a n s i t i o n e r " ) ;
102 s e r v i c e 1 2 −> s e t S t a t e ( t rue ) ;
103 s e r v i c e 1 2 −>s e t S e r v i c e T y p e ( 1 0 ) ;
104 P o r t E x p o r t ∗ p o r t E x p o r t 1 3 = new P o r t E x p o r t ( ) ;
105 hos t1 −>addPackagedElement ( p o r t E x p o r t 1 3 ) ;
106 p o r t E x p o r t 1 3 −>setOwner ( h o s t 1 ) ;
107 Share ∗ s h a r e I m p o r t 1 4 = new Share ( ) ;
108 s h a r e I m p o r t 1 4 −>setOwner ( p o r t E x p o r t 1 3 ) ;
109 s h a r e I m p o r t 1 4 −>setShareName ( " lmboinc " ) ;
110 s h a r e I m p o r t 1 4 −>s e t S h a r e T y p e ( 0 ) ;
111 s h a r e I m p o r t 1 4 −>s e t M o u n t p o i n t ( " / home / boincadm / lmboinc " ) ;
112 p o r t E x p o r t 1 3 −>addRequ i r ed ( s h a r e I m p o r t 1 4 ) ;
113 Host ∗ h o s t 1 5 = new Host ( ) ;
114 hos t15−>setOwner ( o w n e r P r o j e c t ) ;
115 o w n e r P r o j e c t −>addMember ( h o s t 1 5 ) ;
116 hos t15−>se tHos tname ( " lmboinc−t a s k s " ) ;
117 hos t15−>s e t O p e r a t i n g S y s t e m ( 1 ) ;
118 NIC ∗ n i c 1 6 = new NIC ( ) ;
119 nic16−>setOwner ( h o s t 1 5 ) ;
120 hos t15−>addNetwork ( n i c 1 6 ) ;
121 nic16−>s e t D e v i c e ( " e t h 0 " ) ;
122 nic16−>s e t I p v a l u e ( " 1 9 2 . 1 6 8 . 1 . 1 0 / 2 4 " ) ;
123 S e r v i c e ∗ s e r v i c e 1 7 = new S e r v i c e ( ) ;
124 s e r v i c e 1 7 −>setOwner ( h o s t 1 5 ) ;
125 hos t15−>addPackagedElement ( s e r v i c e 1 7 ) ;
126 s e r v i c e 1 7 −>setName ( " db_dump " ) ;
127 s e r v i c e 1 7 −> s e t S t a t e ( t rue ) ;
128 s e r v i c e 1 7 −>s e t S e r v i c e T y p e ( 1 0 ) ;
129 S e r v i c e ∗ s e r v i c e 1 8 = new S e r v i c e ( ) ;
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130 s e r v i c e 1 8 −>setOwner ( h o s t 1 5 ) ;
131 hos t15−>addPackagedElement ( s e r v i c e 1 8 ) ;
132 s e r v i c e 1 8 −>setName ( " u p d a t e _ u o t d " ) ;
133 s e r v i c e 1 8 −> s e t S t a t e ( t rue ) ;
134 s e r v i c e 1 8 −>s e t S e r v i c e T y p e ( 1 0 ) ;
135 S e r v i c e ∗ s e r v i c e 1 9 = new S e r v i c e ( ) ;
136 s e r v i c e 1 9 −>setOwner ( h o s t 1 5 ) ;
137 hos t15−>addPackagedElement ( s e r v i c e 1 9 ) ;
138 s e r v i c e 1 9 −>setName ( " u p d a t e forum " ) ;
139 s e r v i c e 1 9 −> s e t S t a t e ( t rue ) ;
140 s e r v i c e 1 9 −>s e t S e r v i c e T y p e ( 1 0 ) ;
141 S e r v i c e ∗ s e r v i c e 2 0 = new S e r v i c e ( ) ;
142 s e r v i c e 2 0 −>setOwner ( h o s t 1 5 ) ;
143 hos t15−>addPackagedElement ( s e r v i c e 2 0 ) ;
144 s e r v i c e 2 0 −>setName ( " u p d a t e _ s t a t s " ) ;
145 s e r v i c e 2 0 −> s e t S t a t e ( t rue ) ;
146 s e r v i c e 2 0 −>s e t S e r v i c e T y p e ( 1 0 ) ;
147 S e r v i c e ∗ s e r v i c e 2 1 = new S e r v i c e ( ) ;
148 s e r v i c e 2 1 −>setOwner ( h o s t 1 5 ) ;
149 hos t15−>addPackagedElement ( s e r v i c e 2 1 ) ;
150 s e r v i c e 2 1 −>setName ( " u p d a t e p r o f i l e s " ) ;
151 s e r v i c e 2 1 −> s e t S t a t e ( t rue ) ;
152 s e r v i c e 2 1 −>s e t S e r v i c e T y p e ( 1 0 ) ;
153 S e r v i c e ∗ s e r v i c e 2 2 = new S e r v i c e ( ) ;
154 s e r v i c e 2 2 −>setOwner ( h o s t 1 5 ) ;
155 hos t15−>addPackagedElement ( s e r v i c e 2 2 ) ;
156 s e r v i c e 2 2 −>setName ( " team i m p o r t " ) ;
157 s e r v i c e 2 2 −> s e t S t a t e ( t rue ) ;
158 s e r v i c e 2 2 −>s e t S e r v i c e T y p e ( 1 0 ) ;
159 S e r v i c e ∗ s e r v i c e 2 3 = new S e r v i c e ( ) ;
160 s e r v i c e 2 3 −>setOwner ( h o s t 1 5 ) ;
161 hos t15−>addPackagedElement ( s e r v i c e 2 3 ) ;
162 s e r v i c e 2 3 −>setName ( " n o t i f y " ) ;
163 s e r v i c e 2 3 −> s e t S t a t e ( t rue ) ;
164 s e r v i c e 2 3 −>s e t S e r v i c e T y p e ( 1 0 ) ;
165 P o r t I m p o r t ∗ p o r t I m p o r t 2 3 = new P o r t I m p o r t ( ) ;
166 hos t15−>addPackagedElement ( p o r t I m p o r t 2 3 ) ;
167 p o r t I m p o r t 2 3 −>setOwner ( h o s t 1 5 ) ;
168 Share ∗ s h a r e I m p o r t 2 5 = new Share ( ) ;
169 s h a r e I m p o r t 2 5 −>setOwner ( h o s t 1 5 ) ;
170 s h a r e I m p o r t 2 5 −>setShareName ( " lmboinc " ) ;
171 s h a r e I m p o r t 2 5 −>s e t S h a r e T y p e ( 0 ) ;
172 s h a r e I m p o r t 2 5 −>s e t M o u n t p o i n t ( " / home / boincadm / lmboinc " ) ;
173 hos t15−>addRequ i r ed ( s h a r e I m p o r t 2 5 ) ;
174 }
175 # e n d i f

Listing C.14: Class hierarchy for the deployment of the infrastructure of the case study
(Chapter 9).

C.6 Generators

In this section excerpts of the code-generators are included. These are directly
implemented in Visu@lGrid [184] and used to generate different parts of a BOINC
project, e.g. configuration files. Listing C.15 contains a visitor-pattern [83] based
approach for the creation of the configuration of different Task specifications.
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1 /∗ ∗ @brie f Q u e r i e s t h e t i m i n g i n f o r m a t i o n and c o n f i g u r a t i o n o f a s p e c i f i c
2 ∗ t a s k which has appName as r e f e r e n c e .
3 ∗ @param r o o t T i m i n g The r o o t o f a l l t i m i n g i n f o r m a t i o n .
4 ∗ @param appName R e f e r e n c e d a p p l i c a t i o n name , i . e . t h i s a p p l i c a t i o n i s
5 ∗ p a r t o f UMLDiagramTiming .
6 ∗ @param p e r i o d T h i s parame te r i s used t o s t o r e t h e p e r i o d o f t h e
7 ∗ a p p l i c a t i o n e x e c u t i o n , e . g . "7 days " or "6 hours " .
8 ∗ @return TRUE when a p p l i c a t i o n ’ s e x e c u t i o n i s enabled , o t h e r w i s e FALSE
9 ∗ i s r e t u r n e d .

10 ∗ /
11 bool t a s k P e r i o d (
12 UMLDiagramTiming ∗ roo tT iming ,
13 c o n s t Q S t r i n g & appName ,
14 Q S t r i n g & p e r i o d
15 ) {
16 UMLTask ∗ t a s k = NULL;
17 f o r e a c h ( UMLTask ∗ t , r oo tT iming −>t a s k s ) {
18 i f ( ! t ) co n t i nu e ;
19 i f ( t−>r e f e r e n c e s . c o u n t ( ) < 1 )
20 co n t i nu e ;
21

22 UMLReference ∗ r e f = t−>r e f e r e n c e s [ 0 ] ;
23 i f ( r e f −>ta rge tName ( ) == appName ) {
24 t a s k = t ; break ;
25 }
26 }
27

28 i f ( ! t a s k )
29 re turn f a l s e ;
30

31 UMLTaskFork ∗ t f o r k = NULL;
32 f o r e a c h ( UMLEventFlow ∗ ef low , roo tT iming −>c o n n e c t o r s ) {
33 i f ( ef low−>t a r g e t −>name ( ) == t a s k −>name ( ) ) {
34 / / EventFlow i s enabled , i n t h i s c ase t h e s o u r c e UMLItem i s used .
35 i f ( ef low−> s t a t e ) {
36 t f o r k = ef low−>s o u r c e ;
37 break ;
38 }
39 }
40 }
41

42 i f ( ! t f o r k )
43 re turn f a l s e ;
44

45 UMLTimeForTask ∗ t f t a s k = NULL;
46 f o r e a c h ( UMLEventFlow ∗ ef low , roo tT iming −>c o n n e c t o r s ) {
47 i f ( ef low−>t a r g e t −>name ( ) == t f o r k −>name ( ) ) {
48 t f t a s k = ef low−>s o u r c e ;
49 break ;
50 }
51 }
52

53 i f ( ! t f t a s k )
54 re turn f a l s e ;
55

56 i f ( t f t a s k −>e v e n t s . c o u n t ( ) < 1 )
57 re turn f a l s e ;
58

59 / / / TODO ha nd le more than one t i m e e x p r e s s i o n s
60 UMLTimeExpression ∗ exp r = t f t a s k −>e v e n t s [0]−> e x p r e s s i o n s [ 0 ] ;
61 i f ( ! exp r )
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62 re turn f a l s e ;
63

64 p e r i o d = Q S t r i n g ( "%1 %2" ) . a r g ( expr−>t imeVa lue ( ) ) . a r g ( expr−>u n i t ( ) ) ;
65

66 re turn true ;
67 }
68

69 Q S t r i n g g e n e r a t e T a s k s (
70 U M L D i a g r a m I n f r a s t r u c t u r e ∗ r o o t I n f r a s t r u c t u r e ,
71 UMLDiagramApplicat ion ∗ r o o t A p p l i c a t i o n ,
72 UMLDiagramTiming ∗ r o o t T i m i n g
73 ) {
74 Q S t r i n g L i s t o u t ;
75 o u t << "< t a s k s >" << ENDL;
76

77 / / Par t o f I n f r a s t r u c t u r e diagram
78 f o r e a c h ( UMLHost ∗ hos t , r o o t I n f r a s t r u c t u r e −>h o s t s ) {
79 i f ( ! h o s t ) c o n t in u e ;
80 f o r e a c h ( UMLService ∗ s e r v i c e , hos t −> s e r v i c e s ) {
81 i f ( ! s e r v i c e ) c o n t in u e ;
82 i f ( s e r v i c e −>s e r v i c e T y p e ( ) == UMLService : : Se rv i c eTypeTas k ) {
83 / / Task
84 i f ( s e r v i c e −>r e f e r e n c e s . c o u n t ( ) < 1 ) co n t i nu e ;
85

86 UMLReference ∗ r e f = s e r v i c e −>r e f e r e n c e s [ 0 ] ;
87 i f ( ! r e f ) co n t i n u e ;
88

89 f o r e a c h ( UMLApplicat ion ∗app , r o o t A p p l i c a t i o n −> a p p l i c a t i o n s ) {
90 i f ( ! app ) c o n t in u e ;
91 i f ( app−>name ( ) == r e f −>ta rge tName ( ) ) {
92 UMLAction ∗ taskCommand = NULL;
93 f o r e a c h ( UMLAction ∗ a c t , app−>a c t i o n s ) {
94 i f ( a c t −>a c t i o n T y p e ( ) == UMLAction : : Ac t ionTypeAc t ion ) {
95 taskCommand = a c t ;
96 break ;
97 }
98 }
99 i f ( taskCommand )

100 {
101 / / Got command . . .
102

103 Q S t r i n g p e r i o d ;
104 bool t a s k E n a b l e d = t a s k P e r i o d ( roo tT iming ,
105 app−>name ( ) , p e r i o d ) ;
106

107 o u t << " < t a s k >" << ENDL;
108 o u t << " <cmd>" << taskCommand−>i m p l e m e n t a t i o n ( )
109 << " </cmd>" << ENDL;
110 o u t << " < o u t p u t >" << s e r v i c e −>o u t p u t F i l e ( )
111 << " </ o u t p u t >" << ENDL;
112 o u t << " < p e r i o d >" << p e r i o d << " </ p e r i o d >" << ENDL;
113 o u t << " < hos t >" << hos t −>name ( ) << " </ hos t >" << ENDL;
114 o u t << " < d i s a b l e d >" << ( t a s k E n a b l e d ? " 0 " : " 1 " )
115 << " </ d i s a b l e d >" << ENDL;
116 / / / TODO always run
117 o u t << " </ t a s k >" << ENDL;
118 }
119 }
120 }
121 }
122 }
123 }
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124

125 o u t << " </ t a s k s >" << ENDL;
126

127 re turn o u t . j o i n ( " " ) ;
128 }

Listing C.15: Excerpt of the code-generation functionalities of Visu@lGrid [184] for the
creation of different Task specifications.

C.7 Processing asynchronous-messages
In Listing C.16 the structure for the asynchronous-message is given. List-
ing C.17 includes the server-side handler for asynchronous-messages with the vari-
ety “msg”. It receives messages, queries information from the database, and relays
the received message to specific hosts and users. Listing C.18 includes a scientific
application mainly used as the handler for asynchronous-messages on the client-
side.

1 s t r u c t CHATMSG {
2 s t d : : s t r i n g msgFrom ;
3 s t d : : s t r i n g msgTo ;
4 s t d : : s t r i n g message ;
5 CHATMSG( ) ;
6

7 /∗ ∗ @return Error code : 0 ( s u c c e s s ) , 1 ( no da ta ) , 2 ( wrong msg f o r m a t )
8 ∗ /
9 i n t p a r s e ( s t d : : s t r i n g xmlmsg ) ;

10 void show ( ) ;
11 } ;

Listing C.16: Structure for the asynchronous-message; the filename is chatMsg.h

1 / / BOINC
2 # i n c l u d e < u t i l . h>
3 # i n c l u d e < bo inc_db . h>
4 # i n c l u d e < s t r _ u t i l . h>
5 # i n c l u d e < e r r o r _ n u m b e r s . h>
6

7 / / BOINC S c h e d u l e r
8 # i n c l u d e < s c h e d _ c o n f i g . h>
9 # i n c l u d e < s c h e d _ u t i l . h>

10

11 / / C++
12 # i n c l u d e < i o s t r e a m >
13 # i n c l u d e < s s t r e a m >
14 # i n c l u d e < s t r i n g >
15 # i n c l u d e < v e c t o r >
16

17 / / T r i c k l e −Handler f o r Chat@home
18 # i n c l u d e <chatMsg . h>
19

20 char v a r i e t y [ ] = " msg " ;
21

22 /∗ ∗
23 ∗ @param mfh I n f o r m a t i o n o f one T r i c k l e −Message from a h o s t .
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24 ∗ @return I f s u c c e s s f u l l y 0 i s r e t u r n e d , o t h e r w i s e a h i g h e r v a l u e .
25 ∗ /
26 i n t h a n d l e _ t r i c k l e (MSG_FROM_HOST& mfh ) {
27 DB_HOST hostFrom ;
28 DB_USER userFrom ;
29 hostFrom . l o o k u p _ i d ( mfh . h o s t i d ) ;
30 userFrom . l o o k u p _ i d ( hos tFrom . u s e r i d ) ;
31

32 CHATMSG m;
33 sw i t ch (m. p a r s e ( mfh . xml ) ) {
34 cas e 1 : /∗ F e h l e r b e h a n d l u n g ∗ / break ;
35 cas e 0 : {
36 m. show ( ) ;
37

38 DB_MSG_TO_HOST mth ;
39 mth . c l e a r ( ) ;
40 mth . h a n d l e d = f a l s e ;
41 mth . c r e a t e _ t i m e = t ime ( 0 ) ;
42

43 / / i t e r a t e a l l hos t−i d s
44 char q [ 1 0 2 4 ] = { ’ \ 0 ’ } ;
45 s n p r i n t f ( q , 1024 , "WHERE name=’%s ’ " , m. msgTo . c _ s t r ( ) ) ;
46 DB_USER userTo ;
47 i f ( use rTo . lookup ( q ) ) {
48 / / Could n o t f i n d u s e r .
49 /∗ Feh le rbehand lung , N a c h r i c h t zum Sender . ∗ /
50 f p r i n t f ( s t d e r r , " Could n o t f i n d u s e r : %s \ n " , m. msgTo . c _ s t r ( ) ) ;
51 re turn 0 ;
52 }
53

54 DB_HOST u s e r H o s t ;
55 char qHost [ 1 0 2 4 ] = { ’ \ 0 ’ } ;
56 s n p r i n t f ( qHost , 1024 , "WHERE u s e r i d=%d ORDER BY u s e r i d ASC" , use rTo . i d ) ;
57 s t d : : c e r r << " qHost=" << qHost << s t d : : e n d l ;
58

59 whi le ( u s e r H o s t . enumera t e ( qHost ) == 0) {
60 mth . h o s t i d = u s e r H o s t . i d ;
61

62 DB_RESULT u s e r R e s u l t ;
63 char q R e s u l t [ 1 0 2 4 ] = { ’ \ 0 ’ } ;
64 s n p r i n t f ( q R e s u l t , 1024 ,
65 "WHERE h o s t i d=%d AND u s e r i d=%d "
66 "AND r e c e i v e d _ t i m e =0 "
67 "AND s e r v e r _ s t a t e=%d "
68 "AND outcome=%d ORDER BY name ASC" ,
69 u s e r H o s t . id , use rTo . id ,
70 RESULT_SERVER_STATE_IN_PROGRESS /∗ 4 ∗ / ,
71 RESULT_OUTCOME_INIT /∗ 0 ∗ /
72 ) ;
73 s t d : : c e r r << " q R e s u l t =" << q R e s u l t << s t d : : e n d l ;
74

75 whi le ( u s e r R e s u l t . enumera t e ( q R e s u l t ) == 0) {
76 / / Check i f r e s u l t i s i n p r o g r e s s and n o t c a n c e l l e d .
77 DB_WORKUNIT resul tWU ;
78 char qWU[ 6 4 ] = { ’ \ 0 ’ } ;
79 s n p r i n t f (qWU, 64 , "WHERE i d=%d " , u s e r R e s u l t . w o r k u n i t i d ) ;
80 s t d : : c e r r << "qWU=" << qWU << s t d : : e n d l ;
81 resul tWU . lookup (qWU) ;
82 i f ( resul tWU . e r r o r _ m a s k != 0) {
83 co n t i n u e ;
84 }
85
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86 s p r i n t f ( mth . v a r i e t y , "%s " , v a r i e t y ) ;
87 char msgOut [ 1 0 2 4 ] = { ’ \ 0 ’ } ;
88 s n p r i n t f (
89 msgOut , 1024 ,
90 "< t r i c k l e _ d o w n >\ n "
91 "< r e s u l t _ n a m e >%s </ r e s u l t _ n a m e >\ n "
92 "< t ime >%d </ t ime >\ n "
93 "<from>%s </ from >\ n "
94 "< cha t >%s </ cha t > \ n "
95 " </ t r i c k l e _ d o w n >\ n " ,
96 u s e r R e s u l t . name , ( i n t ) t ime (NULL) ,
97 userFrom . name , m. message . c _ s t r ( ) )
98 ;
99 s p r i n t f ( mth . xml , "%s " , msgOut ) ;

100 s t d : : c e r r << " [ b e g i n ] " << s t d : : e n d l ;
101 s t d : : c e r r << " mth . xml=" << msgOut << " [ end ] " << s t d : : e n d l ;
102

103 i n t r e t v a l = mth . i n s e r t ( ) ;
104

105 i f ( r e t v a l ) {
106 /∗ F e h l e r b e h a n d l u n g ∗ /
107 co n t i n u e ;
108 }
109 }
110 }
111 u s e r H o s t . end_enumera t e ( ) ;
112 } break ;
113 }
114 re turn 0 ;
115 }
116

117 /∗ ∗
118 ∗ Handles t r i c k l e s messages when o f i s r e c e i v e d .
119 ∗ @return TRUE when one T r i c k l e −Message found ,
120 ∗ o t h e r w i s e FALSE .
121 ∗ /
122 bool d o _ t r i c k l e _ s c a n ( ) {
123 bool found = f a l s e ;
124

125 char buf [ 2 5 6 ] = { ’ \ 0 ’ } ;
126 s p r i n t f ( buf , " where v a r i e t y =’%s ’ and h a n d l e d =0 " , v a r i e t y ) ;
127

128 whi le ( 1 ) {
129 DB_MSG_FROM_HOST mfh ;
130 i n t r e t v a l = mfh . enumera t e ( buf ) ;
131

132 i f ( r e t v a l ) {
133 i f ( r e t v a l != ERR_DB_NOT_FOUND) {
134 f p r i n t f ( s t d e r r , " l o s t DB conn \ n " ) ;
135 e x i t ( 1 ) ;
136 }
137 break ;
138 }
139 r e t v a l = h a n d l e _ t r i c k l e ( mfh ) ;
140 i f ( ! r e t v a l ) {
141 mfh . h a n d l e d = t rue ;
142 mfh . u p d a t e ( ) ;
143 }
144 found = t rue ;
145 }
146 re turn found ;
147 }
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148

149 /∗ ∗
150 ∗ @param one_pass D e f i n e s i f h a n d l e r w i l l e x i t a f t e r f i r s t run .
151 ∗ @return 0 i f a n y t h i n g worked p e r f e c t .
152 ∗ /
153 i n t main_loop ( bool o n e _ p a s s ) {
154 bool d i d _ s o m e t h i n g ;
155

