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ABSTRACT

CloudMDE is considered as one of the most significant research areas in software
development nowadays. It has attracted an increasing attention from the research
community. CloudMDE aims at identifying opportunities for making Cloud Computing
benefits from model-driven engineering techniques and vice versa. Cloud# language has
been proposed as a way for using model-driven engineering techniques to support Cloud
Computing. It is a domain-specific modeling language for modeling the infrastructure of
the cloud. Cloud# is an imperative language with a textual concrete syntax. It
manipulates the cloud infrastructure components as first class citizens. Furthermore, it
supports concurrency and event-driven actions. Until now a BNF abstract syntax, a
concrete syntax and an informal semantics description for Cloud# language are available.
However, this language lacks a formal semantics definition. In this thesis, we have
defined a formal denotational semantics for Cloud# language. Object-Z language has
been used as a meta-language for defining the formal semantics of Cloud# in a single
unified framework. That is, the abstract syntax, static and dynamic semantics of a single
language construct are specified in one Object-Z class. Not only does this help the
readability of the semantic, but if the language is enhanced or evolved, the required
modifications can be done by minimal disruption to the existing semantics. Also it is
possible to use some parts of semantics definition of one language to define another. On
the other hand, the consistency checking for Cloud# language has been done using an
Object-Z type-checker tool. A sample Cloud# model has been converted to the Object-Z
specifications and then applied along with the existing formal denotational semantics to
the type-checker. No typing errors have been found which indicates the consistency of

Cloud# language.



Chapter One: Introduction

1.1 Research Context

Cloud computing and model-driven engineering (MDE) are two of the most dominant
software engineering paradigms nowadays. Currently, there is a new trend to combine
MDE and Cloud Computing so that they benefit from each other. The combination of
these two paradigms has come up with a new research domain called CloudMDE. The
first international workshop on CloudMDE happened lately in July, 2012. The aim of
CloudMDE is to identify opportunities for using MDE to support the development of
Cloud Computing (MDE for the Cloud) (e.g. Cloud# language (Liu and Zic, 2011),
CloudML language (Goncalves et al, 2011), etc), as well as opportunities for using cloud
infrastructure to enable MDE in new and novel ways (MDE in the Cloud) (e.g. Model as
a Service (Maas) (Bruneli et al, 2010)). This research work is concerned with MDE for
the Cloud.

1.2 Introduction to Cloud# Language

Cloud# is a domain-specific modeling language that has been designed to model the
infrastructure of the Cloud. It is an imperative language with a textual concrete syntax.
Cloud# manipulates the cloud infrastructure components as first class citizens.

Furthermore, it supports concurrency and event-driven actions (Liu and Zic, 2011).

Cloud# can be viewed as an approximate form of very high-level programming
languages, that is, a language above the current high-level general-purpose programming
languages (GPLs). The term approximate form is used because we do not consider that
languages like Cloud# can completely replace or mask out GPLs. There may be
algorithmic elements that should not be modelled in a more abstract way like statements

in GPLs.

The term very high-level is used to reflect our view that models are more abstract and
compact than implementations expressed in a GPL. For instance, technical details related

to efficient implementations of complex data structures (i.e. Computation unit, Resource,



Configuration, etc) and domain-specific functionality (i.e. event-driven actions) can be
added through intelligent code generators and therefore need not be present in the model
used to generate the code (Rumpe and France, 2011).

The Cloud# language has several special syntactic features for modeling the cloud
infrastructure. First, the main syntactic construct in Cloud# is the computation unit,
which represent either virtual machines or the cloud itself. Virtual machines can even
model a composed cloud by defining a cloud that contains other clouds as sub
computation units. Second, Cloud# can express different privilege levels of
computations. This feature is necessary since the software comprising a cloud (i.e. virtual
machine monitors, operating systems in virtual machines) always runs in different

privilege levels (or CPU rings (Barham et al, 2003)).

Third, Cloud# allows different directions of control and data transfer between
computation units of different privileges. In one direction, a low privileged unit can pass
control and data to a high privileged unit by invoking a set of calls (i.e. hypercalls)
defined in the high privileged unit. In the other direction, a high privileged unit can
communicate with a lower one by running it directly (when scheduling), or accessing its
state configuration or resources directly. Forth, there are no fixed resources in Cloud#.
This feature is useful since different clouds may provide different resources (Liu and Zic,

2011).

1.3 Research Problem

Domain-specific modeling languages (DSMLs) play a cornerstone role in model-driven
software development. They offer, through appropriate notations and abstractions,
expressive power focused on, and usually restricted to a particular problem domain.
DSMLs are usually defined in terms of their abstract and concrete syntax. This allows the
rapid development of the language and some associated tools (i.e. editors), but does not

allow the representation of their behavioral semantics (Andova et al, 2011).

Current domain-specific modeling (DSM) approaches have mainly focused on the
syntactic (i.e. structural) aspects of DSMLs. Explicit and precise specification of the

behavioral semantics of models has not received much attention by the DSM community



until recently, despite the fact that this creates a possibility for semantic mismatch

between design models and modeling languages of analysis tools (Bryant et al, 2011).

This research work focuses on Cloud# language which is a recent domain specific
language for modeling the infrastructure of the cloud. Until now a BNF syntax, a
concrete syntax and an informal description of the semantics of Cloud# language are

available. However this language lacks a formal semantics definition (Liu and Zic, 2011).

1.4 Motivations

Much of the success of MDE is dependent on the descriptive power of domain-specific
modeling languages (DSMLs). One of the current challenges of adopting a DSML is the
lack of a precise description of its semantics (Bryant et al, 2011). A DSML must have a
precise meaning to be considered trustworthy. Without a precise specification of a
language, it is hard to rigorously validate a model against the system being modeled, or to
state precisely what a given analysis result really means. The design of the modelling
language itself will be subjected to conceptual errors and irregularities. There will be no
sound basis for developing tools (i.e. compilers, analyzers, etc) for the language, for
verifying a software implementation of the DSML or for developing accurate user

documentation (Wang et al, 2012).

Cloud# Modelers have had to rely heavily on English-language documentation (the
informal description of the language semantics) to understand the language and interpret
its models. However, this use of natural language is ambiguous and it also may have
redundancy and sometimes contradictions in the information provided. To support a
common understanding, and facilitate standardization for Cloud#, a formal semantics of

its language is highly recommended.

1.5 Research Contributions

The research Contributions are listed below. A description of each contribution is given.

v Provide Cloud# language with static and dynamic formal semantics: the Object-
Z approach is used to define the abstract syntax and static and dynamic semantics of

the Cloud# language in a single unified framework. A consequence is that the



semantics of a language can be readily extended when the language is enhanced.
Furthermore, it is also possible with this approach to reuse parts of the semantics

specification of one language to define another.

v Check the soundness of the Cloud# language by adopting usual techniques for
reasoning and verifications: an example model of Cloud# language has been first
modeled in Object-Z language and then loaded along with the formal semantics
descriptions of Cloud# into the Community Zed Tool (CZT) type checker. Type

checking has been done to check to consistency of the language.

1.6 Research Methodology

An analytical research methodology based on mathematics and proof techniques has been
adopted to conduct this research work. Our starting point is the BNF abstract syntax of
Cloud# language, the informal semantics definition written in natural language and some
example models that represent the actual concrete syntax of the language. The ultimate
goal of this research work is to define a formal static and dynamic semantics definition
for Cloud# language. Furthermore, this research work aims at checking the soundness of

Cloud#. The research methodology can be summarized in the following steps:

v Be sure that the authors of the Cloud# language in (Liu and Zic, 2011) have
completely described the Cloud# BNF abstract syntax by checking the agreement
between the abstract and concrete syntax of Cloud# (through example models).
Some additions/modifications to the abstract syntax have been suggested in this

step.
v' Select an appropriate approach for defining the denotational semantics of Cloud#
language based on a set of suitable criteria.

v' Define the static and dynamic semantics for Cloud# respectively using Object-Z
formal language.

v" Check the soundness of Cloud# language by adopting usual techniques for
reasoning and verification.

v" Evaluate and conclude our work.



1.7 Thesis Plan

The organization of this thesis proceeds as follows: chapter 2 presents an overview on the
state of art research in modeling languages and formal semantics to develop a deep
understanding of the key concepts in modeling languages and formal semantics
techniques. Chapter 3 presents the Object-Z approach for formal semantics definition. It
also highlights the main motivations for using this approach to define the formal
semantics of the Cloud# language. Chapter 4 presents the abstract syntax of Cloud# as a
BNF- based syntax and also as an Object-Z metamodel based syntax. It also presents the
main modifications that should be made to the syntax of Cloud# to make it ready for
formal semantics definition. Chapter 5 and 6 investigate the formalization of the static
and dynamic semantics of Cloud# language respectively. Chapter 7 presents how we

evaluate our work. And finally, Chapter 8 presents the conclusions and our future work.



Chapter Two: Literature Review

2.1 Introduction

This chapter presents an overview of the state of art research in modeling languages and
formal semantics. The purpose of the survey is to develop a deep understanding of the
key concepts in modeling languages and formal semantics techniques. It also presents
two comparative studies on different techniques for defining formal semantics of
modeling languages. These comparisons help in selecting the appropriate approach to

conduct this research work.

The first part of this chapter presents a Background on modeling languages in terms of
their classifications and their main concepts. The last part presents the main concepts in

formal semantics and different techniques for defining semantics of modeling languages.

2.2 Background on Modeling Languages

Modeling languages have become an effective approach to address the increasing
complexity of software system by raising the level of abstraction from programming
languages. They are used to describe the system architecture, specify the structure and
behaviour of the system, and document the system (Cho et al, 2011). The main purpose
of modeling languages is to describe and represent knowledge or information in a high
level of abstraction and in a structured way. They are used to describe different systems
and domains, ranging from Software Engineering (Ji et al, 2011), to Computer
Engineering (Kos et al, 2011), to Telecommunications (Adamis et al, 2005), through
Business World (Rodriguez et al, 2011), among others. For instance, in software
engineering, they can be used to describe system requirements (Requirement languages),
system architectures (Architecture Description languages), and system implementations

(Programming languages).

This section introduces different classifications of modeling languages according to some
criteria and finally discusses the main concepts (i.e. modeling and metamodeling) that

play a cornerstone in modeling languages.



2.2.1 Classifications of Modeling Languages

Modeling languages can be classified with respect to their purposes as General-Purpose
Modeling Languages (GPMLs) and Domain-Specific Modeling Languages (DSMLs)
(Cho et al, 2011), to their execution styles as Declarative Modeling Languages and
Imperative Modeling Languages (Pichler et al, 2012), or to their concrete syntax as
textual modeling languages and graphical modeling languages (Engelen and van den
Brand, 2010). This section discusses these different classifications and comments them

briefly.

v General-Purpose Modeling Languages (GPMLs)
GPMLs are one type of modeling languages that are used for a wide variety of purposes
across a broad range of domains. For instance, UML (Unified Modeling Language), as a
GPML, may be used for modeling Business processes (Rodriguez et al, 2011), database
design (Ma et al, 2012), and software engineering (Ji et al, 2011).

The major disadvantage of GPMLs is their complexity (Cho et al, 2011). They offer
many constructs and some of them may be hard to be understood or used by non-
specialists. They also don’t allow describing some specific domain needs in an accurate

way.

v Domain-Specific Modeling Languages (DSMLs)
A DSML is a language that offers, through appropriate notations and abstractions,
expressive power focused on, and usually restricted to a particular problem domain
(Andova et al, 2011). It enables domain experts to develop accurate models using
concepts in their own domain, rather than concepts provided by existing formalisms,
which typically do not provide the required or correct abstractions. Domain-specific
modeling has become a new trend in software development because it assists domain

experts in focusing on the level of abstraction relevant to their problem space (Engine et

al, 2010).

v Imperative and Declarative Modeling Languages
The difference between imperative and declarative languages also appears in computer

programming. Imperative programming implies “say how to do something” (Pichler et al,



2012), whereas declarative programming implies to “say what is required and let the

system determine how to achieve it” (Pichler et al, 2012).

