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Abstract

This thesis presents our method to integrate formal methods with -aibeksh engineering.
Although a large amount of literature exists with tloalgof facilitating the adoption of formal
methods for educational and industrial practice, yet the adoptitmrmal methods in academia
andindustry is poor. The goal of this research is to improve the adoption of formal methods by
automating the generation of formal methods osbiée maintaining scalabilitand bridging the

gaps betweeformal analysis and actual implementation of the cetepdystem

Our approach is based on generating formal representations of software abstractions expressed in
a textual language, called Umple, which is derived from UML. Software abstractions of interest
include classmodels andstate machinesi-or statemachines, w address concerrsich as
composite and concurrent states separately. The resulting syateranalyzable by baend

analysis engines such as Alloy and nuXonNuSMV for model checking.

To ensure correctness of our approach, we have adsiptathtion, empirical studies and rigorous
testdriven development (TDD) methodologies. To guarantee correctness of state machine systems
under analysis (SSW)\ we present methods to automatically generate specifications to analyze
domairindependent pragties such as nedeeterminism and reachability analysis. We apply these
methods in various case studies; certify their conformance with sets of requirements and uncover

certain flaws.

Our contributions include) The overall approach, involving having teveloper write the
system in Umple and generating both the formal system for analysis and the final code from the
same model; anovel approach to encode SSUAs even in the presence-cf@sgltrasitions;

¢) a fully automated approach to certify aBLFA to be free from nondeterminism even in the
presence of unbounded domains and multipleaaosds transitions within the same enclosing
orthogonal stated) an empirical study of the impact of abstraction on some performance
parameters; ang) a translair from Umple to Alloy and SMV.
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TABLE 1. TABLE OF SYMBOLS

Symbol | Formula | Explanation
® A finite set of attributes of the SSUA
Y The universal set of states of theSSUA
0 The universal set of state machines forming the SSUA
a The root state machine of the SSUA
2 The universal set of transitions of the SSUA
Y The universal set oftransitions of state machine A.
£ The name of the state machine A
Y Finite set of top-level states of state machine A
i The initial state of state machine A
a A finite set of labels enclosed in A
Y A universe of states embedded in a state machine A
(0] A set of embedded transitions of state machine A
r [ a The trigger ‘Q(or event) on transition label & GHICLD
® 0 ¢ maps transition Oto its destination state (see Definition 12)
"0 "00 "Omaps transition oOto its set of source state(s)see Definition 11)
\ | 0 | maps state machined to its type (i.e., simple or hierarchical)
f [ f maps statei to its number of sub-state machines
! "0 " maps state machined to its parent state
L L(t) L maps transition t = (x, y, z) to y (i.e., its label)
o WO If dthen &
P ALINA &is true if and only if Qis true
r or o o is an immediate descendant of state machine®
$ 0S80 0 is an element of the set of descendants of state machin® (including 6)
r or 6 0 is a descendant state machine o
s 0rg0 o is parallel to state machine 6
W AW ¢is an immediate descendant of statec
W OW® &is an element of the set of descendants of stateb(including &)
W AW Gis a descendant of®
N N wis defined as an element of sett
! o wis defined as any element of seté
m m wis defined as some elements of setd
y Yo The set of in-transitions of state w(see Definition 13)
n n® The set of embedded transitions of statew(see Definition 14)
H H(s) The set of high-level transitions of state s (see Definition 15)
Y} Wi The set of and-cross transitions of an orthogonal statei (see Definition 16)
\ N The set of unusual transitions for an orthogonal state i (see Definition 17)
. A The set of enabling transitions of state w(see Definition 18)
A A0 The fully qualified name of state (or sub -state) machined
¥ t of The active state of state (or substate) machine¢ at step ‘(see Definition 21)
DH DH( M) The set of high-level transitions that will disable state machine M (see Definition 22)
IH IH(A) The set of ignorable high-level transitions for sub -state machine A (see Equation 14)
] (A, s) The set of and-cross transitions with target regions other than A
(0] 00 The set of disabling transitions for state (or sub-state) machine 0
1 1 ih The set of parallel transitions of 0 in statei (see Definition 23)
n na The guard "Qon transition label & SGITLD
e ne ® ¢and care non-overlapping guard statements
o The set of embedded states ofl (see Equation23)
A N(s) N maps a top-level state sto its state machine.
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1 Introduction

In this thesis, we demonstrate thavelopers can use a single formalisrd€rivative of UML) to
generatecode forboth formal methods and executable systeirurthermore, waise formal
methods to prove some properties such systemsand demonstrate usefulness asfdcross

transitiors as defined by Harél statechart semanti¢$].