156 i n t r e t v a l = bo inc_db . open (
157 c o n f i g . db_name , c o n f i g . db_hos t , c o n f i g . db_user , c o n f i g . db_passwd
158 ) ;
159 i f ( r e t v a l ) {
160 l o g _ m e s s a g e s . p r i n t f ( MSG_CRITICAL , " bo inc_db . open f a i l e d : %d \ n " , r e t v a l ) ;
161 e x i t ( 1 ) ;
162 }
163

164 whi le ( 1 ) {
165 check_s top_daemons ( ) ;
166 d i d _ s o m e t h i n g = d o _ t r i c k l e _ s c a n ( ) ;
167 i f ( ! d i d _ s o m e t h i n g ) {
168 s l e e p ( 5 ) ;
169 }
170 }
171 re turn 0 ;
172 }
173

174 /∗ ∗
175 ∗ /
176 void usage ( ) {
177 / / . . .
178 }
179

180 i n t main ( i n t argc , char∗∗ a rgv ) {
181 i n t i , r e t v a l ;
182 bool on e _ p a s s = f a l s e ;
183

184 check_s top_daemons ( ) ;
185

186 f o r ( i =1 ; i < a r g c ; i ++) {
187 i f ( ! s t r cm p ( a rgv [ i ] , "−d " ) ) {
188 i f ( ! a rgv [++ i ] ) {
189 l o g _ m e s s a g e s . p r i n t f ( MSG_CRITICAL ,
190 "%s r e q u i r e s an argument \ n \ n " , a rgv[−− i ] ) ;
191 usage ( ) ; e x i t ( 1 ) ;
192 }
193 i n t d l = a t o i ( a rgv [ i ] ) ;
194 l o g _ m e s s a g e s . s e t _ d e b u g _ l e v e l ( d l ) ;
195 i f ( d l == 4) g _ p r i n t _ q u e r i e s = t rue ;
196 } e l s e {
197 l o g _ m e s s a g e s . p r i n t f ( MSG_CRITICAL ,
198 " unknown command l i n e argument : %s \ n \ n " , a rgv [ i ] ) ;
199 usage ( ) ; e x i t ( 1 ) ;
200 }
201 }
202

203 r e t v a l = c o n f i g . p a r s e _ f i l e ( ) ;
204 i f ( r e t v a l ) {
205 l o g _ m e s s a g e s . p r i n t f ( MSG_CRITICAL ,
206 " Can ’ t p a r s e c o n f i g . xml : %s \ n " , b o i n c e r r o r ( r e t v a l )
207 ) ;
208 e x i t ( 1 ) ;
209 }
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210

211 i n s t a l l _ s t o p _ s i g n a l _ h a n d l e r ( ) ;
212 main_loop ( o n e _ p a s s ) ;
213 }

Listing C.17: Use-Case for the asynchronous-message processing; the filename is
TrickleChatHandler.cpp

1 / / C++
2 # i n c l u d e < i o s t r e a m >
3 # i n c l u d e < s t r i n g >
4 # i n c l u d e < v e c t o r >
5

6 / / C
7 # i n c l u d e < s t d i o . h>
8 # i n c l u d e < e r r n o . h>
9

10 / / BOINC
11 # i n c l u d e < b o i n c _ a p i . h>
12 # i n c l u d e < f i l e s y s . h>
13 # i n c l u d e < u t i l . h>
14

15 / / T r i c k l e −Handler f o r Chat@home
16 # i n c l u d e <chatMsg . h>
17

18 i n t main ( i n t argc , char ∗∗ a rgv )
19 {
20 BOINC_OPTIONS o p t i o n s ;
21 o p t i o n s . h a n d l e _ t r i c k l e _ u p s = t r ue ;
22 o p t i o n s . h a n d l e _ t r i c k l e _ d o w n s = t r ue ;
23

24 i n t r e t u r n V a l u e = b o i n c _ i n i t _ o p t i o n s (& o p t i o n s ) ;
25 i f ( r e t u r n V a l u e ) {
26 s t d : : c e r r << " b o i n c _ i n i t r e t u r n e d " << r e t u r n V a l u e << s t d : : e n d l ;
27 e x i t ( r e t u r n V a l u e ) ;
28 }
29

30 b o i n c _ t o u c h _ f i l e ( " t r i c k l e C h a t " ) ;
31

32 whi le ( 1 ) {
33 char bName [ 6 4 ] = { ’ \ 0 ’ } ;
34 char bMsg [ 5 1 2 ] = { ’ \ 0 ’ } ;
35

36 i f ( b o i n c _ f i l e _ e x i s t s ( " msgChat " ) ) {
37 FILE ∗ f = b o i n c _ f o p e n ( " msgChat " , " r " ) ;
38 i f ( f ) {
39 char ∗cp = NULL;
40 cp = f g e t s ( bName , 64 , f ) ;
41 cp [ s t r l e n ( cp ) −1] = ’ \ 0 ’ ;
42 cp = f g e t s ( bMsg , 512 , f ) ;
43 cp [ s t r l e n ( cp ) −1] = ’ \ 0 ’ ;
44 f c l o s e ( f ) ;
45 }
46 b o i n c _ d e l e t e _ f i l e ( " msgChat " ) ;
47 }
48

49 i f ( s t r l e n ( bName ) > 0 && s t r l e n ( bMsg ) > 0) {
50 char msgUp [ 1 0 2 4 ] = { ’ \ 0 ’ } ;
51 s n p r i n t f (
52 msgUp , 1024 ,
53 "< to >%s </ to > \ n< cha t >%s </ cha t > \ n " ,
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54 bName , bMsg
55 ) ;
56

57 i n t r = b o i n c _ s e n d _ t r i c k l e _ u p ( ( char ∗ ) " msg " , msgUp ) ;
58 i f ( r ) {
59 f p r i n t f ( s t d e r r , " Could n o t send t r i c k l e up message : %d \ n " , r ) ;
60 }
61

62 }
63

64 char t r i c k l e F i l e n a m e [ 3 2 ] = { ’ \ 0 ’ } ;
65 i n t r e t v a l = b o i n c _ r e c e i v e _ t r i c k l e _ d o w n ( t r i c k l e F i l e n a m e , 32) ;
66

67 s t d : : s t r i n g t r i c k l e M s g ;
68 FILE ∗ t r i c k l e F i l e = b o i n c _ f o p e n ( t r i c k l e F i l e n a m e , " r " ) ;
69 i f ( t r i c k l e F i l e ) {
70 char b [ 5 1 2 ] = { ’ \ 0 ’ } ;
71 whi le ( f g e t s ( b , 512 , t r i c k l e F i l e ) ) {
72 t r i c k l e M s g += b ;
73 }
74 f c l o s e ( t r i c k l e F i l e ) ;
75 b o i n c _ d e l e t e _ f i l e ( t r i c k l e F i l e n a m e ) ;
76 }
77

78 i f ( r e t v a l ) {
79 CHATMSG m;
80 sw i t ch (m. p a r s e ( t r i c k l e M s g ) ) {
81 case 2 :
82 case 1 : /∗ F e h l e r b e h a n d l u n g ∗ / break ;
83 case 0 : {
84 m. show ( ) ;
85 FILE ∗ f = b o i n c _ f o p e n ( " msgChatIn " , "w" ) ;
86 i f ( f ) {
87 f p r i n t f ( f , "%s \ n " , m. msgFrom . c _ s t r ( ) ) ;
88 f p r i n t f ( f , "%s \ n " , m. message . c _ s t r ( ) ) ;
89 f c l o s e ( f ) ;
90 } e l s e {
91 f p r i n t f ( s t d e r r , " Could n o t open msgChatIn f i l e f o r w r i t t i n g . \ n " ) ;
92 f p r i n t f ( s t d e r r , " Got message(%s ) from %s \ n " ,
93 m. message . c _ s t r ( ) , m. msgFrom . c _ s t r ( ) ) ;
94 }
95 } break ;
96 }
97 }
98

99 s t d : : c e r r . f l u s h ( ) ,
100 b o i n c _ s l e e p ( 1 ) ;
101 }
102

103 b o i n c _ f r a c t i o n _ d o n e ( 1 ) ;
104 b o i n c _ f i n i s h ( 0 ) ;
105 }

Listing C.18: Use-Case for the asynchronous-message processing; the filename is
TrickleChatHandler.cpp
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Visu@lGrid

In this appendix Visu@lGrid’s tree structure is presented. The several items
are mapped to UML4BOINC’s elements. In particular, the tree-view represents
UML4BOINC’s hierarchy, e.g. «Service» is associated by «Host» and in the tree-
view «Service» is a child of «Host». In case, an association has to connect items,
the associated is at the top context of its planned to used hierarchy-level, e.g. two
«Host» items can be connected via «Share», and therefore «Connector» is a child
of «Host» which can access the relevant contexts.

1 (D) RBAC
2 <<User >>
3 <<UserRemote >>
4 << C o n t r o l l e r >> / / TODO
5 <<Role >
6 << P e r m i s s i o n >>
7 <<Resource >>
8 R e f e r e n c e ( t o << U s e r O p e r a t i o n >>

from I n f r a s t r u c t u r e )
9 R e f e r e n c e ( t o << Sys temOpera t ion >>

from I n f r a s t r u c t u r e )
10 Assignment

Listing D.1: RBAC’s tree-view

1 (D) Timing
2 <<TimeForTask >>
3 <<TimeEvent >>
4 << TimeExpress ion >>
5 <<TaskFork >>
6 <<Task >>
7 R e f e r e n c e ( t o <<

S c i e n t i f i c A p p l i c a t i o n >> from
A p p l i c a t i o n )

8 <<EventFlow >>

Listing D.2: Timing’s tree-view

1 (D) Ev en t s
2 << T r i c k l e P a r t n e r >>
3 << T r i ck l e M es s a g e >>
4 << Tr i ck l eMessageVa lue >> ( embedded

i n << Tr i c k l eM e s s ag e > >)

Listing D.3: Event’s tree-view
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1 (D) I n f r a s t r u c t u r e
2 <<Host >>
3 << S e r v i c e >>
4 << P o r t I m p o r t >>
5 <<Share >>
6 << Database >>
7 <<DB>>
8 <<Table >>
9 <<Column>>

10 << Sof tware >>
11 << P o r t E x p o r t >>
12 <<Share >>
13 << P o r t I m p o r t >>
14 <<Share >>
15 <<NIC>>
16 <<SAN>>
17 << P o r t E x p o r t >>
18 <<Share >>
19 <<NIC>>
20 << Connec tor >>
21 << R e p l i c a t i o n A s s o c i a t i o n >> / / n o t

implemented

Listing D.4: Infrastructure’s tree-view

1 (D) Work
2 << S e r i e s >>
3 << I n p u t >>
4 << D a t a f i e l d >>
5 <<Output >>
6 << D a t a f i e l d >>
7 << W o r k u n i t A s s o c i a t i o n >>

Listing D.5: Work’s tree-view

1 (D) A p p l i c a t i o n
2 << S c i e n t i f i c A p p l i c a t i o n >>
3 Act io n ( i n i t i a l )
4 Act io n ( a c t i o n )
5 i n p u t : I n p u t P i n
6 o u t p u t : I n p u t P i n
7 Act io n ( d e c i s i o n )
8 Act io n ( bar , h o r i z o n t a l l y )
9 Act io n ( bar , v e r t i c a l l y )

10 Act io n ( send s i g n a l )
11 i n p u t : I n p u t P i n
12 Act io n ( a c c e p t s i g n a l )
13 o u t p u t : I n p u t P i n
14 Act io n ( o b j e c t node )
15 Act io n ( f i n a l )
16 Act io n ( f low end )
17 Act io n ( t e r m i n a t e )
18 T r a n s i t i o n
19 S t a t e m a c h i n e
20 S t a t e ( i n i t i a l )
21 S t a t e ( s t a t e )
22 P s e u d o s t a t e ( e n t r y P o i n t )
23 R e f e r e n c e ( onEn t ry )
24 R e f e r e n c e ( o n E x i t )
25 P s e u d o s t a t e ( e x i t P o i n t )
26 R e f e r e n c e ( onEn t ry )
27 R e f e r e n c e ( o n E x i t )
28 Region
29 S t a t e m a c h i n e ∗
30 R e f e r e n c e ( d o A c t i v i t y )
31 S t a t e ( d e c i s i o n )
32 S t a t e ( bar , h o r i z o n t a l l y )
33 S t a t e ( bar , v e r t i c a l l y )
34 S t a t e ( h i s t o r y deep )
35 S t a t e ( h i s t o r y s h a l l o w )
36 S t a t e ( f i n a l )
37 S t a t e ( f low end )
38 S t a t e ( t e r m i n a t e )
39 << Checkpoin t >>
40 << D a t a f i e l d >> ( from Work )
41 <<Exchanger >>
42 << D a t a f i e l d >> ( from Work )

Listing D.6: Application’s tree-view
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Code Generation Approachesfor an
Automatic Transformation of theUnified Modeling Language to the
Berkeley Open Infrastructure for Network Computing Framework

Christian Benjamin Ries and Vic Grout
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Glyndŵr University, United Kingdom
www.christianbenjaminries.de ‖ www.visualgrid.org

Abstract—Thispaper describes theverification processof the
UML4BOINC stereotypes and the semantic of the stereotypes.
Several ways enable the verification and this paper presents
three different ways: (i) specifications of Domain-specific Mod-
eling Languages (DSMLs), (ii ) the use of C++-Models, and
(iii ) the use of Visual-Models created with Visu@lGr id [12],
[18]. As a consequence, specific code-generators for the trans-
formation of these models are implemented into applicable
par ts for a Berkeley Open Infrastructure for Network Com-
puting (BOINC) project [1]. As for the understanding of
how the transformation is realised, a br ief introduction about
the language-recognition and the way how code-generators
can be implemented by use of ANTL R (ANother Tool for
Language Recognition) [11] is given. This paper does not cover
all transformations because most of them can vary, i.e. they
depend on the target language (e.g. C++) and how tool-vendors
handle semantic-models.

Keywords-DSML, BOINC, UML, ANTL R, AST

I . INTRODUCTION

RUnning of a Berkeley Open Infrastructure for Network
Computing (BOINC) project can be a very time-

consuming task. Despite the fact that it is necessary to im-
plement a scientific application (SAPP) [20] and to establish
a fully operable server infrastructure [18], moreover it is
necessary to describehow SAPPandall BOINC components
handle computational jobs. A SAPP has be implemented
by developers and for individual projects several implemen-
tations has to be repeated. By the help of UML (Unified
ModelingLanguage) [23] one can copethiswork by doing it
with the help of a prominent visual programming language.
The idea in this paper is to have UML extension (so-
called stereotypes) and code-generator (CG), which have to
support developers with the abilit y to generate all required
implementation. BOINC is chosen as the first distribution
framework because of the fact that some effort is spend
in implementing an integrated development environment
– so-called Visu@lGrid – which should allow the fully
implementation based on a modeling approach of a BOINC
framework. This research project has started in December
2009and has been finished by a PhD thesis which covers a
world new UML profile named UML4BOINC [14].

Section II givesabriefly introduction how codegeneration
works. Section III describeshow theCG methodologyin this
paper is supported towards to fulfil the task of supporting
BOINC developers by describing. In Section IV the support
of state machine of the UML version 2.4 is scoped. An
abstraction of BOINC’s SAPPand services is shown in the
Sections V–X. In the last section a conclusion is given.

II . CODE GENERATION

A. Approaches

The code-generation (CG) generator-backend is often
realised by one of the following three approaches [4]:

• Patterns: Thisapproach allows specifyinga search pat-
tern on the model graph. A specific output is generated
for every match.

• Templates: As the name suggests, code-files are the
basis in the target language. Expressions of a macro
language are inserted or replacement patterns are used
for specifying the generator instructions.

• Tree-traversing: This kind of code generation ap-
proach specifies a predetermined iteration path over the
Abstract-syntax Tree (AST). Generation instructions
are defined for every node type or leaf and executed
when a node or leaf is passed.

These approaches can be combined. Accordingly, this paper
applies a combination of the secondand third approach, i.e.
when the AST is created, the leafs of the AST are trans-
formed into code-fragmentsand merged in existing template
files. Fig. 1 shows the CG processing parts which are used;
in particular seven parts supports the verification. Section III
introduces the first part (1); the result of it allows the gener-
ation of C++-code which is used to create semantic models.
Such a semantic model can be created in several ways:
(3) with a Domain-specific Modeling Language (DSML)
description, (4) as a direct C++ implementation based on
the previous created semantic model and (5) as a visual
description. These approaches end up in (6) and describe a
BOINC project. The description is transformed in different
parts which are relevant for BOINC, e.g. configurations,
implementations of services and scientific applications or
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the creation of workunits. For the steps between (1), (2),
(6), and the creation of BOINC parts, the software library
(7) libries is used [13].

Figure 1. Architecture of the CG process; different models are used to
generate aBOINC project with its used components and configurations.

B. ANother Tool for Language Recognition (ANTLR)

ANTLR [11] is a parser generator used to implement
DSL interpreters, compilers and other translators, e.g. for
the handling of specific configurationfile formats. Two steps
are necessary for language recognition: lexical analysis and
parsing [8]. Fig. 2 shows the general language recognition
process. An input stream as 1 + 21 => res consists of
different bytes. This stream can be filtered by a lexer which
splits the bytes into belonging tokens, based on an user-
defined syntax or grammar: a number is defined as an INT
(integer), the plus sign as ADD (addition) and => is used
to assign (ASSIGN) ‘something’ to res, the underscores
are whitespaces and are not recognized. The input stream
is filtered and transformed into several tokens. Every token
has its own meaning, e.g. ADD can be used to sum-up two
integers. In addition, the chain of different tokens can have
a different meaning (so-called semantic). The parser is used
to interpret the tokens, i.e. either an optional AST can be
created and analyzed; a direct interpretation is possible.

Figure 2. General process description of language recognition.

C. Abstract-syntax Tree (AST)

Generally, an AST is an abstract representation of any
formatted input or token stream; it is optional, a direct
interpretation can be done. The AST is created by adding
mapping rules directly to the syntax of the new language:

mul t i p l i c at i o n : v1=INT ’ ∗ ’ v2=INT−>^(MUL $v1 $v2) ;

The operator -> introduces the tree construction rules. The
body of the rule is a list where the first element is the
node type (MUL) and followed by the child nodes which
are the factors for the multiplication in this case [5]. By
means of this approach two syntax trees are defined, i.e. an
input syntax on the left-hand side and an AST-syntax on the
right-hand side.

D. ANTLR and the Extended Backus-Naur Form (EBNF)

The EBNF (Extended Backus-Naur Form) is a syntactic
metalanguage which is a notation for defining the syntax
of a language through a set of rules. Each rule names a
part of the language (called a non-terminal symbol of a
language) and then defines its possible forms. A terminal
symbol of a language is an atom that cannot be split i nto
smaller components of the language [7]. The EBNF has a
small set of syntax rules and ANTLR applies most of the
EBNFs with modifications as shown in Table I.

EBNF ANTLR

‘a’ zero or once [a] a?
‘a’ zero or more { a} a*
‘a’ once or more a { a} a+
‘a’ or ’b’ a b & a b
(‘a’ or ’b’) and ‘c’ (a b) c & (a b) c

Table I
EXCERPT OF THE EBNF’ S AND ANTLR’ S SYNTAX [11] , [7] .

Fig. 2 showsa small summation (s1) of two integer values
andan assignment to thevariableres. Thesecondsummation
(s2) allows unlimited summations, e.g. 20 + 22 + 222 => res.
Listing 1 states the EBNF-syntax of this small command.
Any token is defined in the last five lines, i.e. integers only
consist of numbers. The last line defines whitespaces (WSs)
andaspecial commandforwardsthese charactersto ahidden
channel.

s1 : INT ADD INT ASSIGN ID ;
s2 : ( INT (ADD INT ) ∗ ASSIGN ID ) + ;

ADD: ’ + ’ ;
ASSIGN: ’ = > ’ ;
INT : ’ 0 ’ . . ’ 9 ’ + ;
ID : ( ’ a ’ . . ’ z ’ | ’ A ’ . . ’ Z ’ | ’ _ ’ )

( ’ a ’ . . ’ z ’ | ’ A ’ . . ’ Z ’ | ’ 0 ’ . . ’ 9 ’ | ’ _ ’ ) ∗ ;
WS: ( ’ ’ | ’ \ n ’ | ’ \ r ’ | ’ \ t ’ ) + { $channel =HIDDEN; } ;

Listing 1. EBNF-syntax for the addition of two integers and assignment.

Finally, the ANTLR syntax enables the direct AST creation.
Listing 2shows how the AST on the bottom right-hand side
of Fig. 2 can be described. The ANTLR operator -> is used
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to map the EBNF-syntax to a valid AST-syntax. The result
of this mapping and its dataset is shown in Fig. 3.

summati on : l e af ∗ −> l e af ∗ ;
l e af : INT ( ’ + ’ I NT ) ∗ ’ = >’ I D −>

^ (ASSIGN ^(ADD INT∗ ) ID ) ;

Listing 2. Definition of the AST of the summation.

Figure 3. AST for the summation of unlimited integer values.

E. Result

Fig. 2 shows the parser during the language-recognition
and with two outgoing transitions: (1) a direct transition to
output and (2) a detour of AST creation are subsequently
finished by an output generation. The first approach is
also called “embedded translation” because it populates the
semantic model from the embedding code to the parser;
it implements semantic model at appropriate points in the
parse [5]. The use of an additional AST can be more explicit
and easier to maintain [10].

III . GENERATION OF THE SEMANTIC MODELS

Theresearch for thispaper required the implementation of
different approaches, in order to verify andmodify models in
an iterative way. All models are based onan object-oriented
hierarchy; the creation is supported by a self-defined DSML
and allows a compact specifying of all necessary informa-
tion: (i) datatypespecifications, (ii ) creation of enumerations,
(iii ) classes with attributes and methods, (iv) derivations
of classes and (v) different kinds of associations between
classes and their different multiplicities, i.e. compositions
and aggregations.

Listing 3shows an example of the created DSML. Line 1
specifies additional header files. Lines 2-3 indicate a map-
ping of used datatypeswithin the DSML which are therefore
mapped in the target’s programming language datatypes.
Line 4 specifies an enumeration usable as a datatype. The
last lines specify three classes: Project, Host and NIC.
Project has one attribute name and one association to one
or more Host instances. Host itself is a composition of one
or more NIC instances. The CG produces setter and getter
methods and routines automatically in order to check the
multiplicities during the adherence of instances to associa-
tions or compositions. Finally, every classgets a factory and
destroyer functionality [6].

i nc l u des { " General . h" }
dat at y pe St r i n g " st d : : st r i n g " ;
dat at y pe I n t eger " i n t " ;
Operat i ngSystem [ Ubuntu=1 , UbuntuServer =2] { }
Pr o j e ct { name : St r i n g [ 1 ] ;

as soc i at i o n h ost s : Host [ 1 . . ∗ ] ; }
Host { composi t i on network : NIC [ 1 . .∗ ] ;

/ / as soc i at i o n : NIC [ 1 . . ∗ ] ; }
NIC { dev i ce : St r i n g [ 1 ] ;

i p val ue : St r i n g [ 0 . . 1 ] ; }

Listing 3. DSML description for the creation of a class-hierarchy.