Similar to imperative programming, imperative modeling languages implies “inside-to-
outside” (Pichler et al, 2012) approach. Primarily, this consists in specifying the
procedure of how the work has to be done. In contrast to Imperative languages,
Declarative modeling is referred to as an “outside-to-inside” (Pichler et al, 2012), This
mean that declarative languages do not specify the procedure in advance, instead of
determining how the process has to work exactly, only its essential characteristics are

described.

v Textual and graphical modeling languages
The appearance of a language is defined by means of its syntax. In the language driven
approach, the constructs of the language are related to the concepts that have been
identified in the domain space. With respect to the syntax, a language, in general, can be
classified as a textual language, a graphical language, or a combination of the two

approaches (Engelen and van den Brand, 2010).

Graphical or visual languages became more and more popular with the advent of model
driven engineering techniques. They have several benefits over textual language, such as
the ability to express complex relations in a more intuitive fashion. Graphical syntax may
seem capable of expressing more than the textual syntax. They are mostly convenient of
documenting specification and communicating solutions to various interest groups.
However, editing graphical representations can be cumbersome (Kiel and Schneider,

2011).

Research has shown that graphical languages are not superior to textual languages and
the both type of languages have their benefits. For instance there are cases where textual
languages are more appropriate because of their clear structure (reading from left to right,
from top to bottom) and the tools that can handle textual artifacts are widely spread and
very mature. Further reasons for preferring textual languages to graphical ones are the

speed of creation and suitability for editing and versioning (Kiel and Schneider, 2011).



2.2.2 The Basic Concepts in Modeling Languages: Model & Metamodel
A model is an abstraction of a part of the reality for a specific purpose, and is expressed
in a modeling language. The structure of the modeling language itself (i.e. the abstract
syntax) is given by another model called metamodel. So, the metamodel is a model about
models and any model written in a language must conforms to the metamodel (i.e. the
Abstract syntax) of that language. For instance, Java program conforms to the Java
grammar. Models and metamodels can be placed in layers, in MDE convention the reality
is in layer MO, models that represent the reality are in layer M1 and the metamodels of

those models are in layer M2 as shown in figure (2.1) below (Wolterink, 2009).

conformsTo conformsTo conformsTo
R S s Zanpes Sy
|
BNF XMLMetaSchema MetaMetaModel M3: MetaMetaMode]|
I
________________________ A A ]
conformsTo conformsTo conformsTo
= | 1 !
i
Abstract Syntax XMLSchema MetaModel M2: MetaModel !
]
________ A AT A
conformsTo conformsTo conformsTo
= 1 |
| ]
' | Program AST XML Document Model M1: Model !
| i
L |

Figure 2.1: Models and Metamodels in MDE Convention

Many different definitions of metamodel may be found, but in the context of this thesis,
we will consider metamodels as the specification of the abstract syntax of a modeling
language (i.e. language concepts, properties on those concepts, and the existing relations

between these concepts).

2.3 Formal Semantics of Languages

Language definition deals with defining the structure of the language. However, the
meaning of those structures must also be defined. This meaning is defined by the
semantics of the language. The semantics of a language can be defined in different ways.

This section explains what the semantics are, and we take a look at different styles for
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specifying dynamic semantics. Also two comparisons on different approaches for

defining the semantics of modeling languages will be presented.

2.3.1 A Brief Description on Formal Language Definition

A language can be formally defined as a 5-tuple L = < C, A, S, MS, MC > as shown
below, where (C) is the Concrete syntax, (A) is the abstract syntax, (MS) is the semantics
mapping, and (MC) is the syntactic mapping. The syntax of a language consists of three
parts: a concrete syntax which defines the specific constructs and notations that are used
to express models; these models can be represented as graphical, textual, or mixed. An
abstract syntax which defines the language concepts, their relationships and well-
formedness rules in the language, and a syntactic mapping MC : C — A, which relates

the syntactic constructs into the elements in the abstract syntax.

On the other hand, language’s semantics consist of two parts: a Semantic Domain (S)
which explains the meaning of the language models in some formal, mathematical
framework, and a Semantic Mapping MS: A — S which relates the syntactic concepts to

their meaning in the semantics domain (Chen et al, 2005).

T - e
S Universe of Discourse =
=S s Y =
I I." N -\"b'
odeling Language | Mathematical
- Repressntation

i A Ms ra ) ~
o 3 e 5‘
5 {/.:L:'nx N

Representation Domam

Figure 2.2: Formal Language Specification
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The semantic domain invariably distinguishes between two fundamental features: static
semantics which express some language constraints that are hard to be defined with BNF
syntax and dynamic semantics which are used to describe the meaning and behavior of

the language constructs (Wang et al, 2012).

2.3.2 Dynamic Semantics Styles
There are several styles for specifying dynamic semantics. Some of these styles are
axiomatic semantics, denotational semantics, and operational semantics. These styles are

discussed briefly below.

Denotational semantics: The meanings are modeled by mathematical functions that
represent the effect of executing the constructs. Thus, only the effect is of interest, not
how it is obtained. Denotational semantics is also called extensional semantics, because
only the “extension”—the visible relation between input and output data—matters. For
example, two differently coded programs that both compute factorial have the same

denotational semantics (Schmidt, 2012).

Operational semantics: The meaning of a construct is specified by the sequences of
computation steps that result when the construct is executed on a machine. In particular,
it is of interest how the effect of a computation is produced. Operational semantics is also
called intensional semantics, because the sequence of internal computation steps (the
“intension”) is most important. Thus, two differently coded programs of factorial have

different operational semantics (Schmidt, 2012).

Axiomatic semantics: specific properties of the effect of executing the constructs are
expressed as assertions or logical propositions. Thus there may be aspects of the

execution that are ignored (Schmidt, 2012).

However, it should be noted that these three styles of semantics are not rival, but are
different techniques appropriate for different purposes (i.e. operational semantics are used
when implementing compilers for languages, denotational semantics are used for

analogous reasoning of languages (easier to understand and reason about the
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mathematical representation of a language rather than the languages' constructions
themselves (Naumenko et al, 2003)), while axiomatic semantics are used to prove
properties of programs rather than their meanings). In fact, they are complementary and

highly dependent on each other (Lester et al, 2011).

2.3.3 A Comparison on General Denotational Semantics Approaches

The problem of defining the denotational semantics of a modeling language is not new.
Some considerable amount of research has already been done. This has led to a number
of approaches for defining the denotational semantics. In all approaches there is a
mapping from the modeling language to a semantic domain. However, this mapping is
done in different ways. This section presents the main general approaches for defining the
denotational semantics of modeling languages and investigates each of them according to

some criteria.

2.3.3.1 General Denotational Semantics Approaches of Modeling Languages

There are two general approaches for defining the denotational semantics of modeling
languages: the translational semantics approach (Bryant et al, 2011) and the traditional
denotational semantics approach (Lester et al, 2011). This section investigates each

approach with respect to some criteria and recommends the most appropriate one.

v Translational Semantics Approach
This approach consists in mapping the abstract syntax of a modeling language into the
abstract syntax of an existing formal specification language with well-defined and

understood semantics (Bryant et al, 2011).

The main advantage of this approach is that the existing tools (i.e. model checker, test-
case generator, etc) of the target formal language may be reused (no need to build
specific tools for the DSML language). However, it is very challenging to correctly map
the constructs of the DSML into the constructs of the formal language, because there is
no direct mapping between the source and target languages (different level of

abstraction).
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Another challenge is how to map the execution results (i.e. error messages, debugging
traces) back into the DSML in a meaningful manner, so that the domain expert who uses

the DSML understands these messages.

However, Translational semantics approach supports different styles of dynamic
semantics (i.e. denotational, operational and a mix-approach). The authors in (Wang et al,
2012) have proposed a formal denotational semantics model using Object-Z language for
the semantic web service ontology (WSMO). The work of (Hahn, 2008) uses the
combination of Object-Z and timed-refinement calculus languages to give a consistent
formal denotational and operational semantics model of a DSML for multiagent systems.
Furthermore, the author in (Rusu, 2011) has proposed a formal operational semantics
model using Maude language for a DSML language called xSPEM. Based on such a
semantics definition, simulation, reachability and model-checking analysis tools can be

generated.
v Traditional Denotational Semantics Approach

This approach consists in mapping each syntactic construct in a language directly into its
mathematical meaning by using mathematical objects (i.e., Algebra, Functions, Sets,
etc.). For instance, the effect of a sequence of statements separated by ‘;’ is the functional

composition of the effects of the individual statement (Lester et al, 2011).

The difference between this approach and translational semantics approach is that
translational semantics approach maps target language constructs into a high-level formal
constructs, classes, while this approach maps target language constructs into primitive
formal constructs, sets and functions. As the language being specified grows larger
(enhanced or evolved), it becomes very difficult to understand or extend these
specifications, because of bad structuring (i.e., the abstract syntax, static and dynamic
semantics are specified separately). Well, if the language is enhanced or evolved, the
modification to the already existing semantic will be very costly. Furthermore, the
traditional denotational semantics approach assumes that the modeler has a very strong

mathematical background (Dong, 2005).
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2.3.4 A Comparison on Different Approaches based on Translational
Semantics

Translational semantics approach is considered as the most common way for defining the

semantics of modeling languages. Some considerable amount of research has already

been done based on the translational semantics approach. This section presents the main

approaches based on the translational semantics and investigates each of them according

to some criteria.

2.3.4.1 Different Approaches Based on Translational Semantics

There are two main different approaches based on translational semantics: the approach
that is based on a formal meta-modeling language (Wang et al, 2012), (Rusu, 2011), and
the approach using Semantic unit (semantic anchoring) (Chen et al, 2005). This section
investigates each approach with respect to its: modularity, applicability, reusability and

extendibility.

v" Translational Semantics Based on a Formal Meta-modeling Language
This approach maps the syntactic construct of the modeling language being defined into a
formal meta-modeling language with well-defined and understood semantics. The
meaning is given according to the semantics of the formal meta-modeling language.
There are different languages that are used as meta-languages for defining the semantics
of other languages. For instance, Object-Z (OZ) is used as a meta-language to provide a
formal specification for all the aspects of a language (i.e. the abstract syntax, the static
and dynamic semantics) in a single unified framework, so that the semantics of a

language can be more consistently defined and revised as the language evolves (Wang et

al, 2012).

Object-Z is an extension of the Z formal specification language to accommodate object
orientation and scale with large specifications. Object-Z is used as a modeling language
and also as a meta-language. It has been used to define the denotational semantics for
textual languages (Wang et al, 2012), graphical languages (Hahn, 2008) and also for
languages that support mixed notations such as SOFL (Dong, 2005).



15

The main advantage of using OZ is modularity. That is, the abstract syntax, static
semantics and dynamic semantics of an individual construct are typically defined in one
object-z class. Not only does this help the readability of the semantics, but also if the
language is enhanced or extended, the corresponding semantic modifications can be
captured by minimal disruption of the existing semantics. Furthermore, it is also possible
with this approach to reuse parts of the semantics specification of one language to define

another (Wang et al, 2012).

On the other hand, Maude which is a high level language that supports modularity and
reusability is also used as a meta-language for defining the semantics of other languages.
Maude is an efficient rewriting engine that integrates functional programming with
rewriting logic and provides meta-language capabilities. Because of the facilities and the
capabilities of Maude, it is used as a notation and a semantic framework for specifying
the semantics of modeling languages. Furthermore, the semantics rules defined by Maude

can be modified easily without modifying the overall semantics rules (Rusu, 2011).

Maude has been used to specify the semantics for textual and graphical languages (Rivera
et al, 2009). The formal semantics of a DSML language are specified in Maude in terms
of rewrite rules. The Maude rewrite rules are based on rewriting-theory and are specified

in a textual form.

v" Translational Semantics Based on Semantic Unit
This approach is also called semantic anchoring and it uses the well-known abstract state
machines (ASM) formalism to define the semantics. It consists of specifying
transformation rules between the abstract syntax of the main DSML language which was
defined in a UML/OCL-based metamodel and that of a selected Semantic unit (SU) that
has been defined in the Abstract State Machine Language (ASML) (Chen et al, 2005).