As the complexity of realvorld software systems growalentlessly, the risk of project and system
failure remains unabated. This phenomenon is domain independent, as aut{Zzhatealth[3],

and businespl] examples attest.

Christel and Joo<Riete [5] stated

AOur reliance on t he functioning of I
Communication Technology) is growing rapidly. These systems are becoming

more and more complex and are massively encroaching on daily life via the

Internet and all kinds of embedded systems such as smart cardd)ethdnd

computers, mobile phones,andhighihd t el evi si on sets. O

Unfortunately, expecting human beings develogngh systems to prevent failures by detecting
faults is unreasonable unless the humans are supported by sophisticated tools. Such tools must
match increasing complexity by increasing the use of abstractions with rigorous mathematical

underpinnings.

Tools enabling sound mathematical analysis of software, collectively ctdiedal methods
(discussed below) have been available for decades. However, their uptake has been slow since
they tend to be too hard for all but the most accomplished computer ssiémtiste, tend not to

scale well, and tend to be somewhat spguispose.

Another set of tools and techniques in the field caNemtle}Driven Engineering MDE), also
discussed below, combats complexity by allowing relatively easy specification andtigeneia

systems, bypassing the need for humans to understand what is being generated.
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To some extent, MDE and formal methods are becoming connsated, MDEtools aremore

and more being givesolid formal semantics. However, the easteatse modelingechniques

tend not to be well integrated with state of the art formal methods. This is the issue we address in
this thesis.

Our objective is to allow developers to employ the dagyse modeling language technology
Umple to generate systems, while detegn to stateof-the-art formal methodstools to
transparently analyse such systems. In doing so, we hope to increase the applicability of formal
methods, and hence improve the quality of softegstems

1.1 Model-Driven Engineering

MDE [6] has energed as a disciplined approach to addngsoftware complexity and effectively
represenhg domain concepts, architectural concepts and other aspects of abstract design. MDE
advocates both genealirpose and domaispecific modeling languages, model transformation

and code generators as means sdmaging complexity of the software industry.

A domainspecific language helps formalize structural and behavioral requirements of objects in
target domains. Transformation engines and generators provide mechanisms that facilitate analysis
and synthesis of domaspecific artefacts.

Advances in MDE yialed the Unified Modelling Language (UMJ]i n t he mi d 199060
remains a key standard for representingicstand dynamic aspects of software systems, but its
current semantics is setfarmal [8]. UML is widely taught because its core concepts, such as

class diagramand state diagrams are simple, yet powerful. Much of its use is informaifnply

drawing of pictures) however, due to tool weakneg9¢sThe Umple technology has been
developed to solve certain UML tool problems while retgnand enhancing the ability to

generate software. We will discuss Umple in detaBéation2.1

1.2 Formal Methods

Formal methods provide strong matiedical discipline with the promise of ensuring correctness

of software systemgl0], whenit is applied correctlyn contexts where proof is possiblehey
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offer notations to express software abstractions with unambiguous semantics and sound

mathematical principles to reason about correctness of software.

According to Ouimetand Landquisf11], formal verification of systems (i.e. hardware and
software) has gained tremendous attention sin

costs Intel Corporation a loss of $475 million in recall of faulty chips in 198}

Advances in formal methods for software engineering have given birth to various approaches

including theorem proving, model checking, and static analysis.

1.2.1 Theorem proving

Theorem proving[13]i [22] provides a deductive approach to the certification of program
correctness. It opiires the definition of a set of calculi targeted to programming language
constructs. Verification of a correctness property is thus subjected to proofs using these calculi
(i.e., the deductive verification approadB3]). A program is correct with a set of calculi if and

only if the established preondition holdsefore program execution and the peshdition holds

after the program execution terminatésdvance in theorem provinghawe given birth to
interactive(e.g.,[16], [17], [19]i [21]) and automatede.g.,[22]) theorem proving approaches.
Although theorem proving approaches guarantee absolute correctness for certain aspects of a
system, their adoption in the industrial settings is low. Their major limitation is that they demand
user guidancén the search for solutions and have inadequate support for automation. Another

limitation is that each technique considers only a subset of aspects of a program.