IV. GENERATION OF STATEMACHINES

UML’s StateMachine package has been used for the
research of this paper. There are some state machine imple-
mentations for the combination with C++ [2], [3], [9] which
are partly based on the UML specification. All of them
are restricted in their use (e.g. no support for orthogonal
regions, no entry and exit points). Concerning this, the UML
2 Statemachine for C++ (UML2STM4CPP) [21] andUML’s
StateMachine in version 2.4 support have been created and
applied. UML2STM4CPP’s DSL Ries Statemachine (RSM)
enables the creation of hierarchy state machine constructs.
Fig. 4 shows a small state machine which is based on an
initialisationstate, choicestate, two system states, andafinal
state. Listing 4 shows an excerpt of the DSL definition for
this state machine.

Figure 4. UML Pseudostates with guarded and default transition.

Listing 4 shows the DSL definition for the state
machine in Fig. 4. The state machine has two ar-
eas: (1) States{...} defines states and regions,
and (2) Transitions{...} defines transitions, guards
and events between states and regions. The DSL defines all
used nodes, e.g. decision node, initial node, action node, and
final node. Finally, the DSL is an equipment with extra code
anchors:

• <[onEntry CODE-]> is executed on entering.
• <[-CODE-]> is the main part.
• <[onExit CODE-]> is executed on state’s leaving.

The combination of these three anchors with the first anchor
in lines 7-9 allows fulfilli ng the state machine with arbitrary
behaviour.

A nchors <[−− # i ncl u de < T est er . h>
T est er t est er ; i n t x;−−]>
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Statemachi ne Pseu d ost at es {
St at es {

I n i t i a l St ar t
Si mpl e Pr oc es si n g

<[ onEntry /∗ do some a ct i o n ∗ / −−]>
<[−− t est er . pr oc es si n g ( ) ; −−]>
<[ onEx i t / ∗ do some a ct i o n ∗ / −−]>

Si mpl e Cl ose
Fi nal End

}
T r ansi t i o ns {

R: St ar t [ t est er . x ( ) == 1]
/ t est er . setX ( 2) == Pr oc es si n g

R: St ar t [ t est er . x ( ) > 1]
/ t est er . setX ( 3) == Cl ose

R: St ar t == End
R: Pr oc es si n g == End
R: Cl ose / t est er . show ( ) == End

}
}

Listing 4. A UML2STM4CPPexample of the state machine in Fig. 4.

V. SCIENTIFIC APPLICATION

BOINC offers an Application-programming Interface
(API) for the procedural implementation of scientific ap-
plications. UML is mainly an object-orientated specification
and modeling approach. Generally, some tasks have to be
done whenever a new scientific application (SAPP) has to
be implemented. In order to avoid these incidents, an Object-
orientated Programming (OOP) abstraction is implemented
and set up on the top of BOINC’s API [15], [20]. Fig. 5
shows the abstraction layers of this approach. The OOP
layer providesa top-down approach wheremost of BOINC’s
functionaliti es are merged in objects and used as building
blocks, e.g. BOINC’s checkpoint mechanism is abstracted
by the classRies::BOINC::MVC::Checkpoint [13].
The biggest issue of a SAPP is the computation’s core

Figure 5. Object-orientated Programming layer for BOINC.

which provides the “intelli gence” and creates engineering
or scientific results. Fig. 6 shows an excerpt of the OOP
approach. In this case, two scientific applications are given:
(i) LMBoinc [19] and (ii ) Spinhenge [22]. In both cases,
only the doWork method has to be implemented. The
computation is called within Main and responsible for the
instantiation of the BOINC framework and the OOP layers.
Main is instantiated by BOINC’s client and has access to
the MVC::Handler which provides information about the
computation state.

Figure 6. Object-orientated Abstraction of BOINC’s API.

A. State Machine of a Scientific Application

The fundamental ideaof the state machine for the SAPP
is to reduce the complexity based on the fact that only
relevant functions are used for creating various state nodes,
e.g. a state “Initialization” is used for initializing BOINC’s
runtime environment or “Computing” is used for processing
the core computation; thus, it will call doWork(). SAPP’s
state machine possesses threeRegions:

• R1 Is used for the handling of asynchronous-messages,
• R2 is used for the checkpointing process, and
• R2 specifies the computation of the SAPP.

TheTransitionsof theprocessingstatesandthe threeregions
can be triggered by external events and are able to call
actions when they are used.

B. Mapping of Activities and Actions

Most of UML4BOINC’s stereotypes can be mapped di-
rectly to BOINC’s API-calls or with less code-complexity.
The current section ill ustrates how the CG from UML to
implementation code can be done.

1) «Atomic»: Atomic functionscannot be interrupted and
haveto befinished beforesubsequent actionsor activitiesare
executed. Listing 5showsasmall code-snippet. Line2 opens
and line 5 closes the atomic area; thus, any action or activity
is called and cannot be interrupted between these calls.
Fig. 7 shows a UML model consisting of an atomic area.
It executes an activity with an initialization and final node
and then executes the “transferMoney()” action. Exceptions
cannot interrupt the execution.

/ / / St a r t : << Atomi c >>
b oi nc_ beg i n _cr i t i c al _se ct i o n ( ) ;

t r ansf erM oney ( ) ; /∗ . . . ∗ /
b oi nc_en d _c r i t i c al _se ct i o n ( ) ;
/ / / End: << Atomi c>>

Listing 5. Code-implementation example of BOINC’s atomic mechanism.
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Figure 7. Code-mapping for UML4BOINC’s «Atomic».

2) «Action» & type=#FractionDone: This type of «Ac-
tion»is used in order to inform the BOINC client how much
work has been accomplished. It is a value between zero and
one, i.e. a percentage descriptor. The mapping of «Action»
in BOINC’s API is a single line: boinc_fraction_done (fdone).
fdone can be an input pin and requires a floating-point value
(PrimitiveType::Real [23]) which has to be calculated by the
scientific application developer.

3) «Action» & type=#FileInfo: It enables querying in-
formation of specific files. Listing 6 implements «File-
Information» directly as a C++-class, namely tag-values
as attributes and the operations as methods. «Action» is
mapped directly: (a) the input pin parameter path is used
as query’s parameter, and (b) the output pin finfo as a new
variable which assigns the returning value of query.

Figure 8. «Action» to query file information.

c l a s s Fi l eI nf o r mat i o n {
p u b l i c :
enum Fi l eK i nd { Unknown=0 , F i l e =1 ,

D i r e ct or y =2 , Symli nk =3} ;
s t a t i c Fi l eK i nd type ;
s t a t i c st d : : st r i n g cwd , absol ut ePat h ;
s t a t i c double f i l esi z e , d i r si z e ;
s t a t i c double t ot al Spa c e , f r e eSpa c e;

s t a t i c Fi l eI nf or mat i o n query ( c o n s t char ∗ path ) {
F i l eI nf or mat i o n f i ;
i f ( i s_ f i l e ( path ) ) t ype=Fi l eK i nd : : F i l e ;
e l s e i f ( i s_ di r ( path ) ) t ype=Fi l eK i nd : : D i r e ct or y ;
e l s e i f ( i s_sy ml i n k ( path ) )

t ype=Fi l eK i nd : : Symli nk ;
e l s e t ype=Unknown ;
char b uf f er [ 4096] = { ’ \ 0 ’ } ;
boi nc_getcwd ( b uf f er ) ; cwd = b uf f er ;
r el at i v e_ t o _abso l u t e ( path , b uf f er ) ;
absol ut ePat h = b uf f er ;
f i l e_ si z e ( path , f i l es i z e ) ;
d i r _si z e ( path , d i r si z e ) ;
get _f i l esy st em_i n f o ( t ot al Spa c e , f r e eSpa c e) ;
return f i ;

}
} ;

/∗ . . . i n i t i a l i se def a ul t val ues ! ∗ /
i n t main ( i n t argc , char ∗∗ argv ) {

F i l eI nf or mat i o n f i n f o =
Fi l eI n f or mat i o n : : query ( " F i l eI nf or mat i o n . cpp" ) ;

/∗ . . . ∗ /
}

Listing 6. «FileInformation» and «Action» for file information queries.

4) «Action» & type=#Locking: BOINC provides a func-
tionality of preventing access to specific files, i.e. the
BOINC-structure FILE_LOCK is used for locking and un-
locking a file. Every file needs its own locking instance.
Fig. 9 shows «Action» with one input pin to lock/unlock
the file “FileInformation.cpp” . The state of the lock/unlock-
call i s stored in the output pin state after the execution.
When something goes wrong, an (exception named) Excep-
tionLocking which can be caught and handled individually,
will be raised. Every locking mechanism is only usable in
its context. When a global lock has to be used for specific
files, it is necessary to define its lock instance in a global
way.

Figure 9. «Action» for locking/unlocking files.

5) «Action» & type=#FileHandling: Fig. 10 and
Fig. 11 show how UML modeling can be realized when
UML4BOINC’s«Action»and type=#FileHandlingareused.
«Action»’s characteristic is specified by the input pin mode;
it states how many input pins can exist in one action.
The notes in Fig. 10 and Fig. 11 describe the modes
with one and two additional input pins. These actions and
individual characteristics can be directly transformed into
C++-implementations. Table II shows the related mapping
of mode’s value to the suitable BOINC API-call . This is
a trivial approach and some modes can need more specific
implementation, e.g. the modeOpen can be used for virtual
filenames or/and for filenames with immediate access. In
case the filename is a virtual name, it is necessary to resolve
thephysical filename. Listing 7showsageneral approach for
file opening. Various problemscan arise when the file is in a
specific file format, e.g. it is a ZIP-archive and the opening
differs from mentioned approaches. Openingapproachescan
be handled directly by the CG or implemented in the OOP
abstraction layer. In this regard, CG is mostly a tool-specific
task and can be handled in different ways.

st d : : st r i n g i n p ut D at aI n ;
b oi nc_r esol v e_f i l ename_s ( path , i n p ut D at aI n ) ;
i n t r es = boi nc_f open ( i nputDataI n , f i l emode ) ;

Listing 7. General code-implementation for file opening.
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Figure 10. «Action» for file handling with two parameters.

Figure 11. «Action» for file handling with three parameters.

Mode BOINC’s Function Call
one additional input pin

Touch int res = boinc_touch_file (path) ;
Delete int res = boinc_delete_file (path) ;
Mkdir int res = boinc_mkdir(path) ;
Rmdir int res = boinc_rmdir(path) ;
Cleandir int res = clean_out_dir (path) ;

two additional input pins
Copy int res = boinc_copy(path, newpath);
Chown int res = boinc_chown(path, owner);
Rename int res = boinc_rename(path, newpath);
Open FILE ∗res = boinc_fopen(path, filemode) ;

Table II
MAPPING OF UML TO BOINC’ S API .

6) «Action» & type=#TrickleDown: Asynchronous-
messages are not handled immediately. The SAPP is
responsible for collecting all messages. The collection
processcan be done in the first region of the state machine.
The messages are provided by the output pin of «Action».
Listing 8 shows the receiving of trickle-messages and a
suggestion for handling them.

char t r i ck l eF i l ename [ 3 2] = { ’ \ 0 ’ } ;
i n t r et v al = b oi nc_r e c ei v e_t r i ck l e_ d ow n (

t r i ck l eFi l ename , 32) ;
FILE ∗ t r i c k l eF i l e = boi nc_f open ( t r i ck l eFi l ename , "

r " ) ;
i f ( t r i c k l eF i l e ) {

/ / / ( 1 ) read i n t h e t r i c k l e −message c o n t e n t
/ / / ( 2 ) p a r s e t h e c o n t e n t
/ / / ( 3 ) c r e a t e a s p e c i f i c T r i c k l e M e s s a g e i n s t a n c e
/ / / and f i l l t h i s i n s t a n c e w i t h c o n t e n t o f

t h e message
}

Listing 8. Approach of how the trickle-message handlers can be
implemented on the client-side.

7) «TrickleUp»: Fig. 12 shows UML4BOINC’s stereo-
type «TrickleUp» for sending messages from every host
to a BOINC project. Generally, this stereotype can only
be used by clients. Listing 9 shows an example of how
the stereotype can be implemented. A vector container for
storing string values is defined and provides the planned

content of the message which is created in lines 5-10. The
sending itself is done in line 11. The stereotype does not
provide an output pin for handling the return value of the
sending function. Thus, it is checked in order to enable
error treatment. However, the reception of messages and
their handling on the server-side require more work. Thus,
the content of the message must be parsed and handled
individually.

Figure 12. Code-mapping for UML4BOINC’s «TrickleUp».

st d : : vector < st d : : st r i n g > messageFi el ds ;
/∗ . . . f i l l m e s s a g e F i e l d s w i t h da ta ! ∗ /
i f ( messageFi el ds . si z e ( ) >= 3) {
char msgUp[ 1024] = { ’ \ 0 ’ } ;
sn pr i n t f ( msgUp , 1024,
" <to>%s </ to >\ n<from>%s </ from >\ n<msg>%s </ msg>\ n" ,
messageFi el ds [ 0] ,
messageFi el ds [ 1] ,
messageFi el ds [ 2]

}
i n t r et = b oi nc_sen d _t r i ck l e_ u p(

( char ∗ ) v ar i et y , msgUp) ;
i f ( r et ) { /∗ Error−hand l ing , . . . ∗ / }

Listing 9. Trickle-message handling on the client-side.

Listing 10 shows how the set-up for activating message
handling has to be done by programming when on client-
side. The handling can be activated during the initialization
of the SAPP, i.e. in the state “Initialization” . Section X
describes the server-side.

i n t main ( i n t argc , char ∗∗ argv ) {
BOINC_OPTIONS o pt i o ns ;
o pt i o ns . han dl e_t r i ck l e_ u ps = t rue ;
o pt i o ns . han dl e_t r i ck l e_ d ow ns = t rue ;
i n t r et ur nV al ue = b oi nc_ i n i t _ o pt i o ns(& o pt i o ns ) ;
. . .

}

Listing 10. Enabling of BOINC’s asynchronous-messages on clients.

8) «Timing»: Periodically executed function-calls can
be implemented in a SAPP, e.g. to calculate an average
value or to handle input-/output calls. BOINC provides
a mechanism which enables adding of specific functions.
Accordingly, a function can be used as callback-function
by BOINC’s internal. UML4BOINC specifies «Timing»
in order to add several different function calls as shown
in Fig. 13. Only «Timing» has to be added to BOINC’s
callback mechanism. Listing 11 shows how the generated
code can look like. The first three lines are dummy imple-
mentations and can be replaced by more complex action
flows. The last execution is compared to its individual
delay value (Line 5) by timingFunction. When the
current time possesses lessthan the last timingMoments
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Figure 13. Code-mapping for UML4BOINC’s «Timing».

value plus the timingDelays value, then the action is
executed. This implementation approach does not allow
executing the threefunctions in an orthogonal way. Finally,
the timingFunction has to be registered for execution
within BOINC’s runtime environment and this is done in
line 29.

vo id Checkpoi nt i ng ( ) { /∗ . . . ∗ / }
vo id c al cul at eA v er age ( ) { /∗ . . . ∗ / }
vo id c al cul at eM edi a ( ) { /∗ . . . ∗ / }

i n t t i mi ngDel ays [ ] { 15, 5 , 30 } ;
i n t t i mi ngM oments [ ] { 0 , 0 , 0 } ;
FUNC_PTR t i mi n gFu nct i o ns [ ] {

Checkpoi nt i ng , c al cul at eA v er age , c al cul at eM edi a
} ;

vo id t i mi n gFu nct i o n ( ) {
s t a t i c boo l f i r st Ru n = t rue ;
i f ( f i r st Ru n ) {

f o r ( i n t i =0; i <3; i ++)
t i mi ngM oments[ i ] = t i me (NULL ) ;

f i r st Ru n = f a l s e ;
}
f o r ( i n t i =0; i <3; i ++) {
i n t t i meEdge = t i mi ngM oments [ i ] + t i mi ngDel ays [ i ] ;

i f ( t i meEdge > t i me (NULL ) )
cont inue ;
( t i mi n gFu nct i o ns [ i ] ) ( ) ;
t i mi ngM oments[ i ] = t i me (NULL ) ;

}
}

i n t main ( i n t argc , char ∗∗ argv ) {
b oi nc_ i n i t ( ) ;
b oi nc_r egi st er _ t i mer _c al l ba ck ( t i mi n gFu nct i o n ) ;

/ / Keeps t h e a p p l i c a t i o n r u n n i n g . . .
f o r ( i n t i =0; i <600; i ++) sl e ep ( 1) ;

}

Listing 11. «Timing» & «TimingFlow» and their embedded actions.

9) «WaitForNetwork»: Fig. 14 shows the two outgoing
transitions. Listing 12 shows an approach of how «Wait-
ForNetwork» can be implemented. The structural feature
is directly created in lines 2-7. The true-guarded transition
is implemented by lines 12-13, and the false-guarded by
lines 15-16.

/ / / S t a r t : <<WaitForNetwork >>
# d e f i n e TRIES 10
boi nc_need_network ( ) ;
bool net av ai l ab l e = f a l s e ;
f o r ( i n t _t r y =0; _t r y < TRIES; _t r y ++) {

net av ai l ab l e = ( b oi nc_ net w or k _ p ol l ( ) ?t rue : f a l s e ) ;
}
/ / / End : <<WaitForNetwork >>

i f ( net av ai l ab l e ) {
/ / / T r a n s i t i o n : [ t r u e ]
st d : : cout << " NETWORK" << st d : : endl ;

} e l s e {
/ / / T r a n s i t i o n : [ f a l s e ]
st d : : cout << " NO NETWORK" << st d : : endl ;

}

Listing 12. «WaitForNetwork» to query network connectivity.

Figure 14. «WaitForNetwork» to query network connectivity.

VI. SERVICES

Services are only present on the server-side of a BOINC
project; it needs information about the individually services:
firstly, the location of the executabilit y, its parameters for
starting, and whether it is enabled or disabled; secondly,
the application itself has to be implemented or a pre-
implemented version has to be installed. The services are
modeled within the (a) Infrastructure and (b) Application
diagrams; in case theserviceisa task the(c) Timing diagram
is also relevant. Thispart is covered by additional work [17].

VII . WORK

BOINC’s work processing is based ona small state-chain,
namely start → creation → processing → validation →

assimilation → end [16]. Fig. 15 shows how series and
workunits can be modeled by a visual approach provided by
Visu@lGrid [12], [18]. Different seriescan be created within
Work branch (1). Every series contains a direct description
of the used workunit, the input and output files. Any file can
have individual datafields to set-up the runtime parameter
for the computation. The visualization (2) shows the series
with input/output files. images.zip is a physical file which
can be added manually or dynamically in this case and by
the use of «InterfaceDataSource». (3) and (4) show how the
relation between the first four series and a fifth series can be
described. A detailed explanation can be foundin additional
work [16].

VIII . WORK VALIDATION

Workunit specifications state on the one hand how out-
put files have to be opened and on the other hand how
the «InterfaceValidate» can be used. It provides access to
the output files for validation processes. Thus, the inter-
face«InterfaceDataset» provides an universal way to open
these output files. BOINC’s validation framework exists on
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Figure 15. Visual modeling for the specification of BOINC workunits; The
Series and the relation among themselves can be modeled with associations
between input and output files.

a high-level and low-level abstraction [15, Section 9.3].
This paper covers only the high-level abstraction which
is based on three steps: (i) initialization, (ii ) comparing,
and (iii ) cleanup. Only the second step has to be filled
with functionality for a successful validation. As shown in
Listing 13, the result has to be stored in the fifth parameter:
(a) false or (b) true, i.e. the computational result is not
valid or is valid. The first & second and third & fourth
parameters are used to handle the result files and result raw
datasets. Fig. ?? shows how the Listing 13can be modeled
in UML by use of a UML Activity. The parameters of
the function compare_results are modeled as UML
ParameterNodes. The comparing statement in line 4 is
transformed into a UML DecisionNode and two outgoing
transitions with equipment guards. These guards are the real
validation partsand decidewhether the computational results
are valid or not, i.e. the output UML ParameterNode is
valued with false or true. This approach can be added to
the UML StateMachine and extended by «Validation».

i n t compar e_r esul t s (RESULT & r1 , vo id ∗data1 ,
RESULT & r2 , vo id ∗data2 ,
bool & m atch ) {

match = ( r1 . cpu_t i me >= 10 && r2 . cpu_t i me >= 10) ;
return 0;

}

Listing 13. Part of BOINC’s high-level validation framework.

Figure 16. Part of BOINC’s high-level validation framework in UML.

IX. WORK ASSIMILATION

The«InterfaceAssimilate» can beused for the assimilation
of computational results. It provides access to output files
and then enables interface «InterfaceDataset» to open the
output files. BOINC’s assimilation framework provides a
function which has to be filled with assimilation routines,
i.e. by use of the standard implementation or an own spec-
ification and how output files and results have to be stored.
Generally, BOINC’s framework provides two targets for
storing: (i) storing in a specific file-directory and (ii ) storing
in a database. The destination of storing is specified within
the CG process and by the Infrastructure diagram. The
infrastructure specification contains an «Assimilator» which
can be extended by ports in order to use file-directories or
database tables for storing.

X. ASYNCHRONOUS MESSAGES

This section gives an example of how asynchronous-
messages can be transformed into code and by use of the
relevant UML4BOINC stereotypes on server-side. When
asynchronous-messagesare used on both sides, the message
handling must be enabled in any case on server- and client-
side. On the server-side a specific XML configuration has
to be set.

A. Server-Side Handling

BOINC provides a default implementation for the han-
dling of asynchronous-messages (AMs), i.e. a kind of ping-
pong system. This exemplary application iterates over a
BOINC database table and queries unhandled AMs. The
queried messages are processed by a specific function and
therefore named handled_trickle(DB_MSG_FROM_-
HOST&). The parameter is the database entry and contains
information about the sender and the message send which
is text-based. Fig. 17 shows how an AM is specified by
UML4BOINC. «TrickleMessage» specifies a chat message
and contains one message value which is defined by three
additional datafields: (i) to, (ii ) from, and (iii ) msg. This
chat message has one receiver: C.B.Ries. The specification
is not always available during runtime. Chat messages are
transmitted primarily from users; the specification does
not possess any association to receivers at this moment,
only textual information about the planned receivers. The
association is created onserver-side when message receivers
are queried from the user database of a BOINC project.
Fig. 18 shows this detail through another viewpoint. One
user transmits the «TrickleMessage» 1: chatMessage01 to
the BOINC project. The message containsonly a description
of the targeting message’s receivers. The «TrickleMessage»
1.1: chatMessage02 has a different format. messageFields
has modified the information into an absolute information
of the targeting receiver. The replacement of the targeting
receiver information needs to be handled on the server-side.
Additional UML Actions can be specified for this case; it is
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Figure 17. Instantiation of the stereotypes for asynchronous-messages.