Semantic anchoring approach is more applicable for graphical languages in which their
abstract syntax and static semantics have been defined in UML/OCL-based metamodels.
One advantage of this approach is that the already existing semantic units (USs) can be

re-used to easily specify the semantics of other languages.
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However, this is not always possible. For instance, in heterogeneous systems, the
semantics is not always fully captured by a predefined SU, if the semantics is specified
from scratch it is not only expensive but we lose the advantages of anchoring the
semantics to a set of common and well-established SUs. This is not only losing
reusability of previous efforts, but has negative consequences on our ability to relate
semantics of DSMLs to each other and to guide language designers to use well

understood and safe behavioral and interaction semantic as well.

Furthermore, semantic anchoring requires well understood and safe semantic units and it
is not clear how to specify the language semantic from scratch when these semantic units
do not yet exist (Gargantini et al, 2009). Also if the language is enhanced or extended, it
is required to re-apply the semantic anchoring process once more which seems a bit

costly.

2.3.5 Conclusion

Any language needs to be defined with different styles of dynamic semantics (i.e.,
denotational, operational, etc.). Each style of dynamic semantics has its applications. For
instance, we prefer the denotational approach when reasoning about the language, while
we may prefer the operational approach when implementing the language. Cloud# is a
new language and still evolving. It has no ready tools, so the first step in defining the
semantics of Cloud# language is to check if soundness of this language (i.e. has no
conceptual or designing errors). Denotational semantics provide an environment for

verification and validation.

This thesis is concerned with defining the formal denotational semantics of Cloud#
language. The denotational semantics approach with Object-Z language is used to define
the semantics of Cloud# language over the other approaches. In the next few paragraphs

we show our justification about this selection.

Object-Z approach is one of the most interesting approaches in translational semantics. It
provides a single, canonical and unambiguous specification of a language, which can be
beneficial to the semantics of that language in many different ways. It provides a formal

specification of all aspects of the language in a single unified framework, so that the
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meaning of the language can be more consistently defined and revised as the language
evolves. That is, the abstract syntax, static and dynamic semantics of a language are
specified in the same Object-Z class. Not only does this help the readability of the
semantics, but if the language is enhanced, the corresponding semantics modifications
can be captured by minimal disruption to the existing semantics. It is also possible with
this approach to reuse parts of the semantics specification of one language to define

another (Wang et al, 2012).

On the other hand, the semantics of Object-Z itself is well studied. It has a fully abstract
semantics (Smith, 1995, a&b). The denotational semantics (Griffiths and Rose, 1995) and
axiomatic semantics (Smith, 1995, a&b) of Object-Z are closely related to Z standard
work (Woodcock and Brien, 1991). Also, Object-Z provides some useful constructs, such
as Class-union (Dong and Duke, 1993) which can define the polymorphic nature of
language constructs effectively. Furthermore, Object-Z also provides a range of tool (i.e.
model checker) which can be beneficial to the language being specified especially if that
language is new and still has no ready tools. Some considerable amounts of works have
been done based on the Object-Z approach such as the work in (Wang et al, 2012),
(Wang et al, 2007), (Hahn, 2008), (Dong, 2005), etc.

Object-Z has been integrated with many different formal languages (i.e. timed-refinement
calculus, Pi-Calculus, etc) which makes OZ promising to define all the aspects of a
language (i.e. abstract syntax, static, operational and denotational semantics) in a
consistent way. For instance, Object-Z has been integrated with timed-refinement
calculus to provide a consistent approach that combines different styles of dynamic
semantics (i.e. denotational and operational semantics) in a single unified framework

(Hahn, 2008).
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Chapter Three: Method

3.1 Introduction

This chapter aims to describe the selected approach that has been adopted to conduct our
research work in details. So, in the first part of this chapter, we present the selected
approach in more details and finally, in the second part of this chapter, we present some

basic knowledge that is useful to understand the elaborated specifications.

3.2 Method Description

The Object-Z approach provides a formal specification for all the aspects of Cloud#
language in a single unified framework, so that the semantics of Cloud# language can be
more consistently defined and revised as the language evolves. Figure 3.1 below shows

the general approach of the framework.

_Llass

art : Type } Class attribute: models syntax

predicate } Class Invariant: models static semantics

'"r""”'”‘”'} Class operation: models dynamic semantics

Figure 3.1: The General Approach of the Framework

The language constructs are specified as different Object-Z classes. The syntax of an
individual language construct is captured by the attributes of an Object-Z class. The
predicates are defined as class invariants used to capture the static semantics of the
language. The class operations are used to define the denotational semantics of the

language.
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In this approach, a model/program in a language is modeled as an object which consists
of a collection of objects. Different Object-Z classes are used to model the different
language constructs. For instance, if Expressions are modeled by an Object-Z class, say
Exp, and then any individual expression in a program is modeled as an instance of the
Object-Z class Exp. In the next section we will present a brief description on the basic

knowledge in Object-Z language that helps to understand the elaborated specifications.

A formal denotational semantics model for Cloud# language will be presented in this
thesis in an incremental way. That is, the abstract syntax of Cloud# will be presented in
Chapter 4, the static and dynamic semantics of Cloud# will be presented in Chapter 5 and
6 respectively. Because of the limitations in space, we only presented the formalization of
the main syntactic constructs in Cloud# language. However, the rest of the formal

description is available in the appendix at the end of this thesis.

3.3 Object-Z Background

Object-Z is an object-oriented formal specification language developed at the software
verification research center at the University of Queensland. It is founded on the simple
and easily understandable mathematical theory of typed sets. Object-Z is an extension of
the Z formal specification language to accommodate object orientation. The main reason
for this extension is to improve the clarity of large specifications through enhanced

structuring (Smith, 1999).

The essential extension to Z given by Object-Z is the class construct, which groups the
definition of a state schema and the definitions of its associated operations. A class is a
template of objects: for each object, its states are instances of the state schema of the
class and its individual state transitions conform to individual operations of the class. An
object is an instance of a class and evolves according to the definitions of its class (Smith

and Winter, 2012).

3.4 Aspects of Object-Z

In this section, some aspects of Object-Z that have been used in this thesis, such as class

union, and object containment will be explained briefly.
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3.4.1 Class Union

Class union enables the definition of a set comprising the object identities of a collection
of classes. It is a more general form of polymorphism than that of the traditional
polymorphism, since the classes need not be related by inheritance nor have any
restrictions on their features. The expression constructs a set of object identities which is
the union of the sets of identities of its constituent classes. Like set union, class union is

commutative and associative.
Expression ::= Expression U Expression

Each constituent expression of a class union is either a class union expression or a class
name. We have adopted class union in this thesis, because it is a more general form of
polymorphism. For more information about class union please refer to ( Dong and Duke,

1993).

3.4.2 Referencing Local Objects

Typically, objects locally reference other objects in any object-oriented system. This
facilitates the sending and receiving of messages. However, such referencing could result
in a complex structure or in a cyclic pattern (i.e. inside an expression may be other

expressions, but an expression cannot be inside itself).

To solve this inconsistency, a condition must be added to ensure acyclic pattern. In

Object-Z, the subscript * © > is added to some attributes in a class to ensure this

condition implicitly (for more information on local objet reference read (Dong et al, 1997).

3.4.3 Secondary attributes

In Object-Z, there are two types of attributes that can be defined in a class, the primary
and secondary attributes (semantic variables). Delta is used to separate these kinds of
attributes. The values of the primary variables determine the state of an object. On the
other hand, the values of secondary variables depends on the primary variables values.
For instance, in the class below, the value of the secondary attribute sum depends on the

values of the primary attributes al and a2. This means that the secondary attribute sum
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stores run-time information about the Plus object (i.e. its value). For more information

about secondary attributes read (Smith, 1999).

_ Plus

al,a?: Num
A

SUm

sum=al.z+alz
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Chapter Four: An Abstract Syntax for Cloud#

4.1 Introduction

This chapter presents the abstract syntax of Cloud# language as a BNF based syntax and also as
an Object-Z metamodel based syntax. The first part of this chapter presents the main
modifications that have been made to the syntax of Cloud# to make this language ready for
formal semantics definition. The second part of this chapter presents an Object-Z metamodel

based syntax for Cloud#. And finally, a small conclusion is presented.

4.2 A BNF based Syntax for Cloud#

The abstract syntax of a language deals solely with the well-formedness rules that make
up legal expressions in a language without any consideration given to their meaning. The
meaning of a language is defined by mapping the syntactic domain into a semantic
domain. So the abstract syntax must be specified precisely prior to semantics since
meaning can be given only to correctly formed expressions in a language (Stuurman,

2010).

The first step in our research methodology is to make sure that the authors of Cloud#
language in (Liu and Zic, 2011) have completely described the Cloud# BNF abstract
syntax. This is done by studying the agreement or conformance between the abstract and
concrete syntax of Cloud# language (through example models). After this study, we
noticed that there are some missing parts in the syntax that must be explicitly defined so
that the language becomes ready for formal semantics definition. Some modifications and
additions have been proposed. Figure 4.1 below shows the only published version of

Cloud# abstract syntax.
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Figure 4.1: The Abstract Syntax of Cloud#

This section presents the main modifications and additions that have been suggested to
the syntax of Cloud# language. It mainly discusses five points about this language: the
structure of computation unit (CUnit), the computation unit definition, the computation
tasks, the type definition, and also a typing system for Cloud# language. Finally, an

augmented and refined version of the abstract syntax is presented.

4.2.1 The Structure of Computation Unit (CUnit)

The current syntax of Cloud# defines the computation unit (CUnit) as a tuple of six
components (Liu and Zic, 2011). These components are defined outside the borders of
the CUnit, so it becomes difficult for the compiler to distinguish between the components
of different CUnits or to state where a specific CUnit begins or ends. In this section, we
propose a suitable structure for any computation unit that groups the declaration of CUnit
and its components in a single structure. That is, any CUnit contains a declaration which
identifies the signature of its components and a body which identifies the definitions of

these components. The production rules below ensure such requirements.

CUnit

CUnitDec { TypeDefinitions Components CUnitDefinitions }

CUnitDec

(ID, Comp,[ CUnits,..., CUnitn ], HCallDefs, Conf ,Res )

Components Res ;' Conf ‘;’ Processes HCallDefs
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4.2.2 Computation Unit Definition

According to the concrete syntax of Cloud# language (Liu and Zic, 2011), any new
computation unit (CUnit) must be defined before we can use it. As shown below, there
are two different Computation Units with the identities vm1, and vm2 respectively.

vimi, noop, [1,{}:{}, VR

(vmg, noop, {:- {}, VmR

m
|"|

rI_l
r-'.