1.2.2 Static analysis

Static analysig[24]i[29] is another formdatable approach. A goal of some static analysis
techniques is to automatically computecessary precualitions along all paths of a program
without execution. According t¢26], necessary preconditions aaeset of constraintgany
violation of which will lead to an error in subsequent program exeqgufidre major benefit of
this approach is its potential to addrsesalability issues certifyingthecorrectness of largscale
software system Despite its potential to address scalahilibe approach is limited in several
ways. Current solutionsf this approach targ@rogram source codmit not highetlevel software

abstractions such as state maebl and class models, etc. Another limiting factor is that to realize
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precision and scalability, solutions are tailored to a specific problem domain ,(e@gonics,
automotive, etc.). To make matters worse, most interesting questions about progratnessrec
areundecidablg30].

1.2.3 Model checking

Model checkind5], [31]i [36] is a formal technique with the goal of automatically executing and
analyzing software abstractions before the actual system is built. The approach ibasedeand

is rooted in the principle afxhaustive explorain. According to5], model checking explores all
possible system states inbaute-force manner. It requires the model and requirements of the
systemunder analysis (SUA) model to be expressed in the dialect of the particular model checking
engine and logic formalism such as C[BIZ] or LTL [38]. The model and its requirements are fed
into themodel checketto determine whether the model conforms to its requirements. The failure

of the model to conform to its requirements will produceanterexample

Counterexamples are used as feedback to assist the user in certifying or correcting the SUA. The
describe execution paths that lead from the initial system state to states that violate the requirement.

Analysis engines either depend explicit-state enumeratioar symbolicapproaches. With the
explicit-state enumeration, program states tend toeass exponentially. On the other hand,
symbolic approaches (e.g. SA39], OBDDs[40], AlGs [41], [42]) efficiently represent sets and

relations as Boolean formulas.

Model checking approaches hasteong mathematical underpinnggnd give results that can be
trusted (are sound). The benefits of the approaches includagbef integration witnexisting
development cyclandautomatic verificationHowever, they Ave limited capability to support
verification ofdataintensivesystems and suffer from a state explosion problem.

1.2.4 Limitations on adoption

Despite the attention and potential of formal methods to guarantdedeugpftware systems, their
adoption for indstrial and teaching purposes is poor. The following are the major problems we

observed that limit the adoption of formal methods for software verification purposes:
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There arenumerous formal languagesach with its own advantages and areas of appligabili
(e.g., some languages are specialized for specific domains, while others are focused on dynamic

or static aspects of design).

The languages and tools for formal methods are complex, resulting in a high level of expertise and

cognitive effort required tarite and understand them.

Manual creation of formal specifications becomes increasingly-prome as systems become

|l arge due to the sheer amount of for mal | angu
to expect engineers to create forrspécifications for large modern systems that are both correct

and can be correctly manually translated into a correct functioning system. Automation is needed

for both correctness checking, and translation into correct systems. A key objective of this thes

is to allow both to be achieved, starting from one common specification, written in a simpler

language.

Formal methods are taught to some extent in universities, but not universally due to their

complexity and the lack of needed support tools that eagabily used by students.

Nonetheless, aeport by the National Aeronautics and Space Administration (NASA) and the
Federal Aviation Authority (FAA) after an investigation into the use of formal methods stated (see

pg. 7 of[5]):

AFormal methods should be part of the education of every computer scientist
and software engineer, just as the branch of applied maths is a necessary part
of the educationofbll ot her engineers. o

1.3 Problem Statementand Research Direction

We summarize the problem to be tackled in this thesis as follows:
Formal methods are too difficult to use by ordinary developers, and unsuitable
to directly teach in lowelevel university course due to complexity,

scalability and toosuitabilityissues. Thus, formal methods have low adoption
levels.
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Our toplevel research question derived from this is:

Research Questiod

How can we improve the adoptionformal methods, both in industry and in
teaching, by overcoming some of the complexity, while maintaining analysis
capabilities an@nhancingcalability?