Figure 18. Asynchronous-messages within a BOINC project.

not done in this research. Listing 14shows the pseudocode
of the relaying mechanism for chat messages on the server-
side. Information of the received message is filtered: (i) the
sender host, (ii ) the sending user, and (iii ) the names of
the target users. The received message is parsed into the
format for the targeting users in the next step. Thus, the
message is send to all hosts of an user and accordingly to
every workunit. As a matter of fact, BOINC’s AMs need
the information about the workunit and which message has
to be handled. When a message shall target a specific user,
the sender can not foreseewhen and where it will be read
by the receiver. According to that, the server sends it to all
workunits.

han dl e_ t r i ck l e (MSG_FROM_HOST& mfh) {
hostFrom = HOST( mfh )
userFrom = USER( mfh )
usersT o = USERS( mfh )

m = MAP_RECEIVED_MSG_TO_SEND_MSG( mfh)

do user = Send_M essage_to_Users( usersT o )
do workuni t = Send_M essage_to_Workuni t ( user )
SEND_MESSAGE( workuni t , m)

done
done

}

Listing 14. Pseudocode for the trasnfer of chat messages between users.

Listing 14 shows how littl e UML Action is needed in
order to implement the pseudocode. It requires five actions
and additional structural activities, i.e. a for-loop or do-
while loop can be used to iterate over all datasets. Fig. 19
shows how this can be realized throughUML. The received
message is specified as a UML ObjectNode and used as
input value for the threeUML Actions: (i) HOST, (ii ) USER

and (iii ) USERS. The first two are not used in this example.
The third action is used in order to filter all users and query
the information from the database. The user information
is parsed to the first iterative element which consequently
iterates over all users. The individual users are parsed to the
second iterative; it enables an iteration over all workunits
of the specific users. Finally, a pre-parsed message is send
to a specific user’s workunit. The handling of AMs is

Figure 19. UML modeling for asynchronous-messages on the server-side.

less complex on the client- than on the server-side. The
client only receives and transmits messages from and to a
BOINC project. It must not query any other information
from a database. The Transmission of AMs is provided by
«TrickleUp» and the reception is supplied by «Action».

XI . CONCLUSION

This paper presented a CG approach for the transforma-
tion of UML4BOINC’s stereotypes into an implementation.
At first, different CG approaches have been introduced
followed byexamplesof languagerecognitionwith ANTLR.
Subsequently, the direct transformation of models into exe-
cutable code demonstrateshow an AST can be used for CG.
In addition, it has been exemplified how a semantic model
can be generated automatically through a specific DSML.
Accordingly a DSML named RSM has been introduced;
it enables the creation of a state machine which is based
on a scientific application. Secondly, an object-orientated
abstraction of BOINC’s API has been presented briefly.
However, the CG transformation is not based onstrict rules.
Developerscan decide how they implement its BOINC parts
and scientific applications.
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Abstract—Berkeley Open Infrastructure for Network Com-
puting (BOINC) is a popular Gr id Computing (GC) frame-
work which allows the creation of high performance computing
installations by means of Public Resource Computing (PRC).
With BOINC’s help one can solve large scale and complex
computational problems. A fundamental element of BOINC is
its so-called workunits (WUs), each computer works on its own
WUs independently from each other and sends back its result
to BOINC’s project server. Handling of WUs is a challenging
process: (1) the order of used input files is important, (2) even
more contr ibutory components has to know how these input files
are structured and on which data format are they based for an
accurate WU processing. Small modifications can have a high im-
pact to a BOINC project. Indeed scientific applications, BOINC’s
components, and third-par ty applications all have to be adjusted
to have a correctly running project with desired the functionali ty.
Thiscan bea highly error-proneand time-consuming task. In this
paper we present a Unified Modeling Language (UML) model to
give a high abstraction for BOINC’s WU handling. Only a model
description and a corresponding code-generator are necessary to
construct a WU handling infrastructure with less development
and implementation effor t: (a) one model to fit most WU cases
and (b) essential interfaces for WU access.

Keywords—BOINC, Code Generation, Modelli ng, UML, Work

I . INTRODUCTION

SEt-up of a Berkeley Open Infrastructure for Network
Computing (BOINC) project can be a challenging and

sophisticating task. Despite the fact that it is necessary to
implement ascientific application(SAPP) [10] and to establish
a fully operable server infrastructure [7], moreover it is neces-
sary to describe how SAPPand all BOINC components han-
dle computational jobs. Here, participating clients retrieve a
project specific SAPPfrom aBOINC project (BP) server along
with so-called workunits (WUs), i.e. a number of parameter
usually provided in data files of ASCII or binary format that
are optionally needed by the application to perform specific
tasks. The idea in this paper is to have a Unified Modeling

This project is funded by the German Federal Ministry of Education and
Research.

Language (UML) model and code-generation (CG) faciliti es,
which have to support developers with the abilit y to generate
all required WU configurations, interfaces for opening and
accessing WUs, and creating oneor more computational series
and sequences, i.e. different computational jobs with varied
runtime configurations.

A. Unified ModelingLanguage& Object Constraint Language

One of the primary goals of UML is to advance the
state of the industry by enabling object visual modeling tool
interoperabilit y [15]. Sinceversion 2.2, UML has 14 different
diagram types subdivided in three categories: (1) structure
diagrams, (2) behavior diagrams, and (3) interaction diagrams.
In this paper we use the Class and State Machine diagrams.
Class diagrams are used to specify system related elements,
e.g. a classcan describe aSAPP. An instantiated classelement
is seen as an object and mostly it is an executable instance.
UML state machines help to model discrete behavior through
finite state-transitions systems. It can be used to visualize the
current state of one system, and orthogonal regions allow to
model client-server state-machineswhere each side is working
independently. The Object Constraint Language(OCL) is used
to expressconstraints and properties of UML model elements
[16].

B. BOINC’s Workunit System

BOINC uses a fine-grained file based system to set-up
WUs for a BOINC project (BP). WUs are packages with
descriptions of input and output data needed by the SAPP
to perform specific tasks [1]. Before a WU can be added to
a BP, it is necessary to create several input files with planned
to use datasets for one computation. Two additional template
files are required: (1) an input template to describe which files
are used as input, how they are ordered and which flags for
them are set, and (2) a result template to describe how output
files must be named by the SAPP, or how big in bytes they
can be [3].
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C. Research Topics

To make the handling of WUs easier some questions arise
and we will work on them within this paper.

• Which UML elements are necessary to create a model
for WU creation?

• How can we model a sequential queue for WU progress-
ing? The answer to this question should make it possible
to have WUs with the need of pre-processed results by
one or more other WUs.

• How can BOINC’s validator and assimilator access re-
sult’s data on a higher abstraction level? In addition,
is it possible to have only one interface or description
which makes it possible to allow access by all BOINC
components? Here, BOINC’s validator is responsible for
validating a WU and developers of a BP can implement
their own validator routines. The default behavior of
BOINC’s assimilator is storing of results within a file
system.

• How can we track the li fetime of WUs when they are
used in different scenarios, e.g. one WU is used within a
sequential performed queue?

This paper can be seen as the conjunction of previous work
[6], in which BOINC’s services are described with UML to
be deployable on server farms. This is why «Application» is
added in Fig. 1 where previous work is followed in this paper.

The remainder of this paper is organised as follows. Section
II describes theproblematic of BOINC’s architecture to handle
different defined WUs for varied kinds of computations. Next,
Section III proposes our idea as to how we can fill the gap
of BOINC’s problematic to utili ze it with an easier and less
vulnerable interface. In Section IV we use our UML model
andapply it to asmall case-study. Finally, SectionV concludes
this paper and Section VI suggests future work.

II . PROBLEMATIC OF BOINC’ S ARCHITECTURE

WUs are packages with descriptions of input and output
data [1]. These WUs are fundamental pieces for BOINC
and contain information on how these data are defined and
formatted, i.e. binary data or plain text and functionaliti es to
describe how several data items can be used. The flexibilit y
to define arbitrary structured WUs and input files can be a
complex issue. It has been shown, that WUs within a BP are
crucial elements and are essential for the BP success[9], [11].
At the time aBP is being established it must be defined how
all BOINC components have to handle WUs, otherwise WUs
will stop immediately wrongly configured and, as a result,
without proper working components. A BOINC administrator
needs answers to several questions before a BP can be set-
up as a fully operable system. Certainly we think about our
computational concern and how we can solve this problem
firstly. In thispaper we will not discussthisdifficulty, previous
work hasfocused onthisfield of activity [5], [10]. In thispaper
we will discussa solution for the following questions:

• Is all i nformation about WU’s structure available at the
beginning of it’s use or are they gathered continuously

during BOINC’s runtime? Here, it is also important to
define how continuously created WUs differ from each
other. It is necessary to know if their content differs and
if they must be restructured or not, e.g. if different sigma
values have to be set for statistical computations.

• How should WUs be opened and how should all poten-
tially contained sub-elementsbe handled bya SAPP? Are
the nested data defined as plain-text, or as encrypted text,
or maybe abinary format?

• It is not only the WU input files that are important.
The result files are also essential for the success of a
computation. In the later BOINC process they must be
validated and subsequently stored by an assimilator to
make results usable for particular later cases.

• The assimilation processis used to store results, but what
if one WU does not have enoughresults? E.g. one WU
is distributed to three hosts, a minimum of two results
must be returned but in one scenario two hosts are too
late — deadline is reached — and only one result is
available. In this case, BOINC’s transitioner will flag the
missing results as overdue, then directly flagged as ready
for assimilation by BOINC’s validator [2] and after this
the assimilation process could create a duplicated WU
for a retry. This can be done periodically until the WU is
completely returned and successfully validated, or after
some failed tries the available results can be stored in a
database or on the file system which can be defined for
failed results.

• Under some circumstances a computation relies on dif-
ferent sets of runtime parameters or they must adhere to
a sequence of different runs, i.e. a result of a WU must
be used as input for another WUs. In this case, the results
must be converted to the right format of a new WU and it
can be necessary to modify mentioned attributes for the
different purposes of a WU, e.g. an unit conversion can
be required before aWU result is usable for subsequent
computations.

BOINC’s architecture relies heavily on a fragile methodology;
if one or more software components are misconfigured or
disabled the WU handling chain will be stopped on the
failed element, i.e. if the validator is not working properly
no validation of returned WU results is executed and as a
consequence the WU will never complete.

BOINC’sWU consistsof two templatefiles, additional input
files and, during computation, created output files. Template
files are based on an XML [12] format and therefore they are
not really human readable and XML-tags can be misspelled
very easily. More important is the fact that all i nput files must
be described within this template file and must have aspecific
order. In the header of the input template the numbering of
input files is defined. After this part each file has optional
attributes, e.g. a file is sticky and will not be deleted after one
computation on one host. A similar approach is used for the
description of result files. These files and the part of BOINC’s
framework for WU creation are elementary and every BOINC
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Fig. 1. Unified Modeling Language (UML) classdiagram to abstract workunit structures. In the top areadifferent Ranges for values within Input’s Datafields
can be assigned. On the right hand-side Datafield allows to configure an arbitrary format for input and output files, the enumeration FileTypes provides
different standard formats. In case one Datafield has #File as value for type no associated attributes or fields are allowed. Threestereotyped interfaces helps
to access input and output files: (1) «InterfaceDataset», (2) «InterfaceValidate», and (3) «InterfaceAssimilate». Associations enable one to set-up different
workunit processing scenarios: (1) static processing, (2) continuous processing, and (3) dynamic processing as seen in Fig. 2.

administrator or developer must give attention to this process.
Several steps are required to add WUs for one BP: (1) one
or more input files must be copied to BOINC’s download
hierarchy, (2) mentioned template files must be created, and
(3) all i nput files must be arranged in the right order when
BOINC’s functionaliti es for WU creation are called. Each
change within one of these steps has an impact on the other
steps and must be adapted.

III . MODELING OF WORK PACKAGES FOR BOINC

For computations with BOINC it is necessary to have one
or more WUs which contain descriptive information on how
to execute these computations. WUs could contain several
files, e.g. additional configurations, data sets, definitions of
algorithms and arbitrary extra files. Fig. 1 shows one part of
our UML definition for WU definition. Here, we can define
WU’s input and output files and multiple data fields for these
files.

The three stereotypes «Workunit», «Input», and «Output»
are directly based on BOINC’s WU system. All tag-values
of these threestereotypes are directly mapped to attributes of
BOINC’s templates, the only exception is tag-value unique. If
unique is true all i nput files are renamed to be unique within
a BP. The other presented stereotypes are extensions to fulfil
our UML model.

«Workunit» must be associated by «Series» and that must
be associated to «Application» [6]. This association unites
previous work with this paper.

A. Input-/Output Files and Datafields

«Input» is used to describe input files and «Output» de-
scribes result files. A WU can own several file instances and
each of them can have distinct «Datafields». «Datafields» are
used to describe data for input files, the data format is not
restricted and for this reason two methods are defined: (1)
open() is used to access data, and (2) store() is used to add
datasets. The reason for these methods is, that the embedded
data can havedifferent formats, i.e. valueshaveto be encrypted
during saving or specific embedded function calls must be
used during data access in case a file is packed as a ZIP-
archive [18]. These functions can set by a developer to supply
special opening and storing methods for currently unknown
data types. There isno reasonto allow a«Datafield» to beused
by «Input» and «Output» at the same time, as a consequence
only one owner of the root «Datafield» is allowed. This root
and all other instances of «Datafield» have two associations
which can be used to create treestructures with several pieces
of information for a WU embedded in a «Input» file. With
this methodology different structures are possible, e.g. a XML
structure can be created as shown in Listing 1. Theuseof these
associations is restricted, if one «Datafield» is associated by
attributes, then it can not have additional associations. Each
«Datafield» has the tag-values name, type, data, and optional.
Name must be user-defined at any time when a «Datafield» is
used, theother tag-valuesareoptional andtheir usedependson
the task. Listing 1 shows the use of the first threetag-values:

name person, interests, and topics are names,
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Fig. 2. Our UML model allows us to define «Series» in threedifferent ways:
(1) all WUs must be available before aBP is started, (2) during runtime WUs
are created and added continuously, and (3) a mix of the first and second;
some WUs are available at the beginning and during runtime additional WUs
are added to one BP.

Fig. 3. First part of our UML statechart diagram to monitor instances of
«Workunit» and «Series». State’s top region is responsible for WU monitoring
and creates new WUs when data is available or next WU in a sequence has to
be performed. The bottom region monitors a «Series» and handles canceling
events for a «Series» instance or if its finished and results can be merged.

Fig. 4. Second part of our UML statechart diagram for WUs. During
computation of one WU, clients can decide to cancel current WU, and
therefore it has a changed WU state. When it is finished it will be validated,
if this validation failed the exit pseudostate is used. The followed assimilation
state can decide to retry this WU and a new WU is created with same «Input»
values. If this WU is in a sequence, “Next” is used otherwise the statechart
is finished.

type “ C.B.Ries” and “ Research, Sport” are of the enu-
meration type FileType::String, and

data mentioned string values are the real embedded infor-

mation.

<person name="C.B . Ri es" >
< i n t e r e s t s t o p i c s =" Research , Spor t " / >

</ person >

Listing 1. Example of «Datafield» usage to define aXML structure.

B. Rule-based Creation of Datafield Values

During WU creation data fields of input files or the input
files themselvescan bespecified by «Range». Thereforevalues
can begenerated by «Range» specializations: (a) «RangeRule»
and (b) «RangeSimple». With «RangeRule» a rule-set for
value creation can be defined. For this purpose the tag-value
rule can be filled with a user-defined rule, e.g. each WU
within a specific «Series» can have a corresponding mode for
algorithms. «Range» defines an operation getValue() which is
used to query the related «Datafield» value. As shown in Fig.
1 each rule can only modify one «Datafield». «RangeSimple»
is used to have a range-loop for one specific «Datafield»,
for this reason three tag-values are defined: (1) start, (2)
stop, and (3) step. In combination with different additional
rules each call of getValue() can increment the lower-bound
value start by step to the upper-boundstop. One «Range» can
be owned by several «Series», as a consequence it must be
possible to retrieve which «Series» is calli ng getValue(). For
this reason tag-value activated is specified. When this tag-
value is valued by true, the association between «Range» and
«Series» can be used to query the currently used «Series».
This allows «Range» to access all i nformation of a «Series»
with associated «Workunits».

C. Continuous Creation of Workunits for Series

As seen in Fig. 2 a BP can have different scenarios for WU
creation:

• Static All WUs are created before a «Series» will be
created. Only these known WUs are handled by a BP.

• Continuous This configuration has no WUs at the be-
ginning of a «Series». WUs are created on demand, e.g.
when new data packages are available or when a time
slot is reached.

• Dynamic In this configuration the previous two possibil -
ities are merged.

These three approaches are supported by our model. «Inter-
faceDataSource» (IDS) is an interfacewhich is implemented
by a «Service» component for WU creation [6]. This com-
ponent could have several connections to data sources. When
these data sources signals new available data packages, IDS
provides with the help of getPath() a file path which is usable
for «Input» and a corresponding «Datafield» has #File as type.

Fig. 3 shows the first statechart diagram for our mod-
elli ng approach. Depending on your BOINC scenario youcan
define how WUs are created. For all mentioned scenarios
the statechart will always start at the initial point in the
top-left corner. Immediately the process is subdivided into
two parts with two transitions stereotyped by «Scatter» and
«Detach». The BOINC’s WUs are independently processed on
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the client side from other processes. In addition to this WUs
are structure elements and that’s why they are not conceived
to have abehavior. Other components have to deal with them
and as a consequence these components can have behaviour
definitions. While all WUs are public within BOINC’s domain
any component has accessand can modify them.

«Detach» creates two orthogonal regions for the li fetime
monitoring of one «Series» and all associated WUs. The top
region is responsiblefor WU monitoringandthebottom region
monitors the current «Series». The transition between “ Idle”
and “Process” is triggered by dataAvailable and nextSequence.
In this transition dataAvailable is called by the IDS, and there-
uponthefile path isused to define anew WU. Fig. 4 showsthe
statechart of a single WU. In that statechart “Assimilation” has
a “Next” named exit pseudostate andnextSequence is triggered
when this exit is entered. As a result a new WU is created. It
is defined that this exit pseudostate can only be used when a
WU is part of a sequence as described in the next section. As
at the initial point of this statechart, all available and new WUs
are scattered and within this statechart are monitored. The top
region is left when no more WUs are in process. The bottom
region monitors the li fetime of a «Series» and “Processing”
is only left under two circumstances: (1) the «Series» has to
be canceled and (2) processing is complete and all results can
be merged, which can be done in “Finishing” , e.g. an average
over all results of a monte-carlo simulation can be calculated.

D. Sequences of Workunits

In [4] a system for remote creation of chained WUs is
shown, where one result can be used as input for other WUs.
In our model we can handle asimilar task. «WorkunitAssoci-
ation» enables one to define a«Series» with sequential com-
putations. «InterfaceAssimilate» delegates these computations
and can have an association to «WorkunitAssociation». As
mentioned in the previous section the “Next” exit pseudostate
in Fig. 4 is used when one WU is assimilated and has
additional WUs to be performed. The following pseudocode
demonstrates how the assimilation process can decide if one
WU is in a sequence and if a WU follows:

L et ws As w or k u ni t A s soci at i o n . workuni t . w or k u ni t St at e
I f ws. seqi d < ws. maximum_sequence Then
For ro I n Output

Set w or k u ni t A s soci at i o n . i n p ut = ro
Where

w or k u ni t A s soci at i o n . i n p ut . name = ro . useA s . name
EndFor

EndI f
ws. seqi d = ws. seqi d + 1

A new WU is filled with «Datafield» values of one «Output»
when they are associated by useAs. As a consequence useAs
must only be set when «Output» is used for one «Input»
configuration. The fact is, when no useAs is available then
it makes no sense to check for a sequence.

In the case when all results of a WU are required, BOINC’s
assimilator can create additional WUs with a duplicated con-
figuration, e.g. a WU is missed to complete asequence and is

too often canceled by BOINC clients or WU’s delay_bound1

is reached. For this occurrence the WU can be copied and
added to a «Series».

When a WU is part of a sequence, the WU’s name has
a special format to distinguish WUs. A similar approach for
rBOINC is used [4]. rBOINC defines a specialized WU name
and we modify this format to “ NNN-SEQ-XX-YY” :

• NNN is the name of the WU, and
• SEQ is a start pattern for a sequence description.

Here the embedded string " -XX-YY-" is defined as follows:
XX is the current sequenceid andYY isused for themaximum
number of sequences. This WU name format is used to select
sequenced WUs in section III- F.

E. State of Workunit Computation

«WorkunitState» is associated by «Workunit» (WU) and
from the beginning of its existence the state of a WU can
be queried at any time. The tag-value state holds the current
state and can be valued with the following variables:

• CREATED WU is created.
• FAILED WU has failed and can not be finished.
• COMPUTATION WU is in progress and one or more

clients work on it.
• DONE Enoughclients have worked on one WU and it

can be moved to the validation and assimilation process.
• VALIDATION WU has to be validated.
• ASSIMILATION WU has to be assimilated.
• CANCELED WU is canceled by an administrator or by

other processes, e.g. when sequenced WUs have failed or
are canceled.

• FINISHED WU is finished and ready for later use, e.g.
to create a new «Series» or to use their computational
results.

For the UML model it i s important what the state of a WU is,
as a matter of fact the state value is responsible for deciding
which actions are performed during the WU processing, i.e.
when a WU fails the assimilation process has to decide if
it should be performed again. The accessory method check()
is used to query the current state of a WU and returns
a descriptive text value, i.e. the string contains the current
state with additional more precise information such as the
timestamp of the last check or how long a WU is currently
processing. The other two tag-values maximum_sequence and
seqid are used for the «WorkunitAssociation» in the next
section.