If the modeler has the intention to use these Computation Units in other places (i.e. use
them as sub-units in other Computation Units), then he must define them in advance as
follows:
VM= (vmy , noop, L1, {} {}, VmE
VMa= (vma2, noop, [1,{},{}, VmRes

I TI
£h

After defining Computation Units, now it is possible for the modeler to use them in other

places as follows:

1
(vmm, Scheduler| 13-'-,_-!:'1\:-::1'};,!['-:&1«. VMa2], HCallDefs, Cont,

5)

|'|l

We have introduced a new BNF Production Rule for deﬁmng Computation Units as

shown below:

CUnitDef ::= ID ‘=’ CUnit

4.2.3 Computation Tasks (Comp)

The current abstract syntax of Cloud# language defines the computation tasks as an
action sequence or a parallel composition of different action sequences (Liu and Zic,
2011). In fact, such description is very abstract and doesn’t perfectly match of what stated
in the available concrete syntax. In the concrete syntax of Cloud#, a computation task can
be a noop action to indicate that there are no computations, or it can be a parallel
composition of different processes. On the other hand, A process can be atomic (i.e. has a
unique identifier and is described by a parallel composition of different action sequences)
or it can be composite (i.e. has a unique identifier and is described by a parallel
composition of different processes). The following production rules ensure these

requirements.
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Comp ::= noop | ProcessExp
ProcessExp ::= Processld | Processld’|’ ProcessExp
Process ::= Processld ‘=‘ ProcessDescription
ProcessDescription ::= ProcBody | ProcessExp
ProcBody = ‘{‘ Actions | Actions‘|’ProcBody ‘}

4.2.4 Type Definition

Cloud# language gives the ability for its users to introduce new data-types depending on
the already existing data-types. This allows modeling more complex structures and
reusing these structures throughout Cloud# models. The type definition consists of an
identity (id) and a specific type. Two production rules have been added to the abstract

syntax of Cloud# language for type definition as follows:

TypeDefinitions € |TypeDef ‘; ‘ TypeDefinitions

TypeDef ::= ID ‘=’ Type

4.2.5 Typing System for Cloud# Language
No clear typing system appears in the current syntax of Cloud# language. In this section
we suggest a clear typing system which includes all the required data-types. These data-

types should be available to ensure well-typing models.
Data-types can be classified as follows:

v Pre-defined types: integer, string and Boolean.
v’ User-defined types: Base, Tuple, Record and List.
v Void type: this type is used for the operations that don’t return values (i.e. Write
() is a hypercall that returns nothing).
The BNF production rules bellow present the main types that should be available in
Cloud#.
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PreDefType | UserDefType

integer | string | boolean| VoidType

BaseType | ’(‘ T1 ¢, ...

l’l Tn ')I I l[l T I]I I l{l ID1 I=I T1 l"." l’l IDn l=l Tn I}'

Note: Base-Type is a user-defined type and it can be anything the user defines (i.e. it can

be [PAddress to mean the type of IP address).

4.2.6 An augmented and refined Version of Cloud# Abstract Syntax

CUnit

CUnitDec
TypeDefinitions
TypeDef
Components
Conf,Res
Processes
HcallDefs

CUnitDefinitions

Comp
ProcessExp
Process

ProcessDescription

ProcBody

Lbl, BaseType ,Var

CUnitDec { TypeDefinitions Components CUnitDefinitions }

(ID, Comp,[ CUnits,..

., CUnitn ], HCallDefs, Conf ,Res )

€ |TypeDef ‘; ‘ TypeDefinitions

ID ‘=’ Type

Res‘’ Conf ‘' Processes HCallDefs

DL T

"l IDn l=l

Tn ¥

€ | Process Processes

ID ‘=" “{* HCall: *, ..

.Y HcCalln ¥

€ | ID ‘=’ CUnit ‘;’ CUnitDefinitions

noop | ProcessExp

Processid |

Processld’|” ProcessExp

Processld ‘=‘ ProcessDescription

ProcBody | ProcessExp

‘{* Actions | Actions‘|’ProcBody ‘}*



Actions

segAction

SymbolicVal

HCallStmt

UnaryExp
BinaryExp
oP

DotExpression

HCall

T
PreDefType

UserDefType

Con
ID

Alphabet
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seqAction

€| A ;‘segAction

noop | Var ‘:=‘ SymbolicVal | Ibl : A | goto Ibl | E ‘=" A | if E then ‘{ Actions ‘}'
else ‘{‘ Actions ‘}* | for Var in E do ‘{* Actions ‘}* | returnE ‘| ‘¢ CUnit‘ -« |

HCallStmt | ‘Update(‘E ’,” E' )’ E" ‘)’ | ‘append(‘ E *, E' ‘)’
Expression | HCallStmt

ID ‘(“ Exp1‘’ ...°" Expn ‘)

Var | Con | self | UnaryExp | BinaryExp | DotExp

‘length(" E ‘) | ‘head(‘ E ‘)
ELIOPE2 |{"E’Y E'|E'[“i 1| ‘LookUP(‘E ‘ E' )
>I=l<]+]-

ID “’ ID|ID ‘. DotExpression

ID (“ Vars ¥ T1 ) ...

‘”Varn Y Tn’) ¢ T ‘=" { Actions }

PreDefType | UserDefType
integer | string | boolean| VoidType

BaseType | /(“ 1) .. " Ta Y | ‘I‘ T T | 4 ID2’2 T1 9/ ...

String of letters or digits
Alphabet | Alphabet ID

Ial I lbl I ICII Ilzl

«r ) "
) IDn ‘=" Tn '}
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4.3 An Object-Z Metamodel based Syntax for Cloud#

As mentioned in chapter 3, the Object-Z approach which is used for defining the formal
semantics of Cloud# language is based on translational semantics. That is, the abstract
syntax of Cloud# must be translated into the abstract syntax of Object-Z language prior
semantics definition. So, every Cloud# language construct is modeled as a class in
Object-Z language. The syntax of each individual construct is captured by the attributes

of its class. The result will be an Object-Z metamodel based syntax for Cloud# language.

This part describes the formalization of the abstract syntax of individual constructs in
Cloud# language. The Abstract syntax for Cloud# Computation unit with its components,

Actions, and expressions will be described respectively.

4.3.1 Computation Unit (CUnit)

Computation Unit (CUnit) is the main syntactic construct in Cloud# language. It is
dedicated to model clouds, virtual machines or operating systems, etc. A computation
unit is represented with a declaration and the definitions of CUnit components (i.e. type
definitions, processes, hypercall definitions, and CUnits definitions). These components

are all modeled as attributes in an Object-Z class named CUnit as follows:

—_
CUnit

main : CUnitDec @
tvpedefs : P TypeDef g
processes : P Process ©
healldefs : P HCallDefs @
cunitdefs : [P CUnitDef g

4.3.1.1 Computation Unit Declaration

The declaration of CUnit is represented as a Tuple of six components: a unique identifier
(id), a computation task (Comp), a list of sub computation units (Units), a Hypercall
definition (HcallDefs), a configuration part (Configuration), and a resource part

(Resource). The declaration can be modeled as follows:
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_ClUnitDec

id : ClUnitld

comp : ComputationTask @
units : seq CUnit @

healls : HCallDefs @
configuration : Recordl ype@
resource : Recordlype g

4.3.1.2 Type Definition
Syntactically, the type definition consists of an identity (id) and a specific type. This type

can be a simple type (i.e. Boolean, integer, etc) or a composite type. It can be modeled as

follows:
Typelef
id : Typeld
fype : YEED

4.3.1.3 Computation unit definition
Syntactically, the Computation Unit definition consists of an identity (id) and a specific

CUnit. It can be modeled in an Object-Z class named CUnitDef as follows:

CUnitDef

id : CUnitDefld
tvpe : CUnit ©

4.3.1.4 Hypercall Definition
Hypercall definition is defined with an identify (id) and as a set of Hypercalls which are

used by the sub-CUnits to handle privileged operations. It can be modeled as follows:



30

HCall Defs

id : Hdefsld
healls : [P HCall

4.3.1.5 Hypercall
A hypercall in Cloud# is a syntactic construct like a procedure in Pascal. Syntactically, a
hypercall consists of an identity (id), a formal parameter list (formalpar), a body (body),

and a return type (rType). It can be modeled as follows:

_ HCall

;‘d: Hiiaf 1ld Variabl
ormal par : seq Variable
body: sejg Action v
rType : Type

4.3.1.6 Computation Tasks
A computation task indicates the computations that a CUnit intends to perform, for
instance, virtualization of resources and scheduling of computation tasks. It can be

modeled in a class union as a noop action or a process expression.

ComputationTask & noop U ProcessExp

4.3.1.7 Process Expression
A Process Expression represents a set of Process-identities which refer to some processes
in Cloud model. It is defined as a total function that maps every process identity in that

process expression to a specific process. It can be modeled as follows:

ProcessExp

processExp : Processld — Process
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4.3.1.8 Process
A process is defined with an identifier (id) and a process description (processDesc). It

can be modeled as follows:

Process

id : Processld
processDesc:Process Description g

4.3.1.9 Process Description
Syntactically, a process description can be defined as a body (i.e. a parallel composition
of different action sequences) or a process Expression (i.e. a parallel composition of

different processes) and it is modeled in a class union as follows:
ProcessDescription = ProcBody U ProcessExp

4.3.1.10 Process Body
Syntactically, the Process Body consists of a parallel composition of different action

sequences. It can be modeled as follows:

ProcBody

body : [P ActionSeqqp

4.3.2 Cloud# Actions

Cloud# action can be a simple noop action, an assignment-statement, an if-statement, a
for-statement, an event-statement, a unit control-switch statement, an HCall-statement, a
return-statement, a label-statement, an Append action, and an Update action or a goto-

statement. This is captured by the class-union as follows:
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Action & Assipnment \U LabelStmt U GotoStmt U EventStmt U [FStmt
L) ForStmt LU ReturnStmt U UnitControl Switch
U HCallStmt Unoop U Append \U Update

4.3.2.1 Action Sequence
Action sequence represents a set of actions that are executing in a sequential manner.
Syntactically, an action sequence is defined as a sequence of different actions. It can be

modeled as follows:

ActionSeq

actions : seq Action g

4.3.2.2 noop Action
Syntactically, a noop action is defined as an Object-Z class with empty state schema as

follows:

noop

4.3.2.3 Event Statement (E = A)

Syntactically, an event statement is defined as an Object-Z class that has two attributes

(expression and action) as follows:

EventStmt

eExp: Expg
action : Actiong
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4.3.2.4 Unit Control-Switch Statement ( * CUnit * )

Syntactically, a Unit Control-Switch Statement is defined as an Object-Z class that has

one attribute of a CUnit type as follows:

UnitControl Switch

unit : '::Um'rm

4.3.2.5 HCall Statement

Syntactically, HCall Statement is like a procedure call, it consists of a hypercall (hecall)

and an actual parameter list (actualpar). It can be modeled as follows:

HCallStme

heall: HCall©
actual par: seq Exp g

4.3.2.6 Append Action
Syntactically, the Append Action is described below in the Object-Z class named

Append. It includes two sub- expressions (el and e2).

Append

el,e2: Expg

4.3.2.7 Update Action
Syntactically, the Update Action is described below in the Object-Z class named Update.

It includes three sub- expressions (el, €2 and e3).
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4.3.3 Cloud# Expressions

In this section, Object-Z is used to specify the abstract syntax of expressions. Each
expression is modeled as an object (Wang et al, 2012): a binary (unary) expression is
modeled as an object with two (one) sub expressions. An expression can be a constant,
variable, self-reference, unary expression, binary expression, or dot expression. On the

other hand, constant can be any value except nil. Expressions can be modeled as follows:

Exp & Variable ) Constant U Self U UnaryExp U BinarvExp U DotExp

Constant & ImtVal U BoolVal L) Strlal U BaseVal U LisiVal U TugeVal

4.3.3.1 Unary Expressions
Cloud# language includes two unary expressions: the Head and length expressions.

Unary Expression can be modeled as Class Union as follows:
UnaryExp & Head U Length

v' Head Expression
Syntactically, the Head expression is shown below in the Object-Z class named Head. It

includes one sub expression (e).

Head

e: Expg
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v Length Expression
Syntactically, the length expression is shown below in the Object-Z class named Length.

It includes one sub expression (e).

Length

e: Expg

4.3.3.2 Binary Expressions

Cloud# language includes three binary expressions: arithmetic expression which includes
arithmetic and logical operations (i.e. >, <, =, +, -), ReturnAt expression (E[i]) and
LookUp expression. Binary expressions and arithmetic expressions can be modeled using

class union as follows:

BinaryExp = ArithematicExp U ReturnAt U LookUp

Arithematiclxp = Epcryption U Less U More U Eguality U Plus \J Minus
v'ReturnAt expression (E[i])

Syntactically, the ReturnAt expression is described below in the Object-Z class named

ReturnAt. It includes two sub expressions (el and e2).

ReturnAt

el,e2: Expq

v LookUp Expression
Syntactically, the LookUp expression is described below in the Object-Z class named
LookUp. It includes two sub- expressions: el which is used to locate the required

element and a list e2.
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4.4 Conclusion

In the first part of this chapter, we have presented the main modifications that have been
done to the syntax of Cloud# language. These modifications made Cloud# language
ready for formal semantics definition. In the second part, we built an Object-Z based
metamodel for Cloud# language by translating its abstract syntax into the abstract syntax
of Object-Z Language. Because of the limitations in space, we only presented the
formalization of the main syntactic constructs in Cloud# language. However, the rest of

the formal description is available in the appendix at the end of this thesis.
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Chapter Five: A Static Semantics Model for Cloud#

5.1 Introduction

This chapter investigates the formalization of the static semantics for individual
constructs in Cloud# language. The first part of this chapter presents how the Object-Z
approach is used to give formal static semantics for Cloud# syntactic constructs. The
static semantics will be added to the Cloud# metamodel that has been accomplished in

the previous chapter. The last part of this chapter presents a small conclusion.

5.2 Formal Static Semantics Definition

Static semantics definition is the first step in the semantic analysis which manages the
identifiers that are defined in the source model. It aims at detecting static semantic errors
such as the redefinition of an identifier in the same scope, as well as associating
identifiers with appropriate types or values. Furthermore, static semantics also manages
the types of all phrases in the language. It detects type-mismatch errors such as
assignment to a constant value and associates syntactically well-formed phrases with

appropriate phrase types (Fisher, 2010).

In the Object-Z approach, the static semantics of Cloud# syntactic constructs are
captured by class predicates or invariants. Static semantics are based solely on the
abstract syntax. That is, the static semantics will be added to the Cloud# metamodel that

has been accomplished in the previous chapter.

This section describes the formalization of the static semantics of individual constructs in
Cloud# language. The static semantics for Cloud# Computation unit with its components,

Actions, and expressions will be described respectively.

5.2.1 Computation Unit (CUnit)

The static semantics for a CUnit can be defined as follows:

[1] Every two different defined types in a CUnit must have different identities.
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[2] Every two different defined CUnits within the borders of the same parent CUnit
must have different identities.

[3] The number of defined types, the number of defined CUnits and the number of
processes equals or more than zero. On the other hand, the number of hypercall

definitions is at most equal to one.

~ CUnit

main : CUnitDec ©
tvpedefs : P TypeDef ©
ocesses ; P Process @
walldefs : P HCall Defs ©
cunitdefs : P CUnitDef g

M| Vilz2: tyvpedefset]l 212 =tl.id #12.id
PI| ¥ ele2: cunitdefsecl #c2 = cl.id #c2id
31| # typedefs = 0 ~ # cunitdefs = 0 A # processes = 0 A # healldefs < 1

5.2.1.1 Computation Unit Declaration
The static semantics for a Computation Unit Declaration can be defined as follows:
[1] Every two different sub-units must have different identities.

[2] The number of sub-units within the same parent CUnit is equal or more than zero.

_ CUnitDec

id : ClUnitld

comp : ComputationTask g
units : seq CUnit ©

healls : all Defs ©
configuration : Recordlvpe @
resource : Recordlvpe

0] | ¥ x,y: ran units « x=y = x.id =y.id
R | #units = 0

5.2.1.2 Hypercall Definition

The static semantics for a hypercall definition are defined as follows:

[1] The number of Hypercalls within the same definition is equal or more than zero.
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_ HCall Defs

id : HdefsId
healls - P HCall g

#healls = 0

[¥

5.2.1.3 Hypercall

The static semantics for a hypercall are defined as follows:

[1] If the return-type of an HCall doesn’t belong to void type, then there is a return-
statement (s) such that s belongs to the body (body) of that HCall.

[2] For all return-statements that belong to the body (body) of an HCall, their types
should match the return-type of that HCall.

_ HCall

id : HCallld

formalpar : seq Variable g,

body: seq Action

riype: iype

M| 3 5: ReturnStmt o 5 € ran body < rType & Voidlype

B | ¥ s5: ReturnStmt o 5 € ran body = type_of (s.rExp.V )=rType

Please refer to the appendix for more information about the function (type_of) and the

classes (Variable, Type, and ReturnStmt).

5.2.1.4 Process Expression

The static semantics for a Process Expression are defined as follows:

[1] Every two Processlds that appear in the Process Expression must be different.
[2] There exists a CUnit such that all the referenced-processes in the Process

Expression belong to that CUnit’ processes.
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_ ProcessExp

processExp : Processld — Process

m | ¥V xy: dom processExpex+#y
|3 ¢:CUnite ¥ p: ran processExp e p € c.processes

5.2.1.5 Process Body

The static semantics for a process body are defined as follows:

[1] The number of action sequences within the same body of a process is equal or
more than one.

[2] The return statement is not allowed to be in the body of a process (process does
not return values).

[3] The first action in the process body belongs to Event Statement, and the last

action belongs to Goto statement.

_ ProcBody

body : [P ActionSeg ¢

(11| # body = 1
p| Va : ran body  ¥r : ReturnStmt ® r & ran a.actions

(| Ve ran body ® head(n.actions Je EveniStmt » last{a.actions )e GotoStmi

5.2.2 Cloud# Actions

This section presents the formalization of the static semantics for Cloud# actions.

5.2.2.1 Action Sequence

The static semantics for an Action Sequence are defined as follows:

[1] The number of actions should be equal or more than one.



41

ActionSeq

actions : seq Action g

[ | # actions = 1

5.2.2.2 Event Statement (E = A)

The static semantics for an Event Statement are defined as follows:

[1] The value of the expression (eExp) should be of a Boolean Type.

_ EventStmi

1

eFxp: Expg
action : Achiong

tvpe_ofleExp.V) & BoolType

5.2.2.3 Unit Control-Switch Statement ( * CUnit * )

The static semantics for a Unit Control-Switch Statement are defined as follows:

[1] The CUnit that appears in Unit Control-Switch Statement must be one of the sub-

units of an existing computation unit (CUnit).

_ UnitControl Switch

(1

unit : CUniIm

3 cu : ClUnit ® unit € cu.units

5.2.2.4 HCall Statement

The static semantics for an HCall statement are defined as follows:
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[1] The number of actual parameters in the HCall statement should be equal to the
number of parameters in the HCall header.
[2] The type of each parameter in the HCall statement should be equal to the type of

its correspondence in the HCall header.

_ HCallStmi

heall: HCall©
actual par: seq Expm

(1 | # actual par= # heall formal par
Bl | ¥ i:dom actual par » type__of { actual par{i }.¥ }= hcall .formal par{i ).type

5.2.2.5 Append Action

The static semantics for an Append action are defined as follows:

[1] The type of the expression (el) value should be of a list type.

[2] The type of the expression (e2) value is the same type of the elements in the list
(el).

_ Append

el,e?: Expg

el.VeNil = _
[1] type_ofiel.V ) e ListType _ .
2] Va:ranel Vetype_ofla)=type_of(elV)

5.2.2.6 Update Action

The static semantics for an Update action are defined as follows:

[1] The value of el can’t be nil.
[2
[3
[4] The elements in e2 should be of a Tuple type. And for each Tuple in €2, the first

]
] The value of €3 can’t be nil.

] The value of e2 should be of a list type.

]

and the second elements should have the same types of the values of el and e3

respectively.
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_Update

el,e2,ed: Expg

il el .Ve Nil

2| e3.VeNil ;

31| type_of(e2.V) e ListType
(]
Vit:ranelV e type_of(t)e TupleType A
tvpe_of(t.elements( I }.F%= type_of (ﬁ' VA
f}‘pE_qf{I.eIemenIs} =type_of(ed.V)

2).V

5.2.3 Cloud# Expressions

This section presents the formalization of the static semantics for Cloud# expressions.

5.2.3.1 Head Expression

The static semantics of a Head expression are defined as follows:

[1] The type of the expression (e) value should be of a list type.

Head
e:Expg
[l leVeNl =
tvpe_ofie.V ) & ListType

5.2.3.2 Length Expression

The static semantics of a Length expression are defined as follows:

[1] The type of the expression (e) value should be of a list type.

_ Length

e: Expg

n |e¥enl = _
type_ofie V) e ListTvpe
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5.2.3.3 ReturnAt expression (E[i])

The static semantics for a ReturnAt expression are defined as follows:

[1] The value of el should be of a list type.
[2] The value of €2 should be of an integer type.
[3] The values of e2 should be within el domain (i.e. ranging from 1 to the number of

element in the list el) to avoid referencing errors.

_ ReturnA:

EI,EE:E’me

el.V & Nil = )
M type_oflel.V) e ListType
P type_oflelV) e niType
p) e2V.valedomellV

5.2.3.4 LookUp Expression

The static semantics for a LookUp expression are defined as follows:

[1] The value of e2 should be of a list type.
[2] The type of the elements in the list €2 should be of a Tuple type.
[3] The type of el should be of the same type of the first element in the tuples that

located in the range of the list e2.

_LookUp

el,e2: Exp

el.Ve Nil

e2.Ve Nil= _

m tvpe_ofie2V) e ListType

2] Va: ranel.V e type_ofla) e Tuplelype :

Bl Ya:rane2Ve type_of(a.attributes(1).V)=type_of(el.V)
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5.3 Conclusion

In this chapter, we have presented formal static semantics of individual constructs in
Cloud# language. These static semantics have been added to the metamodel of Cloud#
language as invariants or predicates in the Object-Z class for each Cloud# syntactic
construct. Some of these constructs have no static semantics so they are not presented in
this chapter. On the other hand, Because of the limitations in space, we only presented the
formalization of the main syntactic constructs in Cloud# language. However, the rest of

the formal description is available in the appendix at the end of this thesis.
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Chapter Six: A Denotational Semantics Model for Cloud#

6.1 Introduction

This chapter investigates the formalization of the denotational semantics for individual
constructs in Cloud# language. The first part of this chapter presents how the Object-Z
approach is used to give formal denotational semantics for Cloud# syntactic constructs.
The denotational semantics will be added to the Cloud# metamodel as class operations.

The last part of this chapter presents a small conclusion.

6.2 Formal Denotational Semantics Definition

The denotational semantics method aims at mapping a language construct directly to its
meaning, called its denotation. The denotation is usually a mathematical function. A
denotational definition is more abstract than an operational definition, for it does not
specify computation steps. Its high-level and modular structure makes it especially useful
to language designers and users, because the individual parts of a language can be studied

without having to examine the entire definition (Schmidt, 2012).

The denotational semantics of Cloud# language are specified in terms of the operations of
a hypothetical machine. The hypothetical machine is composed of: an event queue
holding incoming events, an event dispatcher mechanism, and an event processor which
processes dispatched event instances according to the semantics of Cloud# language. In
the Object-Z approach, the denotational semantics of Cloud# syntactic constructs are

captured by class operations.

This section describes the formalization of the denotational semantics for individual
constructs in Cloud# language. The denotational semantics for Cloud# Computation unit

with its components, Actions, and expressions will be described respectively.
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6.2.1 Computation Unit (CUnit)

At run-time, a CUnit can have different states (i.e. blocked, ready, running and finished
state) as shown in the figure below. Initially, any CUnit is in a ready state. When a CUnit
is scheduled to execute its computation tasks, it takes the control and starts the execution.

This time, its state must be changed from ready to running state.

Furthermore, there are two reasons that a CUnit returns the control and stops the
execution. The first reason is because that this CUnit has already finished the execution
of its computation tasks. So, its state must be changed to the finished state indicating the
completion of computations. The second reason is that this CUnit is waiting for I/O event
or needs to perform a privileged operation and this is usually done by Hypercalls. This

time, its state must be changed to a blocked state. However, at any given time, only one

Running

CUnit is allowed to be in the running state.

Figure 6.1: The State-transition of a Computation Unit at run-time.

The denotational semantics for a CUnit can be defined by introducing one semantic
variable and five operations. The semantic variable (Status) is modeled as a free type in

Object-Z language to indicate the different states of a given CUnit as follows:

. Status ::=blocked | running | ready | finished |
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[1] A CUnit finishes its execution and its state changes from running to finished state,
if and only if all of its processes are finished and blocked. Also, all of its sub-units
must be in the finished state.