F. Cancelation of Series and Workunits

A WU can be canceled at any time. This is done by
InterfaceWorkunit::cancel() and it is necessary to cancel WUs
which are related to a cancelled WU, i.e. when the current
WU is cancelled and has associated WUs, these must be also
cancelled because they can never be processed with missing
«Input» values. «WorkunitAssociation» has an additional OCL
operation to query which WUs are in the current sequence:

1Deadline of one workunit.
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W orkuni t A ssoci at i o n : : querySequencedWorkuni t s (
seqi d : In teger , name : S t r i n g ) : Set ( I n p ut ) ;

querySequencedWorkuni t s =
sel f . ser i es−>sel e ct ( s | s . workuni t −>sel e ct (

w | w. w or k u ni t St at e . seqi d > seqi d
AND
−− NNN−SEQ−XX−YY

w. name. su bst r i n g ( 1 ,
w. name. st r p os("−SEQ" ) ) = name

)
)

With this OCL statement, WUs can be selected which are
later defined within a sequence and as a consequence they
can be cancelled. Following cancelled WUs can have other
associated WUs and they must be cancelled. The call of
Workunit::cancel() is used to cancel one WU. «Series» can
be cancelled with this concept, it is enoughto call cancel()
during the iteration of all associated WUs.

G. Service Interfaces

BOINC has several components which need to access«In-
put», «Output» and their embedded «Datafield» fields. Fig. 1
shows threeinterfaces to accessthem: (1) «InterfaceDataset»,
(2) «InterfaceValidate» and (3) «InterfaceAssimilate». With
the help of this structure all functionaliti es can be generated
and this makes the access more comfortable. Changes in the
model are automatically resolved and interfaces are always
valid for use.

IV. CASE-STUDY

Our case-study modifiesa movie, i.e. a movie is fragmented
in single image sequences and basic image processing al-
gorithm are applied to these sequences, some results could
be seen on the project website [8]. Fig. 5 shows our use-
case where one video is added by C.B.Ries, with the help of
inotify [13] one BP is triggered by dataAvailable and WUs
are created on demand. During WU adding it has to be clear
which kind of data format is used, i.e. in our use-case we
add a complete movie and subsequent implementations has
to prepare this movie for WU creation. In this scenario we
create ZIP-archives automatically and fill them with a number
of image sequences.

Five «Series» are defined, in this case only the first fourth
can be processed immediately. As shown in Equation 1 the
fifth «Series» needs the result of the first four «Series».









Series 1 (normalize)
Series 2 (painting)
Series 3 (negate)
Series 4 (edge)









⇒ Series 5 (merge) (1)

All «Series» instances have adifferent runtime configuration,
e.g. in «Series» number four the image is manipulated by
an edge algorithm. The fifth «Series» merges all previous
results where for each image sequence they are added to
a 2 × 2 raster image. On the right-hand side of Fig. 5
these different configurations are shown where the bottom
configuration shows the mode “edge” for image manipulation
and in the top configuration “merge” is assigned.

The fifth «Series» is not started until the other «Series»
has finished. It is important to notice that the SAPPis always
the same, only the input files are changed. In the first four
computations only two files are necessary: (1) configuration
for the mode of configuration and (2) the mentioned ZIP-
archive with movie sequences. The last computation is altered
and needs five files: (1) configuration as before with different
values and (2) all four input files which are created by the
other four computations.

This use-case describes a dynamic series where some WUs
available on BP’s start and additional WUs created during
runtime. In the case that one of the first four series is canceled,
the fifth series can never be started because of missing input
data. This is solved by our statechart construction in Fig. 3
where the “Cancelation” state is responsible for cancelli ng all
related WUs and «Series» instances.

V. CONCLUSION

In this paper we describe a UML model for WU creation
and how the li fetime of WU series and individual WUs can be
monitored. We have shown that only one model description is
necessary to allow BOINC related componentsto accessWU’s
input and output files, i.e. BOINC’s validator and assimilator
must not be changed to access the WU, all necessary code
elements can be generated with one model description. With
our model it i s possible to set-up different computational
scenarios where WUs are generated statically, continuously
or mixed by these two approaches. WUs can be added to a
processbefore aBP is started or they can be added on-demand
during the runtime of a BP. With the help of UML statechart
diagrams we can set-up a BP configuration where we can
define how overdue or absent WUs are handled. It is possible
to recreate them or if it is wished, the related computational
series and related WUs are aborted.

The proposed UML modeling approach can help to reduce
errors during administration of BPs. As a matter of fact, in
traditional BPs it is necessary to reconfigure and reimplement
several parts when only one configuration is changed, i.e. if
the format of computational results is changed then all related
components such as BOINC’s validator and assimilator have
to be similarly changed. Furthermore, adding or removing
input files for one computation has an impact on several
BOINC parts: (1) non well readable XML input files must
be changed, (2) the call of BOINC’s WU creation tools has
to be altered, (3) altered files has to be copied to BOINC’s
download hierarchy, and (4) (maybe) input files have to be
generated or prepared. Our modeling approach solves all these
problems with the help of UML and OCL.

VI . FUTURE WORK

WU’s performance can have restrictions, e.g. the use of
floating-point operations or allocation of hard disk space can
be limited. Currently it is not clear if UML can help to detect
perfectly fitted values for this purpose. During our use-case
tests we noted a large number of failed WUs because of
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Fig. 5. Use-case to modify a movie: C.B.Ries adds a new movie to one server, running applications prepare this movie and fragment it into image sequences,
thereupon these images are zipped into ZIP-archives. DataSource notifies a BP which automatically adds all announced WUs to this BP. Adding of one
ZIP-archive implies four added WUs to this BP but with different configurations, each «Series» instance has a different mode for computation: normalize,
painting, negate, and edge. These WUs are processed and the computational results are used as input for a fifth «Series», again with a changed mode for
computation: merge.

wrongly adjusted boundary values for the restrictions men-
tioned. The set-up of this values has to be more precise and at
best automatic. In future work we will work on this objective.

During the writing of this paper implementation with the
support of this model are hard-coded and can not be changed
— they are not flexible during runtime. One idea is to add a
Domain-specific language (DSL) to describe WUs, series and
sequencesof computation. It could be possible to interpret this
DSL during the runtime of a BP, to change the behavior of
this BP and to generate code for all necessary components for
WU handling on-demand.

Additional thought should also be spent on how our pre-
sented model can be used for conventional supercomputers,
whereother technologieslikeMessageParsingInterface(MPI)
[14] or OpenMP [17] are used. It should be clear that MPI has
to process workunits like BOINC, althoughadmittedly with
lessinput files; instead it usesmorenumerical valueswhich are
communicated between all i nvolved computation nodes. The
fact is that BOINC can be perfectly used to solve embarrassing
parallel computational problems with lesscommunication be-
tween all i nvolved nodes. MPI enables one to use adistributed
computing environment with several autonomous interacting
nodes to achieve a common goal.
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Abstract 
 
Model Driven Engineering (MDE) is a software development process based on domain 
specific models and is applicable in any computer engineering challenges which make 
processes more transparent to different users in the individual domains. The Unified Modeling 
Language (UML) can be used as a powerful tool within MDE to describe complex 
architectures which are more intelligible and precise. In this paper, we will discuss the first 
steps of a new MDE process - with help of the UML, Domain-specific modeling languages 
(DSML), and a generated Integrated Development Environment (IDE) - to offer the 
opportunity to model a whole Berkeley Open Infrastructure for Network Computing (BOINC) 
project with less time and maintenance effort. Within this MDE process we defined six 
diagram types, each for a unique purpose for a better separation of modeling aspects. These 
research and development effort lowers the barrier for entry to create an own Volunteer 
Computing project based on BOINC. 

 
Keywords 
 
BOINC, Model/View/Controller, Model/View/Delegate, Integrated Development 
Environment, UML, Code Generation 
 
1. Introduction 
 
Over the past five decades, software researchers and developers have been creating 
abstractions that help them program in terms of their design intent rather than the 
underlying computing environment, e.g. CPU, memory, and network devices are 
more understandable by use of Application-programming interfaces (APIs) (Schmidt, 
2006). In this paper we use Berkeley Open Infrastructure for Network Computing 
(BOINC) to build up a world-wide computer cluster based on resources released by 
volunteers (Anderson et.al. 2006). We will define an abstraction layer on top of 
BOINC and encapsulate BOINC’s architecture and functionalities to create a Model 
Driven Engineering (MDE) process. We will discuss how we can generate an 
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Integrated Development Environment (IDE) by use of a Unified Modeling Language 
(UML) Profile (OMG UML, 2011), three Domain-specif ic modeling language 
(DSML) specif ications, and a template-based Code-Generation (CG) within our 
research project Visu@lGrid (VG). VG covers research towards an all -in-one IDE to 
model a whole BOINC project with the help of UML, code generation faciliti es, and 
separation of related functionalities to specific diagrams. Some effort to define and 
implement a MDE environment with support of textual and graphical elements is 
spend for tool-chains within Eclipse, e.g. Eclipse Modeling Framework (EMF), 
UML2Tools, Xtext (Eclipse, 2011). EMF is one prominent example but different in 
its way of modeling. EMF tends to take a bottom-up approach whereas UML tends to 
take a top-down approach (Gerber and Raymond, 2004). Additionally, EMF is the 
core component of the Eclipse Graphical Modeling Framework (GMF) and it has be 
shown that GMF lacks in support of evolution, and that the GMF infrastructure has a 
number of limitations, some of them related to co-evolution, i.e. changes in the EMF 
model would make the GMF editor unusable and must be changed in most parts 
(Ruscio, 2010). In our work we present an approach we will discuss how we could 
handle this gap by the use of a specific model specification by use of a UML Profile 
and DSML’s to create an IDE with the minimum support to define a BP. 
  
The remainder of this paper is organized as follows. Section 2 gives an overview of 
the VG, the problem domains, and how this paper uses well established architectural 
software implementation patterns. Next, Section 3 covers the main content of this 
paper and describes our approach to model a BOINC project (BP) with help of a 
UML Profile and our approach to generate an IDE for BOINC development. In 
Section 4 some open tasks and research questions are listed. Finall y, Section 5 
concludes this paper. 
 
2. Visu@lGrid for BOINC 
 
BOINC is a framework for solving large scale and complex computational problems 
by means of Public Resource Computing (PRC). BOINC is based on the principle of 
PRC where the computational effort is distributed in separated so-called workunits 
onto a large number of computers connected by the Internet. Volunteers provide their 
released computer resources, download progress workunits, and send back the result 
to one BP (Anderson, 2004). On the one hand, installi ng, configuring, and 
maintaining a BOINC based project is a highly sophisticated task (Ries et.al. 2010) 
and a lot of experience regarding the underlying communication and operating 
system technologies are needed for most application. On the other hand to handle 
these challenges, VG would fill  these gaps.  
 
VG is a research project with the goal to have specifications and definitions how to 
create a BOINC project within a Model Driven Engineering process. Furthermore, an 
IDE based on Code Generation (CG) facilit ies and an UML Profile (Ries et.al. 2011) 
should be created to have an abstraction of all BOINC functionalities. This 
abstraction makes it feasible to have a non error-prone process to create and run BP’s 
with minimum work and time effort. Figure 1 shows one viewpoint of the underlying 
architecture of VG. In fact, VG is based on three different projects: (1) 
Visu@lGridML, (2) Visu@lGridCG, and (3) Visu@lGridIDE.  Some work is done in 
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Visu@lGrid (UMLVG). UMLVG defines 50 stereotypes which are applicable to 
model a complete BP (Ries et.al. 2011). Current version of UMLVG defines no 
diagram types which could be used to encapsulate different focused models, e.g. a 
BP has an infrastructure based on one or more hosts and different sets of local or 
remote network-access restrictions for users with different owned rule-sets, e.g. 
permissions to administrate a whole BP or users with permissions just to request 
complete workunits. 
 
2.2 Software Patterns: Model/View/Controller, Model/View/Delegate 
 
One software pattern is the Model/View/Controller (MVC) architecture which is 
often used in Graphical User Interfaces (GUIs) to separate one data Model from 
graphical screen representations, so-called View. Between the Model and View is the 
Controller placed to handle the way the GUI reacts to user input. Requests by the 
View and changes of the Model should be synchronized to have an always up-to-date 
state. We already defined and implemented a DSML with an additional framework to 
enrich BOINC with a more handy and easier to use API (Ries et.al. 2010b). Our 
DSML approach makes it possible to decrease the lines of code for one full y 
executable BOINC application by approximately 77 percent based on a MVC 
architectural framework. In contrast, Qt uses a Model/View/Delegator (MVD) 
concept, where the MVC-Controller is replaced by a Delegator (Qt, 2011). The 
Model and View are still  used. The Model class is responsible to offer and edit data 
items. The View renders items of the Model. How the items are rendered is defined 
by the Delegator. Between the Model, View, and Delegator one or more data items 
are exchanged and the underlying Qt framework keeps all views of one model 
synchronized. In our VGIDE we use more than one view of a model, i.e. Fig. 2 
shows on the left-hand side an architectural tree view and on the right-hand side a 
graphical view of the same model. Unfortunately Qt's version 4.7 implementation 
does not support direct synchronization of an architectural tree model with a 
graphical representation. One work covers an approach to handle this gap (Schile, 
2008) and this idea is partiall y used in our implementation. 
 
3. Visu@lGrid Integrated Development Environment 
 
UMLVG defines no diagrams; as a consequence some more effort is required to fill 
this gap. Here, main goals are:  

(1) the approach should be easy to apply by persons who are not famil iar with 
UML, and  

(2) it should be possible to recreate the IDE at each time if it is necessary 
without lose of already done implementations, i.e. if descriptions of 
BOINC’s validator or assimilator are done, they should be used in the new 
generated VGIDE. 

Furthermore, the view of the hierarchy tree of one BP within the IDE should support 
context-sensiti ve menus to create or manipulate the structure of a BP and changes of 
the hierarchy should be synchronized by the underlying MVD implementation to 
have an always correct graphical representation of a BP, i.e. several levels of a 
hierarchy could only own associated elements, e.g. a host owns shares, an application 
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replaced by predefined variables, i.e. “ projectName”  and “ hosts”  in this case. 
The type of these variables are checked automatically by VGCG, i.e. 
“ projectName”  is a kind of string and could be used directly, “ hosts”  is an 
association and has a multiplicity “ [ *] ”  to keep zero-or-more elements with 
type of Host on which methods could be executed. 

 
VGI is used for the representation of graphical items related to elements in the VGC 
and could be described by other DSML specifications, e.g. in this example we use 
Qt’s Modeling Language (QML, 2011) to specify a graphical node for one host. 
QML makes it possible to embed descriptions of graphical nodes within our DSML 
and to replace them during runtime.  
 
3.2. Concept 
 
As mentioned, UMLVG defines no types of diagrams, this is done by VGC. Here, 
we defined six diagrams for different purposes: 
 

 Infrastructure Diagram: This diagram is used to specify the infrastructure 
of one BP. We can add different hosts, Storage Area Networks (SAN), 
BOINC services and periodically executed tasks. Fig. 1 includes an example 
of a generated IDE with a diagram of three hosts with few added BOINC 
Services (BS’s), i.e. BOINC daemons, databases, crontab tasks, webserver 
installation, and other applications. This diagram defines the relation 
between hosts and where computational results should be stored. The 
infrastructure diagram is a kind of UML Deployment diagram. 
Applications Diagram: Within this diagram logical parts are specified, 
how an application would be executed or which third-party libraries are 
used. Furthermore, it is possible to add a wrapper application (Ries and 
Schröder, 2010b) which would make it feasible to use de-facto industry 
standard software components. This type of diagram is a kind of UML 
Statechart and Sequence diagram. The structure of this diagram could be 
more restricted, restrictions are depended by the type of application. On the 
one hand if a legacy-application like COMSOL Multiphysics (Ries et.al. 
2010) should be used, it is not necessary to define a whole state or sequence 
graph, because the underlying wrapper-implementations handle the 
execution. On the other hand if an individual implementation is required, 
the structure of this BOINC application (BA) could be separated into four 
main sections: (1) init, (2) share, (3) core, and (4) finish, described in 
Table 2. Within the UMLVG these sections are defined by UML Classes 
which are associated to one or more UML Classif ier. 

 Work Diagram: This diagram is used to define the structure of workunits. 
We can specify which file aliases must be used within an Application 
Diagram and how the structure of input and output is. This type of diagram 
is a kind of UML Class diagram. 

 Permission Diagram: Role-Based Access Lists (RBAL) are defined in this 
type of diagram. Within any users, roles and permissions could be added, 
cross-references are used to associate set of permissions to resources, i.e. 
users are not associated directly to resources like hosts, they are associated 
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to roles, these roles to set of permissions and finall y to resources (Cirit and 
Buzluca, 2009). 

 Events Diagram: BOINC could handle asynchronous communication to 
and from BOINC server to volunteers. The type of event could be defined in 
this diagram and the implementation could be referenced to elements within 
our mentioned Applications Diagram. This type of diagram is a kind of 
UML Sequence diagram. Unlimited events could be added and each is a 
start of a sequence to handle separated events, e.g. if one host becomes 
unreachable the BOINC services can be started on other hosts. 

 Timing Diagram: As mentioned for Infrastructure Diagram, a BP could 
have periodically executed tasks. They are more specified in this Timing 
Diagram where we could add time-ranges for execution timing. This type of 
diagram is a kind of UML Class diagram. 

 
Table 1 covers definitions of a static structure of our hierarchy tree model. The first 
three levels must be available in new BP’s. It is not necessary that level 0 is shown. 
All  leaves in this tree could be exported and external leaves are importable. 
Restrictions are present in the underlying UMLVG, i.e. exports are always possible 
and leaves of this tree which are imported must be valid on the point-of-interest.  
 

Tree Level  Description 

Level 0 First column of one tree describes the model root element and 
is hidden as default and owns project nodes. 

Level 1 Describes separate BP’s within one IDE. Fig. 2 shows one BP 
named “ ComsolGrid” . 

Level 2 Specifies default diagrams to support a full  Model Driven 
Architecture (MDA) process to create a new BP.  

Level >= 3 Each diagram could only stand for context relevant 
specifications, i.e. an infrastructure diagram specifies how a 
BP will  be deployed. More hierarchically levels are used for 
contextual relevant elements and attributes, e.g. a host could 
contain ex-/imports and BOINC services. Each additional leaf 
hold dependent elements, e.g. a network interface card for 
users make no sense. Which elements are possible to add is 
defined by the UMLVG and VGC in Fig. 2. Only elements 
which are defined for one diagram are possible to add. 

Table 1: Columns definition of a Visu@lGrid Tree Model 

Our IDE is based on a clear structure matched with COMSOL Multiphysics 
(COMSOL, 2010). Figure 1 shows on the top-right hand-side our IDE. Three areas 
with well -defined purposes are shown: (1) the column of the left-hand side shows 
our hierarchy tree based on UMLVG, (2) the column in the middle shows contextual 
sensiti ve attributes/settings (AS) for selected elements within the tree, and (3) last 
column on the right-hand side shows our graphical representation of the hierarchy 
equal to or higher than level 2. AS’s are based on our predefined UMLVG 
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stereotypes. They could be extended if higher fine-grained AS’s are needed. The 
form to manipulate element attributes is generated by the VGCG and widgets are 
selected on the data type, e.g. string values are editable by text fields, associations 
are editable by selection lists.  
 

Application 
Sections 

Description 

Init Bas could be initialized in different ways, this depends on the 
target processor (e.g. multicore processors or Graphics Processing 
Units) and some special diagnostics features must be used, e.g. for 
debugging purposes. 

Share In any circumstances where it is needed to exchange values 
between more than one executed application, it can be defined 
which values are exchanged and how the data is retrieved by one 
application, i.e. an application have to set values for variables to 
exchange with external applications. 

Core Predefined BOINC functionalities (included in BOINC’s 
framework) could be added here or own implementations are 
addable, i.e. textual (DSL, C/C++-Code), graphical (UML) 
implementations. Some work is done here, we already defined a 
way of a MVC concept and how Aspect-Oriented Programming 
(AOP) can be used (Ries et.al. 2010a). 

Finish Clean-up the execution environment, i.e. closing open files or 
database connections. 

Table 2: Predefined section for the application implementation. 

 
3.3. Benefit 
 
With this code-generation and IDE facilities we have tool support for a wide range of 
dif ferent field of application. Different DSML specif ications allow creation of IDE’s 
for specific areas. This approach fill s the gap between lightweight tools and heavy 
tools like Eclipse Modeling Framework which are not practicable in projects with a 
lot of changes of the underlying model from one day to another (Ruscio, 2010). It is 
only necessary to change the code-generation process to create executable projects. 
This work enables us to work further within the research project Visu@lGrid and it is 
a good starting point to work toward a code generator for full  support to generate a 
whole BP. 
 
4. Future Work 
 
Future work will  be focused on the implementation of a parser for the Object-
constraint language (OMG OCL, 2011) to set-up rules between associations of 
UMLVG elements.  
 
Additional work has to be done on the underlying architecture and how models can 
be converted into executable code, i.e. a modeled BP can be exported to XML files 
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and this is the end of the workflow currently. We have to work toward code 
generators to transform these XML files into code of scientific applications, validator 
and assimilator for computational results and tools for a practicable maintaining of a 
BP. 
 
5. Conclusion 
 
In this paper we have presented an approach to extend an already defined UML 
Profile for BOINC by Domain-specific modeling languages to make it easier and 
more intelli gible to define and understand available BP’s. We mentioned two 
Domain-specif ic modeling languages and added six diagram types with special 
purposes to specify BOINC's infrastructure, applications, how workunits must be 
used, who has permissions for different areas, how asynchronous communication is 
handled, and when selected tasks should be executed.  Furthermore, we have defined 
a first structure of an IDE for Visu@lGrid which is automated generated, where each 
area has a well-defined purpose. With this effort the barrier to work with BOINC is 
lowered. The maintaining effort of one BOINC Project is less, because it is only 
necessary to manipulate the model within VGIDE, to export it to XML and then to 
create a BOINC Project by a not currently available code generator.  
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Abstract—Despite the current enormous hype and popularity
of Grid Computing environments like Amazons EC2 or Mi-
crosoft’s Windows Azure , there exist open-source and free of
cost software frameworks which allow to create high performance
computing installation by means of Public Resource Computing
(PRC). One PRC framework is BOINC (Berkeley Open Infras-
tructure for Network Computing) for solving large scale and
complex computational problems. Each computer works on its
own workunits independently from each other and sends back its
result to a project server. Installing, configuring, and maintaining
a BOINC based project however is a highly sophisticated task.
Scientists and developers need a lot of experience regarding the
underlying communication and operating system technologies,
even if only a handful of BOINC related functions are actually
needed for most applications. In this paper we present a Unified
Modeling Language (UML) profile for BOINC called Visu@lGrid
profile (VGP). A BOINC project installation for one or more
hosts, a role-based access control, and modeling of scientific
application is feasible by use of VGP. Based on our approach
we provide a specification that allows the creation of BOINC
projects with less development and implementation effort.