[2] A CUnit is considered to be blocked if and only if all of its processes and all of its
sub-units are blocked.

[3] A CUnit is considered to be running if and only if one of its processes or one of
its sub-units is running.

[4] The Number of running CUnits at any given time is equal to one.

~ Clnit

main : CUnitDee @

tvpedefs ;: ¥ TypeDef o
25588 7 OCES5E O
wealldefs : P “Hu“ﬁejs

\_unudg..s [P CUnitDef 5,

Vili2: typedefs o1l 12 =1lid =12.id
Vel c.? rcumildefs # c] #c2 =>cl.id #c2id
d Ij.'_r,mr:‘qi‘fﬁ' > 0 A # cunitdefs > 0 A # processes > 0 A # healldefs < |

¥ u: ran main.units * w.status =finished

121 | status=blocked <= ¥V p processes » psiatus=blocked A
¥ u; ran main.units » w.status=hlocked

3 | status=running < 3 [ processes « pstatus=rumming v
3 w: ran main.units  uslalus=running

4| 3 c: CUlnit » c.status=running

The following Object-Z operations show how the state is changed for a given CUnit at
run-time:

[1] Initially, any CUnit is in a ready state.

[2] Acquire operation: this is only applied when the CUnit starts its execution

normally from the beginning. Its state changes normally from ready to running.

/1y | status=finished <V p: processes » pstatus=blocked » p.status= finished A
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[3] Release after finishing the execution operation (ReleaseF): this operation is only

applied when the CUnit finishes its execution normally. Its state changes from

running to finished state.

[4] Acquire after being blocked operation (AcquireB): this operation is only applied

when the control gets back to a CUnit after being blocked. Its state changes from

blocked to ready.

[5] Resume operation (Resume): when the control gets back to a CUnit after being

blocked, this operation is applied so that the CUnit resumes its execution. So, its

state changes from ready to running.

[6] Release for executing a privileged operation (ReleaseB): this makes a CUnit to

release the control to a high-privileged CUnit. Its state changes from running to

blocked state.

I' ]
A Slalus _J'-E'ﬂﬂ:'.'

ReleaseB

| Afstatus )

_ AcquireB
Afstatus

. | status=running » status '=blocked

status=hlocked A status =redady

' Resume

_ Heleasef

Afstatus )

| stalus _-Il"':l!d: A slaltes ' =T URnng

status=runmning ~ status '=finished

_ Acquire

| A(staius )

| |

i
i
1
i
1
i
1
i
1
i
:
| Pl s T
| ﬂill.(ll.t::'l J
1
1
1
1
i
i
i
;
1

| Slcd !I.'F_T-:-I'.'!H-_!.' M s:u.':r.w'—rrmru.l!g

v b

6.2.1.1 Hypercall

A hypercall is a way for the low-privileged computation units (sub-units) to make the high-

privileged computation unit (CUnit) to handle privileged operations. The denotational semantics

for a hypercall are defined simply by executing the body of the HCall as follows:
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[1] Execute operation: it executes the actions in the body of an HCall sequentially.
However, if some of these actions belong to a Return statement, it executes this

action and terminates the execution of that HCall.

_HCall

id : HCallld

formalpar : seq Variable 4

body: seq Action

rType : Type

3 5: ReturnStmi ® 5 e ran body <= rlype E’md"{}'fyg

¥ 5: ReturnStmt e 5 € ran body = type_of(s.rExpV )=rTvpe

6.2.1.2 Interleaving Concurrency

There are two different kinds of concurrency: non-interleaving and interleaving
concurrency. The non-interleaving concurrency assumes that the execution of an action is
non-interruptible. So the modeling of non-interleaving concurrency is very simple and
requires no new concepts. On the other hand, modeling interleaving concurrency is more
complicated. For instance, when two assignment-statements evaluate concurrently on the

same store, the result is a set of possible output stores as shown in the example below.

Example: Consider * (X :=X+2; X :=X-1) || (X :=3) *, where || is a parallel operator
with interleaving concurrency. Even if we consider that each assignment is atomic, there

will be a set of possible interleaving of the statements that lead to different output store as

follows.

X:=X+2; X:=X-1; X:=3
X:=X+2; X:=3; X:=X-1
X:=3; X:=X+2; X:=X-1
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This means that we need a form of denotational semantics for representing the
operational aspects of concurrency in the semantics. In this thesis we follow the
resumption denotational semantics that presented in (Schmidt, 1997). The resumption
semantics approach assumes that each action or command is a sequence of steps called
Evaluation Steps. Each action or command in a language has different evaluation steps,

For example, the evaluation steps for the simple addition + X + Y * involves the

following steps:

v’ Evaluate the left operand.
v' Evaluate the right operand.
v’ Add.

Consider A= < al,a2,...,an*, B= < bl,b2,..,bn+, and P=A; B, where A and
B are two different actions within the process P. The action A is supposed to be executed
before the action B. In interleaving concurrency, there are two conditions that must hold

for legal execution of a process:

1. The sequence of actions within the same process must be preserved. That is, the
action A must be executed before the action B.

2. The sequence of evaluation steps with a single action must be preserved. That is,
in the action A, for instance, the execution of its evaluation steps proceeds as

follows: al; a2; a3.... etc.

In this section we show how the interleaving concurrency can be applied to Cloud#

language.

v" Cloud# Action with Interleaving Concurrency

As mentioned above, every action is composed of a sequence of evaluation steps. So, we
have introduced a new class named BaseAction in which all the actions in Cloud#
language are inherited from. This class has one attribute named steps which indicates a

sequence of evaluation steps for an action. However, the formalization of the class
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EvaluationStep is not mentioned in this thesis, because we assume that the number of

evaluation steps for a specific action depends on the machine that executes such action.

The denotational semantics for the class BaseAction are defined by introducing one

semantic variable (executed) and one operation (Execute) as follows:

[1] An evaluation step can be executed, if and only if its precedent evaluation step in
the same action is executed.

[2] An action is considered to be executed, if and only if all of its evaluation steps
have been executed.

[3] The Execute operation executes the evaluation steps for a specific action in a

sequential manner.

_ BaseAction

steps : seq EvaluationStep
A

executed : B

o

0 | Wi: dom steps o setps(i+] ).executed <= steps(i ).executed
2] | executed < V s: ran steps ® 5s.executed

v’ Action Sequence

The denotational semantics for an action sequence in Cloud# can be defined by
introducing two semantics variables and five operations. The semantic variable
(executed) refers to the completion of execution for an action sequence, while the
semantics variable (status) refers to the different states (i.e. blocked, running, etc.) of an
action sequence at run-time. The operations show how the state for an action sequence is

changed as follows:
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[1] An action can be executed, if and only if its precedent action in the same action
sequence is executed.

[2] An action sequence is considered to be executed, if and only if all of its actions
have been executed.

[3] Initially, an action sequence is in a ready state and not executed.

[4] The Block operation blocks the execution of an action sequence and changes its
state to blocked state.

[5] The UnBlock operation changes the state of an action sequence to a ready state
and makes it ready for execution.

[6] The Resume operation changes the state of an action sequence to the running
state and makes it start execution.

[7] The Execute operation executes the actions within an action sequence in a
sequential manner as the state of an action sequence is not blocked. On the other
hand, if the action sequence reaches to the last action, its state is changed to the

finished state.

actions : seg dction g
'

executed - B

sfalud © Siarus

i1l | ¥'i: dom actions = aedicns| i+] Lexecufed == actions{ | execufed
ol | execufed == ¥ a: ran aciions « q.executed

- Inls _ Besume ~
+ EXecuied A status=ready Al atus
ek atafuz=ready A stoius '=rimning

tad T
Appand ) _ Finish

salis= rumning A satus =blocked

_UmBlock

A[SIEINS )

stafus=FuRning »~ stafus "=finizhed

ﬂi:s:ﬂ]'l.ﬁ |

status=blocked ~ status =ready

Exeoute & 1) dom actions e [actions(() g lasi{actions | & < status=blocked 1] & action{i} Execute
I

[acdions (i) e last{gctions )] A Finizh : actons (i ) Execute ,
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v Process Expression

The denotational semantics for a process expression are defined by one operation
(Execute) as follows:

[1] The Execute-operation executes all processes that are referred in the ProcessExp

concurrently.

_ ProcessExp

processExp : Processld — Process

WV xy : dom processExpex =y
de:ClUnite ¥ p: ran processkExpe p € c.processes

5
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v" Process

The denotational semantics for a Process are defined by introducing one semantic
variable (status) and one operation (Execute). The semantic variable refers to the

different states (i.e. running, blocked, etc) of a process at run-time as follows:

[17 A process is considered to be finished, when all of its action sequences are
finished.

[2] A process is considered to be blocked, when all of its action sequences are
blocked.

[3] A process is considered to be running, if one of its action sequencing is running.

[4] At any given time, only one process is allowed to be in the running state.

[5] The Execute-operation executes the body of a process.
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_ Process

id : Processld
processDesc:ProcessDescription g
fa

status * Status

M| status=finished — ¥ a: ran processDesc.body » a.status=finished
Pl| status=blocked <= ¥ a: ran processDesc.body » a.status=blocked
1| status=runmning = 3 a: ran process.Desc.body » a.status=running
[4| 3, Process  p.status=running

v Process Body

The denotational semantics for a process body are defined by one operation (Execute)
as follows:

[1] The Execute-operation executes all action sequences that present in a process body

concurrently.

_ ProcBody

body : P ActionSeq,,

#body = 1
Wa : ran body ¢ Vr : ReturnStmt » r € ran a.actions
Ya: ran body ¢ head(a.actions ) EventSimt » last(a.actions )e GotoStmi

6.2.2 Cloud# Actions

This section investigates the formalization of the denotational semantics for Cloud# actions. The
meaning of an action can be modeled as a store transformation which is captured in class

operations.
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6.2.2.1 Unit Control-Switch Statement ( ©+ CUnit * )

Cloud# language provides two directions of control and data transfer (i.e. from the high-
privileged computation units to the low-privileged computation units and vice versa). If
the high-privileged computation unit wishes to run a low-privileged computation unit, the
unit control-switch statement is used. That is, the high-privileged computation unit
releases the control to the low-privileged computation unit which takes the control and
starts execution of its computation tasks. The low-privileged computation unit only
returns the control if it has already finished the execution of its computation tasks or if it
is blocked (i.e. needs to perform a privileged operation and this is usually done with

Hypercalls).

In the dynamic semantics of the Unit Control-Switch statement, the control can be
returned back to the high-privileged computation unit only and only if the low-privileged
computation unit finishes the execution of its computation tasks. We do not care about
returning the control when the low-privileged computation unit is blocked, because this
can be handled in the Hypercall statement. The denotational semantics for Unit Control-
Switch action can be described by introducing one semantic variable and four operations.
The semantic variable refers to a high-privileged CUnit that are executing the Unit

Control-Switch statement. The Object-Z operations are described as follows:

[1] In the TransferControl operation, the requester which is a high-privileged CUnit
blocks itself and releases the control. On the other hand, the requested low-
privileged CUnit acquires the control and starts the execution of its computation
tasks from the beginning.

[2] In the ReturnControl operation, the requested CUnit releases the control after
finishing its computation tasks and the requester CUnit acquires the control after
being blocked and resumes its execution.

[3] In the ExecuteComputation, the requested CUnit keeps executing its
computation tasks until the execution is finished and then it releases the control
back to the high-privileged CUnit.

[4] The Execute operation is used to preserve the sequence of operations.
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6.2.2.2 HCall Statement

HCall statement is used by a low-privileged CUnit for asking the high-privileged one to
handle a privileged operation. The denotational semantics for an HCall statement are
defined by introducing two semantics variables (caller and callee) and four operations.
The semantics variables refer to two different Computation Units. The caller refers to the
computation unit that wants to perform a privileged operation, while a callee refers to a
high-privileged computation unit that supposed to perform such operation. The Object-Z

operations are described as follows:

[1] TransferControl operation: The caller blocks itself and transfer the control to the
callee.