Keywords—BOINC, UML, Profile, Stereotypes, Tag-Values

I. INTRODUCTION

P
Ublic Resource Computing (PRC) technologies allow

realising low-cost high-performance computing projects

in certain application areas. Berkeley Open Infrastructure for

Network Computing (BOINC) is a very prominent framework

based in the principles of PRC and is based on a server-client

communication infrastructure mechanism. Here, the client re-

trieves a project specific application from the server along with

so-called workunit (WU), i.e. a number of parameter usually

provided in data files of simple ASCII or binary format that

are optionally needed by the application to perform specific

tasks. Each BOINC project (BP) has its own infrastructure, i.e.

few daemons, tasks, hosts, and scientific application (SAPP)

for different target platforms.

This paper presents a Unified Modeling Language (UML)

profile for Visu@lGrid (VG), called Visu@lGrid profile

(VGP). VG is a research project with the goal to have speci-

fications and definitions how to create a BP within a Model-

driven engineering (MDE) process and graphical elements.

This project is funded by the German Federal Ministry of Education and
Research.

This is the reason why we call it visual. VGP is used as

a core specification which makes it possible to create UML

models for a complete BP set-up with all components for a

fully predictable infrastructure to have the possibility to use

code-generation (CG) facilities. We show an approach which

makes it possible to define how a BP will be installed on

different ranges of unlimited count of hosts. Furthermore,

we will show how to configure a complete role-based access

control (RBAC) for different software components and system

functionalities, e.g. database access or log-in on one host.

There exists some promising RBAC approaches which will

be adopted by VGP [4]. We have already presented a first

modeling domain-specific language (DSL), i.e. textual and

graphical model elements [11]. Additional, we have shown

that only a handful BOINC functions are necessary to create

a complete usable BP.

The remainder of the paper is organised as follows. Section

2 gives an overview of BOINC’s problem domain. Next,

Section 3 describes the UML modeling principles and which

UML extensions are defined for VGP. In Section 4 some open

tasks and research questions are refereed which we will focus

on in additional work. Finally, Section 5 concludes this paper.

II. BOINC: USAGE AND CHALLENGES

BOINC is based on a simplified architecture, i.e. each task

is separated in autonomous running applications like BOINC

daemons or scripts and we call these BOINC services (BS).

In fact, few steps allow to create a new BP: (1) download

and install prerequisite software packages, (2) download the

BOINC sources, (3) configure and build the BOINC software,

and (4) call scripts for an automatic rudimentary and not really

usable BP installation process [19]. Next, you can modify each

part of your new BP, e.g.

• which and where BS should be executed, i.e. in case more

than one hosts are used it is possible to define specific

BS’s should be executed with different or same start-up

parameters on individual hosts,

• if a database uses a replication for read-only queries to

speed-up BP’s performance,

• which host has the main installation, i.e. if individual

hosts are used on server-side, then one host has the BP
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Fig. 1. Client and server components of BOINC’s infrastructure

installation and has to distribute it to supplementary hosts.

More detailed adjustments are possible. As in [11] mentioned,

there exists typical errors that can occur due to manual editing

of the BOINC server configuration files. As a consequence

of these errors one can expect a significant effect on the

system’s integrity and application performance. In practice,

wrong configured BS’s do not work correctly, i.e. a BOINC

Assimilator (BA) will not store results for later use or a

BOINC Validator (BV) is not able to validate results received

by participants.

On one hand if only one host is planned to use, it could be

an uncomplicated proceeding from download of the BOINC

sources to a running BP. In this case, all work is done on one

host, i.e. BOINC sources could be accessed directly, BS’s must

be started on this host, database and web-server installations

are also directly available, and only for this host relevant

values are added to BOINC’s configuration. Additionally, only

one network interface card (NIC) is necessary to be configured

and exclusive ports of Hypertext-Transfer Protocol [Secure]

(HTTP[S]) must be allowed for network traffic. On the other

hand it could be an enormous challenge to set-up a BP

with more than one host and when daemons, tasks, database

and web-server installations are distributed for execution to

individual hosts. First established BP - Seti@Home (SAH),

which is one of the most driven BP - has minimum count

of 13 hosts on server side, and each host has a different

functionality1. SAH has three databases2 (DB) on respective

host, and each DB has a different purpose but it is necessary

that all BS’s can interact with them.

A. Special Interest Groups and Architecture

Different special interested groups could administrate one

BP, i.e. “administrators” configure and maintain the system

installation, and “scientists” could create new WU’s and add

new SAPP versions. SAPP’s could be implemented in different

ways, e.g. scripts, hand-written code in different programming

languages (C/C++ and Phyton are supported by default), or we

can use ISV (Independent Software Vendor)-Applications or

legacy applications [3], [7], e.g. in [10] we implemented a

wrapper to handle COMSOL Multiphysics [5] computations

on one computer. To a greater extent, an application can be

1http://setiathome.berkeley.edu/sah_status.html - accessed 22.05.2011
2Components of SETI@home: (1) BOINC master database which is the

BP back-end database, (2) BOINC replica database for read-only access, and
(3) SETI@home science database to store results.

written from scratch. This approach is the most difficult of all

and fortunately BOINC’s application programming interface

(API) is not changing frequently with a new version. Fact

is, one can show that only 23 different BOINC functions

are necessary to implement a successfully running research

relevant distributed SAPP [11]. We have to note, that we do

not mention something about new target devices which could

be implemented with additional application logic or extended

functionalities, e.g. to support graphics processing units (GPU)

with the help of BOINC’s API. When a BP is installed and a

SAPP is implemented, new problems and questions will arise:

• How can you manage errors or how is it possible to

upgrade one SAPP during runtime?

• How could we replace software components on particular

hosts or a whole host itself with same functionalities?

• How could we restrict access to groups of users and only

for selected functions and system facilities?

Mentioned steps could be executed on different hosts, and it is

highly error-prone to install and configure all required software

components and interface settings and to keep an always valid

configuration and stable system when for example software

has to upgrade or a host has to be replaced. In addition, it is

too cumbersome to create a fast and easy to use BP, just only

for tests or quality assurance processes.

B. Proceeding

As seen on the left hand side of Fig. 1, participants need

to download the BOINC Manager3 (BM), register for one or

more BP’s, and let the BOINC Client (BC) organizes all sys-

tem calls, in-/output handling, allocating compute resources,

so-called scheduling [1] and handling of communication mes-

sages to and from individual BP’s.

Fact is, with a minimum of five different BOINC daemons

it is feasible to start-up a fully operable BP. Fig. 1 shows

on the right hand side these five daemons with an optional

sixth one. Scheduler is the interface for participant requests

and supports two kinds of requests: (1) to send out WU’s, and

(2) to handle with computation results [1], [6]. Frequently,

the shared-memory (SHM) based queue for schedule requests

is refilled by the Feeder. File Deleter will keep the DB and

file system clean of expired or not longer needed datasets and

files. Lifetime of WU’s is tracked by the Transitioner and this

makes it necessary that all BS’s have access to BOINC DB’s,

i.e.

• when an user creates WU’s, information about these

WU’s are stored within BOINC’s DB and they are marked

as not yet processed,

• a request to the Scheduler will select few WU’s and will

change the state of these WU’s to processing,

• after this request, different proceedings are possible: (1)

each WU has a time-slot in which they should proceed

and when time-slots upper limit - so-called deadline - is

reached this WU will be marked as out of date and could

be transmitted to participants again or will be deleted

3A GUI to handle all BP’s where volunteers are registered.
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later4, and (2) WU’s are returned inside time-slots and

the Scheduler will mark them in BOINC DB’s as ready

for validation,

• the BV will validate the result and mark each WU result

as valid or invalid, and

• the BA will store valid and/or invalid results in an

additional DB or within the file system hierarchy and

mark assimilated WU’s as finished and ready for deletion.

In Fig. 1 it could be seen, that each daemon needs a valid

configuration to access BOINC’s DB. Furthermore, a lot of

knowledge is required to define runtime parameters of each

daemon. Default values are fine, but in some cases it is more

valuable to define various parameter sets, e.g. if load-balancing

is necessary to increase server capacity. A file is used to

define which SAPP’s are offered by one BP. In addition, this

file contains information about planned or supported target

platforms, e.g. windows_intelx865 or x86_64-pc-linux-gnu6.

Definitions in this file are not strict, it is necessary to have a

SAPP within BP’s file hierarchy, otherwise not used platforms

are unrelated to SAPP’s.

III. UML PROFILE: VISU@LGRID

UML profile is a kind of UML extension mechanism [4],

[15]. It specializes some of the language elements, imposes

new restrictions on them while respecting the UML metamodel

and leaving the original semantics of the UML elements

unchanged. Icons and symbols can be specified and applied

for these specialized elements. The Object Management Group

(OMG) maintains some common and widely accepted pro-

files, such as Systems Modeling Language (SysML) [16]

and UML profile For Modeling and Analysis of Real-Time

and Embedded Systems (MARTE) [17]. Stereotypes extend

standard UML metaclasses. Furthermore, we can exchange

UML models with the XML Metadata Interchange (XMI)

language from one integrated development environment (IDE)

to another.

UML profiles are defined in terms of three basic mecha-

nisms: stereotypes, tagged values, and constraints. A stereo-

type defines how an existing metaclass may be extended. A

tagged value is an additional meta-attribute, it could be seen

as a variable. It has a name and a type, and is member

of a specific stereotype. Constraints can be associated with

stereotypes, they could be informal in plain-text or more

specific defined with Object Constraint Language (OCL) [18].

OCL is part of the UML, and is used to express constraints

and properties of model elements. Currently, only informal

constraints are defined for VGP, because a high effort for

implementation is needed to realize a fully support for all

VGP requirements.

Most of the current OCL tools are academic tools and were

developed by a team of a single university [2]. Although the

quality of tools has improved considerably over the last years,

4This behavior depends on sets of parameters during WU creation.
5Microsoft Windows running on an Intel x86-compatible CPU
6Linux running on an AMD x86_64 or Intel EM64T CPU

it is not a surprise that these OCL tools cannot compete in

terms of usability and the functionality they offer with IDE’s

for writing implementations.

Our UML profile approach is currently based on nine

UML metaclasses and Table I lists these with our specified

stereotypes which are used in this paper. With them we can

set-up an automatic code generation (CG) of a BP. Here,

VGP is currently based on 31 stereotypes which are usable

to define BP’s for a single host or a bundle of hosts, where

each host runs different BS’s. Our principles for VGP are

directly based on the BOINC architecture. This means we are

strongly focused on top-down analysis of BOINC’s function-

ality, communication and runtime behavior, i.e. BP’s are seen

as UML packages with embedded UML components for hosts.

BS’s are seen as UML components with functionalities to

outside world. Static configurations are UML properties which

could be defined as UML classes, i.e. configuration of network

interface cards (NICs) has fixed values. Main benefit of our

VGP profile are based on the advantages of UML itself. With

UML it is possible to specify Platform-Independent Models

(PIMs) and Platform-Specific Models (PSMs) of processes and

implementations. Here, we follow this methodology and define

a model with a mix of PIM and PSM:

• On server side elements are fixed for one specific target

platform7 and PSM is used,

• creation and maintaining of workunits or scientific ap-

plications is not related to underlying operating system

(OS) functionalities which means that PIM will be used,

and

• participant’s side could be highly heterogeneous where a

PIM is reasonable.

A. Concept Idea behind Visu@lGrid Profile

As mentioned, our VGP concept is based on BOINC’s

implementation concept itself. Here, we make use of the

opportunity that UML elements could be nested in other ones.

With this in mind, we define a hierarchy with UML for a

BP and each level in the hierarchy must have the potential

to be replaceable. In our view, UML is the best choice to

support this. Two engineering points of views exist: (1) outer

view, and (2) inner view. Clearly, the outer view is the easiest

to understand and it describes the world of participants /

volunteers which are registered to one or more BP’s and is

illustrated on the left hand side of Fig. 1. In contrast, the inner

view is more complex and needs more attention to specify the

infrastructure and behavior on server-side.

B. UML Profile Itself

Fig. 2 shows an overview of all currently defined stereo-

types, how they relate to each other stereotypes, and which

UML metaclasses are extended. Constraints are not included,

they are partly informal specified in Table I. «Projects» is

our root of VGP and could own components extended by

«SAN» and packages extended by «Project». The idea is,

7BOINC supports only Unix platforms.
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Fig. 2. VGP stereotypes to restrict the use of UML modeling aspects. This is an overview diagram and Table I names all metaclasses which are extended
by these stereotypes.

that «Project» can be imported and exported any time within

an IDE [8]. BS’s can be added with components extended

by «Service», which must be typed by «ServiceType». The

enumeration does not provide any case of different BS types,

for this purpose enumeration literals Task and Daemon are

added and must be used if supplementary BS’s are imple-

mented, configured and wished to use for one BP. When a

BS needs advanced software or libraries for runtime, they can

be added in different versions by «Software». «Database» is

a specialization of «Service» and can be used to add three

different types of databases: (1) a BP database as shown in

Fig. 1, (2) a science database (SDB) to store computational

results or other datasets, and (3) database replications for the

first and second database type. DB instances can be determined

by two tag-values: isProjectDB and isScienceDB. First one is

true when it is BP’s database, and second one is true when

this it is a SDB. DB replications are associated by replications,

but the mentioned two tag-values are not necessary to specify

while they can be retrieved automatically by check of owner’s

type. SAPP’s can be modeled with components extended by

«Application» and all planned supported target platforms must

be added to targetType. Again, for runtime required software

packages and libraries can be specified.

All hosts within one BP can share data among each other

and for this reason, hosts get ports extended by «PortExport»

and «PortImport» which must be associated to each other

with interfaces extended by «Share». One «PortExport» with a

provided «Share» can be used by more than one «PortImport»,

i.e. a «PortExport» is a global definition within one BP. If

authorized access is wished, both ports must be extended

by «Resource» and associated to a set of «Permissions»

(described later). Same methodology is specified for databases

and database-tables, i.e. «DB» is like mentioned two kind of

ports and «Table» is like «Share». These principles are based

on the UML specification to create components which are fully

replaceable when all ports of another component are equal.

In Fig. 2, stereotypes with a dark-gray background color

are used to define RBAC for one BP. It is not explicit defined

where RBAC should be defined. Few ways are possible: (1)

global definition in «Projects» or (2) fixed definitions for each

«Project». We suggest to define them within «Project». In this

case it would be possible to exchange BP’s more effortless,

otherwise it is necessary to create new RBAC or to duplicate

existing ones. In [4] the authors give an idea of an approach

to define an user control mechanism where each user could

be added to roles and individual resources, our approach

extends this idea. We define that permission rules could only

associated to elements which are extended by «Resource».

Individual users can be defined with classes extended by

«User», roles are defined with classes extended by «Role»,

and a set of permissions are defined with classes extended

by «Permissions». Based on this there is a strict coherence

how associations must be used, i.e. «User» instances must

be associated to «Roles» and these to «Permissions». Finally,

«Permissions» could be associated with elements extended by

«Resource». Fig. 3 shows a first example how our VGP could

be applied to models.

C. Case-Study LMBoinc

Fig. 3 shows some applied stereotypes in a context of a real

BP named LMBoinc. LMBoinc modifies a video stream, i.e. a

video is fragmented in sequences and basic image processing

algorithm are applied to these sequences, some results could
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be seen on the project website [9]. WU’s and computational

results within LMBoinc include ZIP-archives (ZIP) with a

specific number of sequences, wherefore the SAPP lmboinc is

associated to one matching «Software» to make zip available

during runtime. LMBoinc uses three hosts on server-side:

• lmboinc-db: This host has the BP database “DBProject”

and SDB “DBScience” installed. SDB is used to store

metadata of computational results, i.e. dimension, filesize,

and filenames of sequences. Furthermore, BP’s database

has an additional replication to speed-up database queries.

• lmboinc-services: This host is composed by four BS’s.

The BA is associated to mentioned SDB and has an

additional association to the third host and stores results

within Webserver’s file system, i.e. when a port is owned

by one BS, additional constraints define which directories

are usable for external use. Here, the exported directory is

below the root directory for web-pages used by this web-

server instance and network file system (NFS) is used

between these hosts.

• lmboinc-web: Because of the provided Webserver com-

ponent, participants just see this host of one BP. As

a consequence, Feeder and Scheduler must be added

to this host, due to the mentioned fact that Feeder is

responsible to refill the shared-memory with information

of next WU’s which are selected for computation. When

one participant requests new WU’s, Feeder will check

the shared-memory and send out informations where

participants could download these WU’s with HTTP

requests. Therefore, necessary ZIP’s must be below Web-

server’s document root directory, to make them accessi-

ble. lmboinc-services owns a BS to create WU’s which

are added to this download area.

In the top-right area three users are added with particular role

associations. Ries is associated to role Admin and has permis-

sions to access all hosts locally and remotely, additionally he

is allowed to handle WU’s for the SAPP lmboinc. The set

of permissions for the association between HandleWork and

Preparator include two operations: createWU and cancelWU.

These two operations are implemented within Preparator and

can be called by users when they get this permission. How this

could be done must be provided by CG. Schroeder owns two

roles, first is Scientist to interact with WU’s as mentioned, and

second role is WebAdmin. WebAdmin allows only to moderate

posts within a BP related web forum. User Grout has only one

role and the permission to moderate forum entries.

As defined in the top-left area, this BP targets Linux

and Windows for 32 bit platforms where lmboinc will be

distributed to. For more supported platforms it is required

to extend the tag-value targetType by additional enumeration

literals of «TargetType».

IV. CONCLUSION

We have proposed VGP, which provides an early approach

to handle system and runtime relevant problems to implement

a PRC project based on BOINC. Our approach is just the

beginning of a MDE process to set-up a complete BP and to

Fig. 3. A BP with three users, three hosts with different added BS and
NIC’s, a SAPP called lmboinc [9], and a RBAC set-up.

handle all necessary administration and maintaining tasks. In

this paper, we have shown how our VGP can be applied to

a real model within a cluster environment, how data can be

shared between this cluster domain, where BS’s are installed,

which SAPP is used and which target platforms are supported.

We have just shown an extract of VGP, due to the fact of the

restriction of upper-page limit of this paper. A draft version

of VGP is available and will be frequently changed [13].

An entire model would contain all design model elements

and specifications to create a whole BP with a scientific

application.

V. FUTURE WORK

Future work will focus on different approaches to make it

possible to define processes for WU creation and maintaining

of failed processed WU’s. In general, currently it is not clear

how we could monitor WU’s lifetime, i.e. how many WU’s

are still in queue or if failed WU’s should be processed again

or not.

Additional work must be done for modeling concepts of

adding and configuring of available ISV applications, e.g.

Scilab. Some work is done and could be integrated in or used

for VGP [8], [10], [11], [12]. As well some effort has to be

spend on how we can define security restrictions on network

traffic on «NIC» elements.

Currently, periodically executed tasks can be added by

«Service» and Task assigned to service type. The period when

one task should be executed is specified by a string value

and is based on the format of the UNIX cron daemon. Future

work will cover an approach how to describe this period with

SysML timing diagrams [16] to make it more predictable.

Asynchronous messages by participants to one BP and vice

versa are currently not supported, but suitable BS’s can be

added with «Service». How to react on incoming messages on

client- and server-side is undefined. Additionally, it is unclear

how we should react on unexpected exceptions, e.g. one BS

is not responding anymore, or if there is not enough space to

store computational results.
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TABLE I
EXTRACT OF OUR UML STEREOTYPES WITHIN VGP

Stereotype name; ex-

tended Metaclass

Description Stereotype name; ex-

tended Metaclass

Description

Projects; Package (from
Kernel)

Top-level package which owns all sub-
elements, i.e. hosts or users.

Host; Component (from
BasicComponent)

Specifies one host within a BP, a host owns
some or all BS.

Project; Package (from
Kernel)

One specific BP. NIC; Class (from Kernel) Defines network settings for one host.

SAN; Component (from
BasicComponent)

External host with capabilities to store data,
e.g. WU’s or computational results. Also
known as storage area network (SAN).

OperatingSystem;
Enumeration (from
Kernel)

Unique literals for each planned or sup-
ported operating system, e.g. Linux32,
Linux64, Windows32, or Windows64.

PortExport, PortImport;
Port (from Ports)

Definition of network shared file directories
between hosts.

ShareType; Enumeration
(from Kernel)

Unique literal for each planned or supported
share type, e.g. NFS or SAMBA [14].

Share; Interface (from In-
terfaces)

One specific directory which is ex- or im-
ported. Exported directories are defined as
provided interfaces, otherwise they are de-
fined as required interfaces.

UserAssignment,
PermissionAssignment,
ResourceAssignment;
Association (from Kernel)

Associates users, roles, permissions, and
resources. UserAssignment assigns users to
roles, PermissionAssignment assigns roles
to permissions, and ResourceAssignment
assigns permissions to resources.

User, UserRemote; Class
(from Kernel)

A physical user which has different permis-
sions within one BP described by roles and
permissions.

Software; Artifact (from
Artifacts, Nodes)

Software packages or libraries which are
required during runtime, i.e. BA needs unzip
to extract results out of an ZIP.

Resource; Class (from
Kernel)

An user could only be assigned to resources
when resources have this stereotype.

UserOperation; Operation
(from Kernel, Interfaces)

Operations are executable by users.

ResourceAction; Class
(from Kernel)

Actions which one user in a role or permis-
sion list could call.

Role, Permission; Class
(from Kernel)

Defines roles for users and which permis-
sions these roles include.

DB; Port (from Ports), Ta-
ble; Interface (from Inter-
faces)

Allow BS’s to access database tables. SystemOperation; Opera-
tion (from Kernel, Inter-
faces)

Implementations of system or BS function-
alities, e.g. routines for BV or BA.

Service; Component
(from BasicComponents)

BS’s on one host, e.g. Feeder and Transi-
tioner.

ServiceType; Enumeration
(from Kernel)

Type of a BS, e.g. Feeder or Transitioner.

Database; Component
(from BasicComponents)

BOINC’s master/science database and op-
tional replications to increase DB perfor-
mance.

ConnectorShare; Connec-
tor (from BasicCompo-
nents)

Connects exported shares with imports and
vice versa. An export could be used by
multiple imports.

Application; Component
(from BasicComponents)

Describes one SAPP, which is used for
computations.

Platform; Enumeration
(from Kernel)

Literals for each target platform, e.g. Linux
32 bit or Windows 32 bit.

REFERENCES

[1] D. P. Anderson, C. Christensen, and B. Allen. “Designing a Runtime
System for Volunteer Computing.” in Proc. ACM/IEEE SC, 2006, Article
No. 126

[2] T. Baar, D. Chiorean, A. Correa, M. Gogolla, H. Hußmann et.al. “Tool
Support for OCL and Related Formalisms - Needs and Trends“ in
Lecture Notes in Computer Science, vol. 3844. J.-M. Bruel, Ed. Berlin
Heidelberg: Springer-Verlag, 2006, pp.1-9

[3] O. Baskova, O. Gatsenko, G. Fedak, O. Lodygensky, and Y. Gordienko.
”Porting Multiparametric MATLAB Application for Image and Video
Processing to Desktop Grid for High-Performance Distributed Comput-
ing,“ presented at the 25th Int. Supercomputing Conf. (ISC), Hamburg,
Germany, 2010

[4] Ç. Cirit and F. Buzluca. ”A UML Profile for Role-Based Access
Control,“ in Proc. ACM SIN’09, 2009, pp. 83-92

[5] ”Multiphysics Modeling and Simulation Software – COMSOL.“ Inter-
net: http://www.comsol.com [Oct. 29, 2011]

[6] D. Werthimer, J. Cobb, M. Lebofsky, D. Anderson, and E. Korpela.
”SETI@HOME - massively distributed computing for SETI”. Comput-
ing in Science and Engineering, vol. 3, pp. 78-83, Jan. 2001

[7] A. C. Marosi, Z. Balaton, and P. Kacsuk. “GenWrapper: A Generic
Wrapper for Running Legacy Applications on Desktop Grids,” in Proc.

IEEE-IPDPS, 2009, pp. 1-6

[8] C. B. Ries, C. Schröder, and V. Grout. “Generation of an Integrated
Development Environment (IDE) for Berkeley Open Infrastructure for
Network Computing (BOINC),” in Proc. SEIN, 2011, pp. 67-76

[9] C. B. Ries and C. Schröder. “Public Resource Computing mit Boinc.”
Linux-Magazin, vol. 3, pp. 106-110, March 2011. Internet: lm-
boinc.sourceforge.net

[10] C. B. Ries and C. Schröder. “ComsolGrid - A Framework For Per-
forming Large-Scale Parameter Studies Using Comsol Multiphysics and
Berkeley Open Infrastructure for Network Computing (BOINC),” in
Proc. COMSOL Conf., Paris, 2010

[11] C. B. Ries, T. Hilbig, and C. Schröder. “A Modeling Language Approach
for the Abstraction of the Berkeley Open Infrastructure for Network
Computing (BOINC) Framework,” in Proc. IEEE-IMCSIT, 2010, pp.
663-670

[12] C. B. Ries. “ComsolGrid - Konzeption, Entwicklung und Implemen-
tierung eines Frameworks zur Kopplung von COMSOL Multiphysics
und BOINC um hoch-skalierbare Parameterstudien zu erstellen.” M.Sc.
thesis, University of Applied Sciences Bielefeld, Germany, 2010.

[13] C. B. Ries. “UML Profile for Visu@lGrid (draft).” Internet:
www.visualgrid.de/research/drafts/UMLProfileVG-draft.pdf

[14] “Samba – opening windows to a wider world.” Internet: www.samba.org
[Oct. 29, 2011]

[15] Object Management Group. ”OMG Unified Modeling Language (OMG
UML) Superstructure.“ formal/2010-05-05, May, 2010.

[16] Object Management Group. ”OMG Systems Modeling Language (OMG
SysML).“ formal/2010-06-01, June, 2010

[17] Object Management Group. ”OMG Profile For MARTE: Modeling And
Analysis Of Real-time Embedded Systems.“ Version 1.1, June, 2011

[18] Object Management Group. ”Object Constraint Language.“ Version 2.2,
Feb., 2010

[19] ”Setting up a BOINC server.” Internet: boinc.berkeley.edu/trac/
wiki/ServerIntro, July 25, 2011 [Oct. 29, 2011]



346 Appendix E. Papers

A Modeling Language Approach for the
Abstraction of the Berkeley Open Infrastructure for

Network Computing (BOINC) Framework
Christian Benjamin Ries

University of Applied Sciences Bielefeld
Computational Materials Science & Engineering

Wilhelm-Bertelsmann-Str. 10,
33602Bielefeld, Germany

Christian_Benjamin.Ries@fh-bielefeld.de

Thomas Hilbig, Christian Schröder
University of Applied Sciences Bielefeld

Computational Materials Science & Engineering
Wilhelm-Bertelsmann-Str. 10,

33602Bielefeld, Germany
{ Thomas.Hilbig, Christian.Schroeder} @fh-bielefeld.de

Abstract—BOINC (Boinc Open Infrastructure for Network
Computing) is a framework for solving large scale and complex
computational problems by means of public resource computing.
Here, the computational effor t is distr ibuted onto a large number
of computers connected by the Internet. Each computer works on
its own workunits independently from each other and sends back
its result to a project server. There are quite a few BOINC-based
projects in the wor ld. Installin g, configur ing, and maintaining a
BOINC based project however is a highly sophisticated task.
Scientists and developers need a lot of experience regarding the
underlying communication and operating system technologies,
even if only a handful of BOINC related functions are actually
needed for most applications. This limits the application of
BOINC in scientific computing although there is an ever growing
need for computational power in this field. In this paper we
present a new approach for model-based development of BOINC
projects based on the specification of a high level abstraction
language as well as a suitable development envir onment. This
approach borr ows standardized modeling concepts from the well-
known Unified Modeling Language (UML) and Object Constraint
Language (OCL).

I . INTRODUCTION

V OLUNTEER computing technologies allow to realize
low-cost high-performance computing projects in certain

application areas. A very prominent framework based on the
principle of Public-Resource Computing (PRC) is BOINC
(Boinc Open Infrastructure for Network Computing). BOINC
provides an Application Programming Interface (API) with
about one hundred functions of different categories, e.g.
filesystem operations, process controlli ng and status message
handling [1], [2]. A few of the most important functions
are listed in section I-B. PRC is based on a server-client
communication infrastructure mechanism. Here, the client
retrieves a project specific application from the server along
with a so-called workunit, i.e. a number of parameters usually
provided in datafilesof simpleASCII or binary format that are
optionally needed by the application to perform a specific task.
BOINC is strongly focused on autonomic applications, each

This project is funded by the German Federal Ministry of Education and
Research

BOINC project has its own server, applications and tasks. The
client executes the application, i.e. performs the calculations
and sends its results back to the server which assembles these
into a “global” result or stores these results at specific places.

The setup of a BOINC project heavily relies on the use of
file-based scripting techniques. For instance, the programming
language Python is utili zed for the creation of a standard
BOINC server infrastructure with database initialization, web-
site and administration interface configuration and an optional
BOINC test application. A few scripts are implemented using
GNU BASH to sign executable files with encryption keys
and yet another script uses the C shell (csh) to monitor
network traffic. Extensible Markup Language (XML) files
are used for the runtime server configuration. All files have
to be edited manually by the project developer, scientist or
administrator which bears the risk of making a large number
of typical errors. For example, wrong spelli ng of parameter
names or simulation relevant values as shown in I-A would
have a significant effect on the system’s integrity and the
application’s performance [8]. One way to cope with these
problems is to provide atool support which allows to automate
the manipulation, generation, and checking of all necessary
scripts.

In this paper we discuss a model-based approach for the
development of BOINC projects that makes it possible to
implement application specific changes while always keeping
a valid configuration of the BOINC infrastructure. We give
an ideaon how to create aproper high-level domain specific
language (DSL) in order to develop and maintain a complete
BOINC application. This DSL forms the basis of an easy-
to-use programming environment along with a high-level
programming language and a suitable development process.
Additionally, we present a way to model a complete BOINC
installation including the client application for different target
computer architectures and processor types. Aspects of single-
and multicore processor units (CPU) and graphics processing
units (GPU) are also discussed.
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A. Typical errors during the BOINC server configuration
process

The following list shows examples of typcial errors that can
occur due to manual editing of theBOINC server configuration
files. As a consequence of these errors one can expect a
significant effect on the system’s integrity and application
performance.

• uldl_dir_fanout is the parameter that contains the number
of subdirectories inside the upload and download directo-
ries on the server computer. A wrong value set here may
dramatically slow down the system’s server performance
because of too many hard disk drive accesses.

• shmem_key names the allocated memory that is needed
for the interprocess communication (IPC) between all
BOINC applications on every BOINC project server. It is
required that this value is unique, never changed during
the runtime and is used by all BOINC server applications.

• msg_to_host must be included in the BOINC server con-
figuration to enable sending of trickle-down messages1 to
the BOINC client nodes.

• tasks describes a set of parameters for applications which
should execute in a cycle period, i.e. a crontab. Suitable
values are needed to avoid problems like extremely large
logging files or a outdated statistics, i.e. how many
workunits are left for working or have errors during the
computation.

• daemon contains a set of command descriptions. It is
useful to start more than one daemon process to get
a good load balancing of user requests, e.g. when the
BOINC projects are much in demand.

One of our goals is the automatic determination of these most
important parameters for different target computer architec-
tures and processor types [20].

B. The BOINC Application Programming Interface

BOINC offers few example applications in which the num-
ber of lines of code range from 38 to 308. The first one only
includes some elementary functions and no BOINC specific
commands, e.g. a for-loopwhich just keeps the processor busy
for onesecond. Thesecond one isamoreuseful example since
it contains BOINC specific function calls, e.g. how to retrieve
the name of the checkpoint file or the actual processing state.
Implementing a complex scientific application using BOINC
is far more complicated and requires a broad experience of
the developer. However, one can show that only 23 different
BOINC functions are necessary to create a successfully run-
ning research relevant distributed computing application [23],
[21].

II . STATE OF THE ART

Model-driven engineering (MDE) is becoming the domi-
nant software engineering paradigm to specify, develop and

1Trickle messages are asynchronous, ordered, and reliable messages be-
tween the BOINC server/clients and let applications communicate with the
server during the execution of a workunit.

Fig. 1. Logical packages and dependencies of the BOINC functionaliti es

maintain software systems. For example, Brunelière et al.
[6] propose a Modeling as a Service (MaaS) initiative for
cloud computing projects with an emphasis on topics like
scalabilit y, tool interoperabilit y, and the definition of modeling
mash-ups as a combination of MDE services from different
vendors. Moreover, thedefinition of domain-specific languages
(DSL) [10], [26], [27] along with the development of tools
which support the developer during the DSL conception [9],
[17], [26] are currently under investigation. However, none of
the above mentioned approaches is related to public resource
computing nor can it be directly used for the modeling process
of BOINC projects. In the following chapters we therefore
propose afirst modeling language approach for the abstraction
of the BOINC framework.

III . ABSTRACTION OF THE BOINC FRAMEWORK

The BOINC framework offers many very useful function-
aliti es that help the developer to create his application. As a
first step towards our modeling language approach we have
subdivided the BOINC functionaliti es into different logical
packages as shown in Fig. 1. Each package contains functions
that cover a specific aspect during the development process
[22] and can be used independently from functions of other
packages which minimizes the number of dependencies. The
whole BOINC project including the server installation compo-
nents and application specific implementations is contained in
the package Project. This package directly depends on the
packages Server and Application. The package Application
contains all application specific implementations and depends
on the following child packages:

• Events - This package describes the abstractions for all
possible events that can occur during the execution, e.g.
exceptions like ’File not found’ or ’Segmentation fault’ .
It contains routines for clearly defined error handling.

• Actions - Every execution statement is gathered within
this package including wrapper routines to call third-
party applications, i.e Matlab, or other domain-specific
simulation tools.

• Dependencies - All li braries that are needed for the whole
project are contained in this package. This includes the
BOINC libraries as well as application specific runtime
libraries and external sources.
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• Communication - This package includes the BOINC core
client component which is the interface between the
client installations and project servers and performs the
information exchange between them.

• Configurations - In this package one keeps all system
relevant parameters coded in XML files.

The complete server installation and maintenance process
is provided by the package Server. This package describes the
relationships between all components of a complete BOINC
server installation, i.e. all configuration files, a list of the
parameters for the workunits, description of installed applica-
tionswith the correspondingarchitecture and processor targets.
The package Server imports its required information from the
contents of the Configurations and Communication packages.

IV. THE MODELING LANGUAGE APPROACH FOR THE

ABSTRACTION OF BOINC

Nowadays, models and model-based techniques are the
fundamental means by which engineers are able to cope with
otherwise unmanageable complexity and reduce design risk.
In particular, software models have the distinct advantage that
they can be evolved from high-level views of possible designs
into actual implementations.

The Unified Modeling Language (UML) – a widely adopted,
widely supported and customizable industry standard – plays
a key role in modern software development. With the pos-
sibilit y of creating standardized UML profiles it provides
the fundamentals for a true engineering-oriented approach to
the construction of software. That is, system models can be
used to understand and assess designs and predict design
risks in meaningful (e.g., quantifiable) ways. Full automatic
code generation from UML models facilit ates preservation of
proven model properties in the final implementation.

In our approach to a model-based development of BOINC
projects we focus on the use of quasi standard software
tools available within the Eclipse development environment.
These tools enable us to develop all necessary components,
like diagram editors, including graphical representations of
modeling elements, code generators, etc. in one and the same
development environment. Specifically, the code generation
should be realized using a template engine which could also
be used to generate important documentation files.

A. Graphical modeling environment

Throughout our project we exclusively use the Eclipse
Modeling Framework (EMF) as released by the Eclipse Model
Development Tools (MDT) project [26]. A detailed description
of all components can be found in [9]. A key feature of
our approach is the definition of a suitable standardized
UML2 profile [22]. Here, we make use of the EMF-based
implementation of the UML2 and UML2 Tools subproject.
EMF specifically allows implementing of constraints based on
the Object Constraint Language (OCL) [18].

Fig. 2 gives an overview about a simplified modeling
process. Here, the developer uses graphical modeling elements
within diagrams to design an application as described in Sec.

Fig. 2. Simplified view of the modeling process

Fig. 3. Example flowchart diagram for instruction sequences.

IV-B below. For a more detailed modeling of the application
logic the developer is required to use a textual DSL as
described in Sec. IV-D. The Graphical Model will be im-
plemented using the Graphical Modeling Framework (GMF).
GMF includes EMF, the Graphical Editing Framework (GEF)
and Draw2D. GEF is a framework built uponthe Model-View-
Controller (MVC) pattern and handles the view and logical
components with own instances. The controller handles the
logic between these instances. The Textual Model and the
Graphical Model are synchronized, i.e. every change in one
of the models causes changes in the other one and each model
will automatically be adjusted. Both models will be trans-
formed into one (yet to be defined) so-called VisualGridML
Genmodel. This can be done by exploiting the model-to-
model transformation framework Query/View/Transformation
(QVT). The QVT operation mapping language is capable
of dealing with multiple input and output models and also
supports OCL statements.

One of the key issues of our approach is to define aproper
VisualGridML Genmodel. The VisualGridML Genmodel can
be exported into different other formats, e.g. XML, XML
Metadata Interchange (XMI), or Ecore. The VisualGridML
Genmodel will only be generated when the previously created
models are valid. In order to support the developer during the
verification and validation process adequate error messages
and output comments will be created.

B. Graphical modeling elements

The proper definition of suitable graphical modeling ele-
ments is vital for our modeling language approach for the
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Fig. 4. InterprocessCommunication within a BOINC application

abstraction of BOINC. In the following we present some
examples alongwith sample modeling fragments. Fig. 3 shows
aflowchart of ahigh-level description of instructionsequences.
The graphical notation is adapted from the UML2 flowchart
definition [17, Fig. 12.36].

Fig. 3 shows an example that uses seven graphical modeling
elements. As mentioned above these modeling elements are
defined in theActionspackage and have the followingmeaning
[22]:

• Start, which describes the entry point of an application.
• Stop, which defines the end of execution, i.e. after that

no other instructions will be executed and the application
will shut down.

• Action is a modeling element which can execute native
C/C++ instructions.

• Decision describes an if-else condition.
• Join merges two or more subdivided instruction se-

quences.
• Execute executes external C/C++ functions which are

implemented in header and source files.

In Fig. 4 we show an adapted version of a UML2 col-
laboration diagram [17, Tab. 9.1, 9.2]. The dashed rounded
rectangle on the right hand side specifies a shared data space.
This data spaceis defined using one ore more port descriptors.
Different ports could include different data descriptions and
could also be connected with different so-called handlers. The
three elements on the left hand side are examples of such
handlers. Each handler handles a specific functionality and is
connected with one application implementation. This example
contains handlers for the BOINC Core Client2, a scientific
application, and a component for a screensaver session [1].
The handler can have only one data port. Data ports can only
be connected to data ports of shared data space. Connections
between ports may also be named as shown in this example.

In Fig. 5 we show an adapted version of a UML2 Use-
Case diagram [17, Fig. 16.10] which contains elements of the
Configurationpackage [22]. The elementson the left handside
are the actors for the use cases of the right hand side. The use
cases contain a referenceto predefined functions which can be
modeled with a flowchart diagram. The dashed line connects
the use cases with the appropriate actor and defines the type of
execution. The lower actor describes the BOINC server which

2The BOINC Core Client communicates with schedulers, uploads and
downloads files, and executes and coordinates applications.

Fig. 5. Elements for configuration purpose

could be a cronjob. The upper actor describes a user. In this
example the user defines workunits.

C. Aspect-Oriented Programming andFeature-Oriented Pro-
gramming

Aspect-Oriented Programming (AOP) aims at separating
and modularizing cross-cutting concerns [12]. The ideabehind
AOP is to implement so-called cross-cutting concerns as
aspects and the core (non-cross-cutting) features are imple-
mented as components [5]. Using pointcuts3 and advices4, an
aspect weaver glues aspects and components at join points
together. Fig. 6 shows on the left hand side (1) two aspects
(A1 and A2) which extend the classdefinitions (C1 and C2).
In AOP aspects can be added to the programming logic where
ever functions are called. It is also possible to replace any
functionality dynamically or to define the order of execution
by precedence.

In Feature-Oriented Programming (FOP) the program func-
tionaliti es can extended during the compilation and execution
process, e.g. two or more functions can be combined to create
extented features [7]. Fig. 6 shows on the right hand side (2)
a simple overview of FOP. Here, F4 inherits the properties
and methods of F1. Additionally, F6 refines F4, which can be
done during runtime or while the compili ng process creates
the application.

Aspects and features in their current representation are
intended for solving problems at different levels of abstraction
[4], [14], [16]. Whereas aspects in AspectC++ [24] act on the
level of classesand objects in order to modularize cross-cutting
concerns, features act on the software architecture level [3].

For our approach, we are expecting that AOP and FOP are
suitable methodologies for dynamic binding of applications as
stated in Sec. IV-E. For example, the BOINC project result file
format must be defined and created manually by the scientist
or developer for a specific scientific application. This file can
be generated during the code generation process as soon as
definitions of the BOINC validator and BOINC assimilator
are existing. After that, the BOINC project can be deployed
with error-freevalidator and assimilator configurations.

D. Domain-specific language for BOINC

Domain-specific languages (DSL) are language definitions
tailored to the development needs of specific problem domains

3The point of concern to execute an advice.
4Additional code that should apply to the existing model.
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Fig. 6. (1) Two aspects extend two classes, (2) Two features refine two other
features

[10]. For example the Structured Query Language (SQL)
is designed for database queries. Another vital part of our
modeling language approach to BOINC is a proper definition
of a DSL for BOINC applications. Here, a key issue is
the use of Xtext which allows to create an application by
code generation. Xtext offers in combination with Xpand a
template-based code generation engine [26]. By using Xtext
and Xpand is has been shown that it is possible to create a
complete BOINC application [21].

Generally speaking, all BOINC functionaliti es can be de-
fined using a set of specific language elements. Our model-
driven approach allows to develop applications independently
of the target type, i.e. for CPU or GPU targets. Furthermore,
BOINC offers various diagnostic parameters which enable or
disable checks, e.g. memory leaks or heap violations. With the
help of DSL statements these specific options can enabled or
disabled for a subsequent automatic code generation. For ex-
ample, the following code fragment defines a single processor
environment which enables the above mentioned diagnostic
flags:

target cpu single;

diagnostics {
dumpcallstack
heapcheck
memoryleakcheck
redirectstderr
tracetostderr
}

In order to create applications with multicore or GPU com-
puting support the following statement can be used:

target cpu mode multi with 10;
// or

target gpu dim(10) block(4);

The first line describes a multi -thread application with up to
10 threads. The last statement enables the support of GPU
computing. In GPU computing the processis splitted into dim
threads, executed in 4 blocks [13]. It is also possible to include
manual implementations or third-party libraries. The following
examples show this in more detail . The required dependencies
to third-party libraries or functionaliti es could be also defined
with only a few lines of code. This code is used for the
“make” process of an executable application. On Linux or
Unix like operating systems a makefile is generated whereas
on Windows systems it is possible to generate different project

files which can be imported by integrated development envi-
ronments like Visual Studio or Eclipse. Using this feature one
can realize aplatform-independent approach.

includes AppInclude {
"~/boincadm/framework"
"~/boincadm/src/api"
"~/boincadm/src/lib"
}

libraries AppLibrary {
"/lib", "pthread"
"~/boincadm/framework", "visualgrid"
"~/boincadm/src/api", "boinc_api"
"~/boincadm/src/lib", "boinc"
}

It is common to use parameter files for the BOINC applica-
tions. The native way of doing this is to create mapping files
on the server with a few parameters. Whenever clients connect
to the server, they retrieve the application and all necessary
parameter files. The following DSL fragment describes this
procedure using the infile statement. The content is speci-
fied asan XML tree andcould be iterated with a reference, e.g.
ObjectName1. As a consequence of, binary data must be
base64 encrypted [25]. Each reference contains the parameter
as a struct or classdefinition.

infile "metropolis_data.xml"
as ObjectName1;

infile "param.jj" as ObjectName2;
infile "param.nn" as ObjectName3;
infile "param.ww" as ObjectName4;

After the execution of the client application the results are
stored in result files defined by the statement outfile and
are uploaded to the server.

outfile "metropolis_out.erg"
as ObjectResult1;

In general there exist several ways using a modeling processto
develop a certain client application. As a matter of fact, every
developer differs in his way to develop applications and it
is necessary that the DSL supports this variety. For example,
it is possible to link third-party libraries to the application
using DSL statements. Furthermore, the application code can
also be directly implemented into the worker part. The
following DSL fragment contains an example which is used
in [21]. Here, the worker starts the environment for execu-
tion instructions with the name Spinhenge. The statement
exec defines pointcut expressions which are used by the
AOP weaver process to deploy the scientific application. In
this definition, the pointcut expression describes the working
function in Fig. 8.

worker Spinhenge {
exec "void %::Spinhenge::doWork(...)";
}
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This statement could be replaced by other instructions, e.g.

worker Spinhenge {
cpp {
int a = 42;

}
action(modeledFunction(a));
}

Here, cpp starts an inline code area which contains na-
tive C/C++ statements. The variable a is available right
after its definition and optional initialization within the
context. It can be used by DSL defined functions like
modeledFunction(variable). Third-party applications
can be executed using the DSL statement wrapper. It allows
to call an external application, so called legacy application,
and only one call i s allowed to realize. Optional parameters
for the application can be set in the Configuration package.

worker Spinhenge {
wrapper("Matlab", "Argv[1] Argv[2]" [,

weight, checkpoint_filename,
fraction_done_filename, ...]);

}

These optional parameters are defined by the wrapper inter-
faces [11], [15], [19].

screensaver Spinhenge {
render "% Screensaver

::Spinhenge::doWork(...)";
}

During the execution of an application different events can
occur, e.g. events which could also be logged for diagnostic
analysis in the above mentioned definitions. Furthermore an
exception handling is described by the following DSL defini-
tion:

handle TypeOfException (: optionalName) {
/* to be defined handler */
}

Predefined exception handlers are reusable by other excep-
tions. This is enabled by using the ref statement which uses
the optional name optionalName of the previous example.

handle AnotherTypeOfException
ref optionalName;

The BOINC framework uses interprocess communication
(IPC) to exchangedatabetween different application instances,
e.g. scientific application, and screensaver. The native way
to use IPC needs the definition of shared variables, e.g.
in a C/C++ struct or class definition and furthermore
different functionswhich handles thesevariables. A strict well -
formed definition would be easier to use and reduces the
effort of changing code parts in the source files. The DSL
statement exchange describes the structure of the IPC with
C/C++ language elements like datatypes which are usable in
every application. The keyword feature defines an AOP

Fig. 7. Visual Grid Framework Abstraction Layer

pointcut expression which is used to assign values to the
variable on the left hand side, e.q. update_time keeps the
delta in milli seconds between the value updates. The listed
AOP pointcut expressions are implemented in the Visual Grid
Framework which is described in Sec. IV-E.

exchange {
double update_time :

feature "% Boinc::updateTime(...)";
double fraction_done :

feature "% Boinc::fractionDone(...)";
double cpu_time :

feature "% Boinc::cpuTime(...)";
}

To handle BOINC Trickle Messages the TrickleUp and
TrickleDown commands are stated in the following listing.
The TrickleUp needs two AOP pointcut expressions to
check if a trickle up must handled and the trickle up handler
itself.