[2] ValSubs operation: the values of the parameters in the HCall statement are
assigned to the formal parameters in the HCall.

[3] ReturnControl operation: the callee releases the control after executing the
HCall. This time, the caller acquires the control again and resumes its execution.

[4] Execute operation: it is used for executing the HCall and sequencing the

operations.
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# actual par= # hcall formal par _
¥ i ; dom actualpar = type _of ( actual par(i ).V )= heall formalpar(i ).type

7 N
’

; ValSubs & a i dom actual par » actual par( i ).CutVal || heall formalpar(i } Assign
I
! TransferContral & caller Releasel » callee.Acquire

1 - - 1

i RetwrnContrel & callee ReleaseF » caller AcquireB » caller.Resume
1
I

| Execute = TransferConirol $ ValSubs § heall Execute $ ReturnControl

6.2.2.3 Event Statement (E = A)
The Event Statement (E = A) means that if the expression E evaluates to true, then the

action A proceeded to execute; otherwise, the action is blocked until E becomes true.
Event statement is useful for modeling event-driven systems. For instance, event
statement is used to model a network driver, which responds only to the arrival of new
network packets. The denotational semantics for an Event Statement can be defined by
introducing one semantic variable (container) and one operation (Execute). The
semantic variable refers to the container in which the event statement is located. The

operation is described as follows.

[1] Execute operation: if the value of the expression (eExp) evaluates to true and the
container is not blocked, then the action proceeds to execute; otherwise the
container blocks itself and waits for an event. Once the value of eExp becomes

true, the container unblocks itself, resumes its execution and executes the action.
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6.2.2.4 Append Action
Append (el, e2) is used to add the element (e2) on the top of the list (el). The
denotational semantics for an Append Action are defined by introducing one operation

(Execute) as follows:

[1] The Execute-operation adds the value of the expression (e2) to the top of the list (el).

Please refer to the appendix in the end of this thesis to see how the value is added or

removed from a list value.

_ Append

el,e?: Expg

elV e Nil =
tvpe_ofl{el V) e ListType
Yi:ranelVetype_ ::rﬂz )=type_of(e2V)

6.2.2.5 Update Action
Let el, e3 are expressions and e2 is a list that contains elements of a tuple type. Update

(el, e2, e3) is used to change the second element of a tuple to e3, if the first element of
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that tuple equals to el. The denotational semantics for an Update Action are defined by

introducing one operation (Execute) as follows:

[1] The Execute-operation changes the value of the second element in a Tuple to €3, if

the value of the first element in that Tuple equals to the value of the expression (el).

_Update

el, el e3: Exp®

el Ve Nil
e3.VeNil
type_ofle2 V) e ListType

Vi:ranelVetype of(t)cTuplelype A
type_of (t.attributes(1).V)=type_of(el.V) A
fype_of (t.attributes(2).V)=type_of(e3.V)

. Execute si:dome2V e [el V=22V(i).attributes(] ) I'r"']r'w~ .
; te: OutVal || e2.V(i).change)

Please refer to the appendix in the end of this thesis to see how the value of a Tuple is

changed.

6.2.2.6 noop Action
The noop action does nothing when executed and is usually used in the computation task
component when it has nothing to do. The denotational semantics for the noop action

are defined by introducing one operation (Execute) as follows:

[1] The Execute-operation does nothing when executed.
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6.2.3 Cloud# Expressions

This section presents the denotational semantics for Cloud# Expressions. The

denotational semantics for an expression are defined by the final value of that expression.

6.2.3.1 Head Expression
Head expression evaluates to the value of the first element in a list and removes the first
element from that list. The denotational semantics for the Head expression are specified

by introducing one variable (V) and two operations as follows:

[1] The variable (V) is equal to the value of the first element in the list.
[2] The Assign operation changes the value (V) of the Head Expression.
[3] The SetVal operation assigns the value of the first element in the list (e) to the

variable (V) and removes that element from the list.

_Head

e.V & Nil =

e
ta
4.
3

AV )

val 7: Value

V'=val ?

N

. SetVal & eV.Remove || self.V.Assign |
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6.2.3.2 Length Expression
Length expression evaluates to the number of elements in a list. The denotational

semantics for Length expression are defined by introducing one variable (V) as follows:

[1] The variable (V) equals to the number of elements in the list (e).

_ Length

e: Exp

i

V: Value;

eV g Nil =
tvpe_ofieV ) e ListType
V=e.V.count

6.2.3.3 ReturnAt expression (E[i])
ReturnAt expression evaluates to the value of the i™ element in a list. The denotational
semantics for ReturnAt expression are specified by introducing one variable (V) as

follows:

[1] The variable (V) equals to the value of the element in the list (el) which is

indexed by the value of e2.

_RetwrnAt

elV e ]'*.Tﬂ' =
tvpe_oflel.V ) e LisiType
tvpe_of(e2V) € IntType
e2V.vale domelV
V=elVlist(e2V.val):

_________________________________
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6.2.3.4 LookUp Expression
Let el is an expression and e2 is a list that contains elements of a tuple type. LookUp
(el, e2) expression evaluates to the second element in a tuple, if the first element of that
tuple equals to el. The denotational semantics of LookUp expression are specified by
introducing one variable (V) as follows:

[1] The variable (V) equals to the value of the second element in a Tuple, if the value

of el is equal to the value of the first element in that Tuple.

_LookUp
el,e2: Exp g
V: Value

el Ve Nil

el Ve Nil= _
tvpe_oftle2 V) e ListTvpe
Va:rane2lVetvpe_ofia) e TupleType .
Ya:rane2Ve tvpe_of(aeclements(] )V )=tvpe_ofielV)

et st e et s b s e e s f s b s st s s s b st -
1
1

VYa:ranelVeel V=qg.eclements(l)V = V=a.clements(2).V

.................................................................................................

6.3 Conclusion

In this chapter, we have presented formal denotational semantics for individual constructs
in Cloud# language. These semantics have been added to the metamodel of Cloud#
language as class operations. Because of the limitations in space, we only presented the
formalization of the main syntactic constructs in Cloud# language. However, the rest of

the formal description is available in the appendix at the end of this thesis.
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Chapter Seven: Evaluation

7.1 Introduction

This chapter presents an evaluation for the work that has been done in this thesis. It
investigates the consistency of Cloud# language. The first part presents a background on
the usual techniques for verification and validation that can be done depending on the
denotational semantics of a language. The second part presents a case study which
illustrates how to convert Cloud# models to OZ specifications. The consistency of

Cloud# language is discussed in the last part of this chapter.

7.2 Background on the Formal Verification and Validation Techniques

Formal methods provide precise ways to specify modeling languages using formal
notations with a well-defined syntax and precise semantics. These notations have a set of
associated tools and inference rules which enable automated analysis, verification and

validation (Coppit, 2003).

There are two main techniques for verification and validation that can be done depending
on the denotational semantics of a language: the consistency checking and proving
interesting properties about language models. This section investigates each technique

according to its usage and how it is handled.

7.2.1 Checking the consistency of a language

One of the most important issues that must be proved about any language is its
consistency (Coppit, 2003). The consistency checking for any language mainly involves
two steps. The first step is to ensure that the formal semantics definition truly expresses
the right semantics for the language. This type of consistency checking requires working
with the language designers, because they are the only ones who know the actual
meaning of the available informal semantics definition. The second step is to ensure the
soundness of the language by checking the agreement between the formal semantics
definition and the available concrete syntax (i.e. type-checking). This is usually done
using the current existing tools for formal validation (i.e. Z/EVES, CZT, etc). For
instance, the authors in (Wang et al, 2012) applied an Object-Z type checker to check the
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consistency of the WSMO language. They used Amazon Associates Web service model
(A2S) as a case study. Amazon model was first transformed to Object-Z language and it
was loaded with the formal semantics definition to an Object-Z type-checker to ensure if
the language sound. Amazon has been chosen because it is one of the largest models that
have been developed based on this language. In other words, a selected model must be
large enough so that it can cover the most aspects of the language, otherwise the checking
results won’t be accurate. In this thesis, we use the same approach that is used for WSMO

to check the consistency of Cloud# language.

7.2.2 Proving some important properties about language models

The second step after checking the consistency of a language is to reason about some
interesting properties that should be exist in the language models (i.e. liveness properties,
safety properties, etc.). This is usually done using mathematical proof techniques (i.e.
based on temporal logic). It mainly involves two steps: the first step is to state or write
the desired property in an informal way (i.e. natural language) and then it is translated to
a logical expression. Once the property is converted to a logical expression, the second
step starts by applying one of the mathematical proof techniques (i.e. proof by induction)
to check if such property holds or not. For instance, the authors in (Taguchi and Ciobanu,
2004) used proof by induction to prove the liveness properties for concurrent Z

specifications.

7.3 A Case Study—Cloud# Basic Model

In this section, we use the Cloud# basic model that appears in (Liu and Zic, 2011) as a
case study to illustrate how it can be represented in Object-Z specifications. This model
shows a cloud service which allows multiple virtual machines to run and share their
storages and network resources. The features showed by this model are: a basic
scheduler, the isolation of storage space for different clients and the virtualization of
network devices. The basic Cloud# model is represented in Object-Z specifications
depending on the formal semantics definition that we have defined in the previous
chapters. That is, any concrete Cloud# element is modeled as an instance of the Object-Z

class that represents its abstract syntax, static and dynamic semantics. Please refer to
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(Smith, 1992) for more information about object instantiation in Object-Z language.

Because of the limitations in space, we will only present the main parts of this model.

7.3.1 The Part of Computation Units

The main Computation Unit in the Cloud# basic model includes two virtual machines
(VM1 and VM2) as shown below. The computation task in this model is a parallel
composition of Scheduler and Network which performs scheduling and packet

processing.

{(vimm, Scheduler | Network, [VM VM) , HCallDeafs, Conf, Bas)

VM= {vma, noopy [1, {}r {} VoRes)
VMa= (vma, noop, [ 1., H‘i ”‘r‘fll'h.n-e&l

This can be modeled in OZ as follows:

cumdt, WM 2 - Clnit

cuml.main = dec

cumil. tvpedefs= {Tocval src dest id, ec, ploc, ipready, runvmid }
ceundl, processes = { Scheduler, Network }
cundt.healldefs= { healldef}

cundt cunitdefs={ VM, VM2}

VM1 main=dec]

VM typedefs ={srcl, dest], val 1}
VM. processes = {

VM1 hcalldefz= 4 }

VM. cundidefs =1{ )

V2 main= diec?

VM2 typedefa={ xre 2 dest 2, val 2|
M processes= | |

VM2 healldefs= 1 }

VM2 cumitdefs={ }

dee, dee ). doed s Clnit Diee

dec.id= vam

dec compe= { [ scheduler, Scheduler ), network, Network } )
dec umits _E VM1, VMD

Ao hoalls-- Jl:.ﬂhi:,"

dec configuration = rean

dec resolrce=rres

dic ] fd=wnl

dec ] comp = noop

deelondia=14 )

dec 2id=wm2
e 2 cuniies now

dec 2 units =}
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7.3.2 The Part of Processes

The Cloud# basic model includes two main processes (Scheduler and Network) as shown
below. The Scheduler is represented as a set of actions that are executing in a sequential
manner. On the other hand, the Network process is a composite process. It is represented

as a parallel composition of two different processes (Send and Receive).

Scheduler=ptacrts:
for vm in self.units do
rdyi=lookup{vm.id, self.conf.statua};
if rdy=1 thean
self.conf.curi=vm. id;
Lﬁ:te (vm.id;s=lf.conf.status,0};
goto starts;
Hetwork=E=seive | Send

This can be modeled in OZ as follows:

Scheduler, Netwerk, Send, Récelve : Process

Scheduler id= scheduer

Scheduler.processDese = phady

Metwerk dd=nebwark

Send.id= send

Send.processDesc= sendbdy

Recelve ld= recelve

Recalwe, process Lese=raceivebdy

Metwork, process Dese={ (send, Bend ), (receive, Recelve )}

phody, sendbdy, receivebdy : ProcBady

pbody.body— { starts}
sendbdy. body= { startd ], startd 2}
receivebdy body= { startr )

i starts, startd ], startd 2, startr :ActionSeq

starts.actions= (label, for, goto)

starid].actions= éevemi, assignl, append ], gotal )
startd2.actions= {even2, assign2, append 2, goto2 }
startr.actions = {rEvent, rdssignl, rdssign?, rFor, rGote}
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7.3.3 The Part of Hypercalls
In the Cloud# basic model, there is a definition for two different Hypercalls (read and
write) as shown below. These calls enable the virtual machines to access the physical

storages, retrieve and update the data in the cloud infrastructure.

HCallDefs={
read (los) =
mmu i=lockup (self.conf.cur; self.conf.sm)
plogi=loskup (loo, mmu) ;
¥r=lookup(ploc,self.res.storage);
return x;
writae(loc,E) =
mmy r=lookup (self.conf.cur,self.conf.am);
ploc:=lockup (loc, mmu) ;
update (ploe, self.rea. storage, E) ;

}

This can be modeled in OZ as follows:

hcalldef, healldef1, hcalldef? ; HiZall Defs

healldefhealls = {read, write}
healldef] healls = { )
healldef2 healls ={ }

read, write : HCall

read.id=read

read. formal par={loc }

read bady="{ hdssingl, hdssign2, hdssign3, hBettrn)
read.rTvpe= wal

write.id=write

write formal par= {loc, E }

wrile bodv= (wadssipn ], wassign 2, wlipdane)

write rType=vaid
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7.4 Conclusion

We used the Object-Z version of the Cloud# basic model that has been discussed in the
previous section to check the consistency of Cloud# language. The basic Cloud# model
has been applied along with the existing formal denotational semantics definition of
Cloud# language to the Zed Community Tool (CZT) type-checker. No typing errors have
been found which indicates the consistency of Cloud# language. However, we can’t state
precisely that Cloud# language is consistent, since the selected model is not large enough
to cover the most aspects of the language. However, this model has been chosen due to
the fact that Cloud# is still new and has not been used to model real and large cloud
infrastructures. Well, a more complex and large model leads to a more accurate result.
Now that this language has been provided with a formal denotational semantics
definition, it is easy to use this language for modeling real and large Cloud infrastructures

and check the consistency of Cloud# language in a more accurate way.
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Chapter Eight: Conclusions and Future Works

8.1 Conclusions

In this thesis, we have presented a formal denotational semantics for Cloud# language
which is a domain-specific modeling language for modeling the infrastructure of the
Cloud. Object-Z language has been used as a meta-language for defining the formal
semantics of Cloud#. The formal semantics definition with Object-Z language has been
given as a single unified framework. That is, the abstract syntax, static and dynamic
semantics of a single language construct is specified in one Object-Z class. Not only does
this help the readability of the semantics, but if the language is enhanced or evolved, the
required modifications can be done by the minimal disruption to the existing semantics.
Also it is possible to use some parts of semantics definition of one language to define

another.

On the other hand, the consistency checking for Cloud# language has been done using an
Object-Z type-checker tool. A sample Cloud# model has been converted to the Object-Z
specifications and then applied along with the existing formal denotational semantics to a
type-checker. No typing errors have been found which indicates the consistency of
Cloud# language. However, it is not realistic to state precisely that Cloud# language is
consistent, because the sample model is not large enough to cover the most aspects of the
language and it doesn’t even represents a real cloud infrastructure. This model has been
chosen due to the fact that Cloud# is still new and has not been used to model real and
large cloud infrastructures. Well, a more complex and large model leads to a more

accurate result.
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8.2 Future works

Defining the formal semantics of a modeling language can be beneficial to that language
in many different ways (i.e. for reasoning about the language or for providing tool
support). In this thesis, we have defined a formal denotational semantics for Cloud#
language. This type of semantics facilitates reasoning about the language using the
existing tools for verification and validation or by using mathematical proof techniques.
In this thesis, we only used one of the existing tools to check the consistency of Cloud#
language. However, in future, some mathematical proof techniques will be adopted to
reason about Cloud# models and to check the existence of some interesting properties

such as the liveness property as mentioned in chapter 7.

On the other hand, the denotational semantics definition is not enough. Cloud# is like any
other language, it also needs an operational semantics definition. The operational
semantics definition will help in developing tools (i.e. Compiler, interpreter, etc) for
Cloud# language. Without the operational semantics definition, the generation of these
tools will be a very complex process. In our future work, we propose to provide Cloud#
language with an operational semantics definition which is consistent to the already
existing denotational semantics. This can be accomplished by using one of Object-Z
language extensions with a process-based language (i.e. pi-calculus, CSP, etc). That is, all
the aspects of the language will be defined in a single unified framework. Similar work
for defining all the aspects of the language in a single framework appears in (Hahn,

2008).
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Appendix 1: Formal Semantics Description of Cloud#

o Cloud# Types

Type & PreDefTvpe UUserDefType

PreDefType & IntType U StringType \J BoolType \U VoidTvpe
I_IHITJ’FE‘E—" - !_SrringTj.rpe@ _ '_Bc:c:II'}:pEﬁ} _

[__Fc-idfypeq:- B

The subscript @©- on IntType specifies that there is only one instance of Integer type. It
is a syntactic sugar for a system constraint: #IntType=1. Similarly, there is only one

instance of Boolean type, String type, and Void type.

UserDeflType & BaseType \J Recordlype\U ListType UTupleType

BaseType _ _
: ~ ListType _
id : Id

Recordlype TupleTvpe

field : Id +» Type field : seq Type
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o Cloud# Values

Value = IntVal U StrVal U BoolVal U BaseVal U
RecordVal \UTupleType U ListVal \U VoidVal \UJ Nil

Nl _ VeidVal
OutVal
[ V:Value val ! : Value
V = self val !=V
Char u='a'|®'|'e'}...|'2'| '1'...]'9
_ ImtVal _BoolVal
VoidVal VeoidVal
Val : L g Val : Bg,
_ StrVal BaseVal
VoidVal VoidVal
Val : seq Char@ Val : [d@

Each instance of the class IntVal, BoolVal, StrVal or BaseVal models a particular value of

its type. As represented in (Dong, 2005) the one-to-one correspondence relationship is
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captured by the subscript @ on the type of Val. Which is a syntactic sugar for a

system constraint (e.g. for IntVal):

Vi:Ze3vIntVal e vVal=i AY v: IntVal # 3,i=F & vVal=i

_TupleRef _ ListVal
— r% VoidVal
e LYpe
g:l’n]ue I'ﬂst:.iﬂqll"a]ugm
V & Nil = type =type_of(V) count : Value
, Vxy ;ranistexsye
CutVal _ _Assign type_of (x)=type_ofiy)
val 1: Value atv ) L
e val > Value count.val = # (s
Vi=val ?
_TelMil _ —_— Remove  Add
AtV ) aglst aflst )
V'e Nil item ":Value item 7:=Value
Ist=({item )" 151’ Ist'=lst ™ item 7}
_TugleVal
VoidVal

attributes : P TupleRef g
# attributes = 1

_change
A(attributes )
item 2:Value

attributes( 2 )'=item ?
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The subscript ‘©’ on the type Variable or TupleRef refers to the non-shared object

containment.

o Mapping Function

type_of : Value — Type

W v: (Value \ Nil ) »

[
[2]
Bl
41
il

i9]
[l

[%]

ve IntVal = type_of(v) € IntTy
v € BoelVal = Ivue of(v) € boolTvpe
ve StrVal = type_of (v) € StringT pe
v € BaseVal =:~ I'.r;ae of1, v'! e Basely
»Epl;tszj"pritl;::-rype _of(v) EL&S!
Ve voldvral — ﬂ' ‘F e Vol
VE RecnrdFEal ‘IEPE e
pe_of(v) € Recordl vpe
{!}Ja vaﬂr:hums- (a.id, a.type) }=tvpe_of(v).field
vETuﬂeF?E :):r TugleT
pe_of(v) e TupleType
r{}:1 :v.attributes » (a.pos, a.type ) }=type_of(v).field

o The Variable Reference

_Variable

v

id: Id

pe: Type
Value

V & Nil = type =type_of(V)

_OwVal __ _Assign
val ! : Value AV
wal!'=V val 7 : Value
Vi=wval?
_ToNil
alv )

V' e Nil




o The Arithmetic Expressions
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_Plus _ Minus
el,el: Ex el,e2: Exp
A o &. L
V: Value V: Value

(el.VeNlvelVeNl)=VeNil

(el.V e Nil ve2V e Nil )=V e Nil

-q{eJFEFMI ﬁ%l’e 1= - (el. m;TEFr{ausz#u}:
tJ.r E fype_o ¥
pe rﬁff fvpe ﬂﬂtl.v‘;ﬁbﬂ?pe
pe_o; .?F"'J [nl’l‘g;z HPE _ofle2V) e ln

3’. val=tel V.val+e2Vval) val=(e].V va - {Fwi}
_ Encryption

ELEE:E!F@

V; Value

(el Ve Nl ve2Ve Mli=V e Ml

~{el.Ve Nil ve2Ve Nil )=

type_ofl F}EIMT}?

lﬁ ﬂ

?pe uﬁtl‘l’gehﬂ
val=(el.V.val g e.ﬁ'mi]

{EJ‘.FEMIvEE.FEMi =V e MNil
+ (elV %‘%ﬂlﬁigﬁ 1=
tvpe_of(V) & BoolType

elV)

pe_ofiel.V)=type_a
le (el V.val <e2Voval)

Less _Equaliry
EL&E:EI% El,el’ :Expml
V: Value V: Value

(el.V e Nil velV e Nil )=V e Nil
~elVeNl velll e Nl )=
type_af(V) & RaalType

¥
S b Ay _’Ff ] A

Meore

el e2: Ex
g Py
V: Value

(el V g Nil velV e Nili—VeNil
~+(el.V e Nl ve2V e Nil )=

type_o Ir“' EBﬂﬂ!T}rpe

E;P! pe_of{elV)

val = feiFmi }-EE val )
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o The Dot Expression

—. DolEXP

s& : seq Variable
V: Value

#s>] AV i:1.(#s-1)e
(5(i).V e TugleVal v s(i).V € RecordVal ) A
s(i+1) es(i).V.attributes A V =last(s).

o The Assignment Statement

RetHCallStmt == {s: HCallStmt | s.hcall *Type & VoidType}
SymbelicVal & ExpU RetHCallStmt

I_As.np_nmem

aVar : Variable ©
aSymbol : SymbolicVal g

aVar.V & Nil = type_of{aVar.V )= type_of{aSymbol V)

Execute & [aSymbol € Exp] A aSymbol.OutVal || aVar.Assign
f
[+ (aSymbol € Exp)] » aSymbol.Execute || aVar.Assign
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o Label Statement

_ LabelStmt

id : Id

aclion : Achion

action & LabelStmt

Execute & action.Execute

o IF Statement

IFStmt

test : Exp@
then,else : ActionSeq g

tvpe_of(test.V) e BoolType

Execute = [test.V.val] A then.Execute
|

- [test.V.val] A else.Execute
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o FOR Statement

_ ForStmt

list : ExpD

do : ActionSeq g,
A
fVar : Variable g

type_of(list.V) e ListType

Var.V e Nil = f
¥V acranlist.V e type_ofia) =type_of (fVar.V)

Execute & 5i:l. #listV e (listV{i).OwVal || (War.Assign ) A do.Execute

o Return Statement

_ ReturnSimt

I"EIP : EIP,!D
rExp.V e Nil

Execute = rExp.QOutVal

o Goto Statement

_GotoStmt

IblStmi: Label Stmt ©

Execute & 1blStmt.Execute
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o Cloud# Identities

Id & CUnitld UCUnitDefldU Typeld \U HCallld U Fieldld U
Processld \J Variableld U Label Id \J HdefsId
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