TrickleUp "bool checkTrickleUp(...)"
do "% handleTrickleUp(...)";

TrickleDown "% handleTrickleDown(...)";

The handler defined by TrickleDown is called frequently
to manage the incoming messages by the BOINC server, e.g.
command to abort one workunit or informations of the current
BOINC credit points.

Furthermore, general descriptive information about the ap-
plication can be defined with the statement info.

info {
author="Christian Benjamin Ries";
email="cries@fh-bielefeld.de";
license="FH Bielefeld";
description="Spinhenge@home Example";
project="Spinhenge@home";
version="3.16";
}

E. Visual Grid Framework

Fig. 7 shows the proposed Visual Grid Framework layer
which is defined between the layer that describes the un-
derlying computer hardware, the BOINC framework, and
the VisualGridML Genmodel. The Visual Grid Framework
offers a less complex access to the BOINC functionaliti es
and handles the creation of applications for different platform
targets, e.g. Intel 686 based 32-bit or 64-bit architectures.
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Fig. 8. Composition of the Visual Grid Framework Approach

The left side describes one approach to generate the function
calls and logical program parts between the textual-/graphical
modeling tools, fragments, VisualGridML Genmodel, Visual
Grid Framework, and BOINC Framework. In Fig. 8 we show
how the Visual Grid Layer works.

TheMain classis generated by the code generation process
and contains the implementation of the starting routines. This
routine instantiates the interfaceto the BOINC framework as
well as to the scientific application. The entry point of the
scientific application is called using the doWork() functions
of the Worker::Spinhenge and Screensaver::Spinhenge classes.
These two classes are specializations of the abstract Controller
class. The Controller class keeps track of all necessary data
management, e.g. input, and output data files, checkpoint
definitions, etc. The IPC class (Interprocess-Communication)
is completely generated and implements the initialization and
update routines. This class is used by the Worker::Spinhenge
and Screensaver::Spinhenge classes for the exchange of data.
The external BOINC Client class is an actor and therefore
represents just the interfaceto the client. The BOINC Client
has the full control of the executed applications and processes.

As a consequence, there exist two ways to generate an
application within the Visual Grid Framework, (1) creation
of a classwhich is derived from the abstract Controller class,
(2) the definition of AOP joinpoints and advices as defined by
the DSL in Sec. IV-D.

As a first test of our approach we have created an appli -
cation which is similar to the BOINC sample to perform a
transformation of lowercase to uppercase texts. The BOINC
sample is based onapproximately 400 lines of code, including
the makefile, C++ header, sourcefiles, and 31 BOINC specific
function calls. In contrast to this, our generated application
contains only about 90 lines of code, including 60 lines of
DSL code, and 30 lines of application specific code which
performs the transformation. All defined dependencies, e.g.
for the initialization of the process or exception handling,

are resolved by generating files. Furthermore, a makefile is
generated which on execution builds the complete application
for the defined client platform architecture.

V. CONCLUSION

We have presented a first modeling language approach for
developing Public Resource Computing applications on the
basis of BOINC. We have demonstrated that the complete
BOINC framework can be divided into a few logical packages
that provide the necessary graphical and textual model ele-
ments to allow for a model-based development of applications
with subsequent source code generation. Our approach is
technically realized by using standardized and well -defined
technologies [26]. Thus far, we have just implemented a small
part of the BOINC functionaliti es. Key features like graphical
and textual modeling elements, the VisualGridML Genmodel
have been defined to an extent that we could show the general
feasibilit y of our approach. However, further investigations
with regard to the abstraction of the system architecture, de-
pendencies, error checking, and the transformation to different
target languages are needed. We have successfully performed
a first test of our approach by modeling an existing BOINC
application with just a few lines of DSL code using external
libraries for the core computational routines and abstraction
of the BOINC functionaliti es. However, most steps of our
modeling process are still performed manually, and we are
currently working on the creation of a unified development
environment that supports the wide range of technologies,
including a one and only graphical modeling framework which
minimizes the need of textual modeling fragments, automatic
dependencies resolving, completely error-free codegeneration,
and higher support for legacy applications.
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Abstract: BOINC (Berkeley Open Infrastructure 

for Network Computing) is an open-source 

framework for solving large-scale computational 

problems by means of public resource computing 

(PRC). In contrast to massive parallel 

computing, PRC applications are distributed onto 

a large number of heterogeneous client 

computers connected by the Internet where each 

computer is assigned an individual task that can 

be solved independently without the need of 

communication upon the clients. Nowadays even 

small companies hold remarkable computer 

resources which are not accessible as a whole but 

distributed over the numerous computers which 

belong to the standard working environment in 

today’s companies. Over the day, these 

computers are rarely operating at full capacity 

and hence valuable computational power is just 

wasted.  

Here, we present a new approach for performing 

large-scale parameter studies using COMSOL 

Multiphysics based on the BOINC technology 

which can be used to utilize idle computer 

resources that are connected within a 

companywide intranet. Based on our approach 

we provide a tool chain called ComsolGrid that 

allows the COMSOL Multiphysics user to define 

parameter study by means of a high-level 

description. ComsolGrid then automatically 

performs the complete parameter study. 

 

Keywords: BOINC, Grid Computing, large-

scale Parametric Studies 

 

1. Introduction 
 

With the help of BOINC [1, 6] it is possible 

to create and run self-made scientific 

applications heterogeneous computer networks. 

However, one can also run legacy applications 

like Matlab [8] by using so-called wrapper 

functions within BOINC for performing 

parameter studies on distributed computer 

networks [2]. Based on this idea, we have 

created a framework called ComsolGrid to 

perform distributed COMSOL Multiphysics 

(hereafter referred to as COMSOL) simulations. 

The key idea is to run COMSOL simulations 

with predefined parameter values on different 

computers. The COMSOL simulation model and 

parameter values are packed in so-called 

workunits which a server computer sends to the 

client computers. Each client performs a single 

simulation according to the parameter set given 

and returns the result to the server computer. The 

BOINC project server keeps tracks of the 

 
Figure 1: Software architecture of ComsolGrid. 
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workunits and checks whether each result is 

valid or not (within the so-called validation 

process). Validated results are stored in specified 

locations on the server computer during the so-

called assimilation process.  

A COMSOL simulation can be started using 

the within a batch mode [7], i.e. a command-line 

based program call which bypasses the use of the 

common graphical user interface (GUI). The 

command-line parameters in the batch mode 

allow the user to control the simulation process. 

For example, it is possible to define the target 

processor type, i.e. 32-/64-bit architecture. 

Furthermore, one can define the parameter 

names and parameter values which should be 

used by the COMSOL simulation. This enables 

one to perform a parameter study based on one 

specific simulation model by varying the 

parameter values for each simulation in a 

distributed computer environment. Within 

ComsolGrid the complete configuration and 

communication management is defined by data 

structures based on the Extensible Markup 

Language (XML). 

 

2. ComsolGrid – Components, 

Architecture, and Definitions 
 

Fig. 1 shows the software architecture of 

ComsolGrid and gives an overview of the 

developed software components. There is one 

component which describes the complete 

infrastructure of ComsolGrid. Currently, only 

Linux installations are supported. On the left 

hand side the project server is shown. This server 

is responsible for the correct handling of user 

requests, the creation process of new workunits 

and the validation and assimilation of completed 

simulations. On the right hand side the client 

environment is shown. This environment 

includes the user interfaces to enable the 

maintenance process; in order to create new 

parameter studies and to supervise the server 

system conditions clients can perform COMSOL 

parameter simulations as well. 

As shown in Fig. 1, there are eight 

applications defined: (1) the BOINC project 

itself, which is named “Comsolwrapper”, (2) a 

MySQL database to store information about 

users and host computers of the network, (3) an 

Apache web server installation which provides 

the  interface to the client computers for the 

exchange of information (distributing workunits, 

gathering results), (4) ComsolGridFCGI  which 

is described in more detail in Section 2.1, (5) the 

BOINC Manager providing the GUI on each 

BOINC client computer,  (6) the BOINC client 

which performs the actual COMSOL simulation, 

(7) ComsolGridStarter is an application which 

enables the BOINC Manager to start, stop, and 

pause COMSOL simulations, (see section 2.2), 

and (8) the tool ComsolGridQt, which provides 

the GUI for managing the complete parameter 

study (see section 2.3). 

 
Figure 2: Architecture of software libraries used in the ComsolGrid framework. Most of them are implemented by 

the BOINC framework (indicated by the stereotype: BOINC), four libraries are external software libraries 

(libhl++.so, indicated by the stereotype: System). The library libcomsolgrid.so in a composition of the core 

functions which are used by all ComsolGrid applications listed at the bottom of the figure. For ComsolGrid the 

BOINC Manager has been modified in order to handle COMSOL specific parameters. 
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The server and client processes can have two 

network communication channels. One channel 

is encrypted using the Secure Socket Layer 

(SSL) and the other one is based on plain-text. 

The BOINC clients do not need an encrypted 

channel to receive new workunits. For this 

purpose, BOINC has implemented a hash key 

verification system. The BOINC project creates a 

hash key from a combination of the user’s 

personal password and e-mail address and is 

only valid for one machine. Only this hash key is 

exchanged between the BOINC clients and the 

project server and does not enable permissions to 

administrate the BOINC server. The encrypted 

channel is used by the user to create new 

parameter studies. 

Fig. 2 shows the software architecture of the 

ComsolGrid framework. At the top the BOINC 

dependencies to internal and external software 

libraries are shown. These libraries are used by 

the software library libcomsolgrid.so. 

Furthermore, libcomsolgrid.so is used by the 

ComsolGrid applications which are implemented 

for the ComsolGrid framework and are described 

in the following sections 2.1 to 2.4. 

 

2.1 ComsolGridFCGI – Server interface for 

Parameter Studies 

 

The ComsolGridFCGI is an interface for the 

 
Figure 3: Architecture of the ComsolGrid wrapper: (BOINC Manager) checks for existing workunits and calls 

Comsolstarter, (Comsolstarter) is our wrapper implementation, (COMSOL & Java VM) is the native COMSOL 

Multiphysics application process. 
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user. The interface is installed on the project 

server computer and is directly connected to the 

MySQL database using the FastCGI library [3]. 

FastCGI provides an easy to use application 

programming interface to implement server 

applications with a full support of web 

communication by plain-text communication 

protocols like Hypertext Transfer Protocol 

(HTTP).  

Each framework user must be assigned a 

correct user role. User roles are an extension to 

the BOINC framework. We have defined three 

roles: (1) Administrator, (2) Developer, and (3) 

Scientist. Users assigned the role Administrator 

can start, stop and maintain the BOINC project 

server. The Developer role defines a user who 

can do everything, just like a Linux root 

administrator. Users assigned the role Scientist 

can create and run new parameter studies; they 

are allowed to define or change the COMSOL 

simulation model, parameter names and values, 

and they can upload this configuration to the 

BOINC project server. In Section 2.4 we 

describe details of the GUI which allows a high-

level description of a new parameter study. 

 

2.2 ComsolGridStarter - BOINC Wrapper for 

COMSOL Multiphysics 

 

The ComsolGridStarter is a wrapper routine 

handling the BOINC client and BOINC user 

commands which are used to control a 

COMSOL application. The BOINC user can 

send commands using the BOINC Manager; 

these commands are sent via predefined BOINC 

communication channels [1]. There exists one 

channel between the BOINC Manager and the 

BOINC client and another one between the 

BOINC client and each running scientific 

application. 

At the bottom of the Fig. 3, the user 

commands are visualized. Any user of a client 

computer can stop, resume, and abort the 

COMSOL simulation on that machine. The stop 

request is mapped to the Linux signal stop 

(SIGSTOP). The Linux signal stop suspends one 

process. Suspended processes can be resumed by 

the Linux signal for continuation (SIGCONT) 

and aborted by the Linux kill signal (SIGKILL). 

However, in principle one can configure 

ComsolGrid in a way that the simulations cannot 

be controlled by the user in order to ensure that a 

certain amount of computing power of a client 

machine is always used for ComsolGrid 

simulations.   

We have implemented our own wrapper 

routine since all available wrapper routines [4, 5, 

6] could not handle the COMSOL process tree. 

In fact, on Linux systems COMSOL internally 

starts several instances of the Java virtual 

machine to perform a simulation. Table 1 show 

the process trees of the COMSOL major versions 

3.5x and 4.x. The available wrapper routines can 

only handle the process identification numbers 

(PID) of the COMSOL master processes with the 

PID 30521 and 15895. As a result, these 

processes can be controlled by operating system 

signals; however their child processes cannot be 

manipulated directly by the BOINC Client. As a 

consequence we have implemented a bridge 

between the BOINC client and the COMSOL 

process tree. Fig. 3 describes three processes: (1) 

BOINC Manager, (2) Comsolstarter, and (3) 

COMSOL & Java VM. The first one is 

responsible for the communication between the 

BOINC user and the BOINC client and starts the 

ComsolGridStarter for performing a simulation 

based on a given workunit. The second one is the 

most important and more complex process. 

ComsolGridStarter first checks for a valid 

COMSOL installation on the client computer and 

then executes it. It is necessary to start the 

correct version of COMSOL, because the model 

files are usually not downward compatibly with 

other COMSOL major version, i.e. a COMSOL 

model of the major version 4.x cannot be opened 

by COMSOL version 3.x. The routine 

IntializeComsol() starts a COMSOL process and 

passes its PID to the routine 

HandleBOINCStuff(). HandleBOINCStuff() polls 

the state of the internally started Java virtual 

machines when it becomes valid. The term valid 

means that the PID of the Java virtual machine is 

available, e.g. table 1 shows the required PIDs: 

(1) comsol_java_pid= 30674 for the process 

named java, and (2) comsol_java_pid=15919 

for the process named comsollauncher. If one of 

them becomes valid, the PID is stored for later 

use by the handler of the user commands. The 

wrapper runs until the COMSOL process is 

finished. With these PIDs, the complete 

COMSOL process becomes controllable.  

During runtime, the wrapper tries to retrieve 

information about the progress’ progress and 

sends the value to the BOINC Client. This value 
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is then transferred to the BOINC Manager and 

displayed as shown in fig. 4.  

The third process on the right hand side in 

fig. 3 shows the native COMSOL process. When 

it starts, it forks the COMSOL process and the 

simulation execution is supported by Java virtual 

machines. 

 

 
Figure 4: Progress in percent of one COMSOL 

Multiphysics simulation. 

 

Our wrapper routine is fully configurable 

using an XML configuration file. It is possible to 

define the current processor architecture or 

which license should be used. In addition, we 

can map the output and input channels to files, 

i.e. for debugging purposes. 

 

2.3 ComsolGridQt – User interface for 

COMSOL Multiphysics user 

We have implemented a GUI ComsolGridQt 

which provides a tool that enables the user to 

define a new parameter study by means of a 

high-level description. As shown in fig. 5 the 

GUI guides the user through the process of 

creating a complete parameter study. When run 

for the first time, the user must add the 

authentication data, i.e. user name, e-mail 

address, and password. In the next step it is 

necessary to define the web address of the server 

interface ComsolGridFCGI, e.g. 

127.0.0.1/comsolfcgi. After that basic 

information about the project server is requested; 

the user receives a list of the available BOINC 

projects, data of the server condition, and 

information of the supported COMSOL versions 

and plattform.  

The GUI includes some well-defined 

elements for adding COMSOL specific 

simulation model files, changing the order of 

these files, and adding the BOINC input/result 

template files. These files contain XML 

structures. When a new model is added, the GUI 

automatically determines the parameter names 

which are defined in the model and adds these 

names as column descriptions to a table in the 

Parameter tab. After that the user can define 

parameter values for each parameter name. After 

every change of these values, it is automatically 

checked whether the values are valid or not. Four 

values are required for a valid state. The format 

string of these values is: 

“START:STOP:STEP:DEFAULT” 
This format is modified with regard to the 

COMSOL range(…) function. Each of these 

values can keep one data item as a floating-point 

value. The user can add arbitrarily many new 

rows of data items. 

The input template and result template files 

are not generated but must be created manually. 

In our cases, we are using only one COMSOL 

simulation model for each parameter study with 

different parameter ranges. As a result of this, we 

have only two files and reuse them for each new 

parameter study. 

Table 1: Example of a process tree of the two COMSOL Multiphysics major versions: (1) 3.5x, and (2) 4.x. 

 

(1) COMSOL Multiphysics 3.5x process tree: 

su(30443) --- bash(30452) --- comsol(30521) --- java(30674) -+- {java}(30675} 

                                                                                                      |- {java}(30676) 

                                                                                                      `- … 

(2) COMSOL Multiphysics 4.x process tree: 

su(13564) --- bash(13576) -+- comsol(15895) --- comsollauncher(15919) -+- {comsollauncher}(15020) 

                                              |                                                                            |- {comsollauncher}(15021) 

                                              |                                                                            `- …  
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Fig. 6 shows an example for a complete 

specification of a workunit. As one can see, the 

workunit uses three external components: (1) the 

COMSOL model file (*.mph), (2) the Input 

Template file, and (3) the Result Template file. 

The Input Template file defines the set of the 

COMSOL simulation files, the according file of 

the parameter values and the BOINC logical 

names of these files, e.g. comsol.mph, and 

comsol.txt (described later). It does not matter 

which name a COMSOL simulation file has been 

assigned, it is always mapped to the name 

comsol.mph. The comsol.txt file contains the 

parameter values.  

 
Figure 6: Components of a ComsolGrid workunit 

 

Each row of this file describes a set of parameter 

values separated by tabulators. The file 

comsol.txt is created for each workunit by 

ComsolGridFCGI whenever ComsolGridQt 

uploads a new parameter study from the server. 

 

2.4. ComsolGrid Validator and Assimilator 

 

Two more applications are needed for the 

complete simulation process, namely the 

comsol_bitwise_validator and 

comsol_copydir_assimilator. Both applications 

are basically copies of the original BOINC 

validator and assimilator functions. The validator 

is responsible for checking whether or not a 

maximum processing time is reached or whether 

two results for the same workunit parameters are 

equal; if so, the result is valid, otherwise it is not 

valid and will be discarded. This procedure is a 

standard check used for public projects but can 

be dropped completely for projects using 

trustworthy computer networks like company 

intranets. The assimilator copies all valid results 

to a specified target directory that is accessible 

by users assigned the role Scientist. 

 

 

Figure 5: The GUI ComsolGridQt provides a high-level description of a parameter study: (1) select the available 

BOINC project, (2, 3, 4, 5) select, add, and arrange COMSOL Multiphysics files and define the according parameter 

data ranges using the Parameter tab, (6, 7) add the input template and result template file, and (8, 9) check your 

configuration and upload the files and parameter data ranges to the BOINC project server. 
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3. Proof of Concept 
 

We have set up a test installation and 

successfully performed a parameter study using a 

number of workunits. For this installation, we 

exported one COMSOL installation by using the 

Network File System (NFS) to other computers. 

The computers are equipped with the BOINC 

Client and BOINC Manager software only. Each 

machine is registered to the above mentioned 

BOINC project “Comsolwrapper”. Whenever a 

BOINC client requests a new workunit, the 

BOINC project searches for parameter values 

that have not been processed already, and sends 

these in form of a workunit to the requesting 

BOINC client.  

Our test installation uses the model library 

example falling_sand.mph, which is provided by 

the COMSOL default installation (Model 

Library / COMSOL Multiphysics / Fluid 

Dynamics / falling_sand). We have added two 

parameter names for the test study. Fig. 7 shows 

the parameter names: (1) objWidth, and (2) 

objHeight. 

 
Figure 7: COMSOL Simulation model with the two 

parameters (1) objWidth, and (2) objHeight used for a 

parameter study with ComsolGrid. 

 

The parameters have values ranging 

between 0.001 to 0.015 with a step size of 

0.0005 for objWidth and 0.001 to 0.025 with a 

step size of 0.001 for objHeight. Currently there 

is no multiple variation scheme implemented; i.e. 

when one parameter is varied, the other 

parameters are fixed. We have created 54 

workunits that have been validated using the 

bitwise validator which needs two results. 

Therefore, a total of 108 workunits have been 

processed by the client computers. 

The parameter study took approximately 209 

minutes with a success rate of 95 percent per run. 

It is feasible to reach 100 percent, but in our case 

five percent have been lost due to a malfunction 

of one computer where an X11 process has 

crashed. 

 

4. Conclusions 
 

In this article we have presented a new 

approach to perform large-scale parameter 

studies with COMSOL Multiphysics on a 

heterogeneous computer network using a tool 

chain based on the public resource computing 

framework BOINC. Our ComsolGrid approach 

enables one user to create parameter studies with 

an easy to use GUI. The implementation of our 

wrapper routine is very generic and therefore 

usable with other legacy applications as well. 

Further work is focused on the realization of a 

version for Mac OS X and Windows. 
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