Our working hypothesis for the thesis is the following:

It should be possible to make formal methmdsre usable by hiding their
complexity in a similar manner to how the complexity is hidden in other
development technologies: By wrapping them in simpler abstractiens
succinctmodeling constructsand generating both executable code and formal
metods code from those simpler abstractioterenecessaryt-or example,

a complex behaviour of a system mayabstractedh a state machingimple

or hierarchical) relationships between classes can be abstracted in
associationsand so on
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By ofor mal met hods coded in this context we

language.

More specifically, we hypothesize that we can generate formal methods code corresponding to
simple models based on UML class diagrams and state diagrainssexithe power of the formal

met hods tools 6behind the scenesdé to find def

Our objective is to explore how to develop technologshtowthat the hypothesized capability is
achievable.

To help explain the gaps our work addressesprgsent various usages of formal methods for
software development iRigure 1. This allows us to compare various usages of formal methods
with the usage we advocatehé&se are: traditional usage of formal methods; usage of formal
methods with MDE; roundtrip engineering and the usage advocated for using formal methods with
MDE in this thesis.

In Figurel(a), we present the traditional usage of formal methods for software development. The
approach does not automate most of the transformations except the transformation to machine code
or bytecodes done by a compiler. The starting psitiie requirements, which are informal but

later developed manually into a visual model (i.e., static and behavior). Then a formal specification
of the model and properties are created manually from the model. The specification and the
properties are fonally analyzed to discover and fix defects. The formal specification and the
model is then turned manually into code (e.g., C, Java, etc.) and compiled into a working system
automatically. A typical example of this usage is applied by Chan[dB]al

This approach tafs not to be scalable and to be eporne. For example, applying this approach

on an industriabcale automotive system arduous That is, the manual creation of perfectly
consistent models, formal specifications and code may delaytéhimarket or mke the project
infeasible. Similarly, keeping track of changes made to the model, code and formal specification
is difficult to guarantee. Maintaining consistent model artifacts whenever there is a change may be

unrealistic.

An approach to more closely moecting MDE with formal methods is presentedrigure 1(b).
This approach involves manual creation of a visual (and sometimes textual) representation of the
model fom informal requirements in a language such as UML, this is not generally considered a

formal model becaudermal verification (e.g., model checking) cannot be applied to such model
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Nonetheless the tool managing the model maintains a magftonessable representation of the
model, which is then used for automatic generation of code (e.g., Java). To formally analyze
systems with this approach, the formal specification and properéedsm created manually and
passed to an analyzer for analysis. The limitations of this approach for formal analysis of SUD
include scalability and consistency between model and formal specifications. In other words,
although the code may be synchronizeith the model, the formal specification must still be

manually kept in synch with the model.

Another approach often adopted for software developmentisdtrip engineering(seeFigure

1(c)) with automatic codgeneration. According to Klein et. §4], roundtrip engineering
provides cpabilitiesthat facilitate manual editing of generated code such that the changes made
to it are reflected back in the model. Roung@ engineering support attempts to guarantee
consistency between code and model. However, it is still an issue to meariaistency between

model and formal specifications of the SUD.

We present an approach that maintains consistency between model aras eoeleas thenodel

and formal specification. This is illustrated with the diagram presentdelgumre 1(d). Our

approach implements the modamlde duality principle such that a model and code blend into one
extended model. We express the model/program textually as an Umple prdigganwith
extension<ump) which is then parsed and analyzed. The Umple compiler produces an Umple
Internal Representation (UIR) of the model/program. We have developed code generators to
automatically generate both the final executable system, andlfgpacifications of static and
dynamic behaviors of the SUD from the UIR. The
are applied to it; formal verification is performed on a formal model that is automakeglin

synch with the Umple model.

Weuse Umple in our work for a variety of reasons. It implements bt duality as described
above; we have full access to it as an experimental testbed, and it meshes well withbhseidxt
software development methods, such as automated testingreéhaidely used in industry. Its
capability to automatically generate formal specifications enisascalability of formal

representations and guarantees consistency between model and formal specifications.

To limit the scope our research, we decided to limit the models we would investigate to class

diagrams and state diagrams. These specific modeling abstractions are widely taught, readily
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understandable and, taken together, are at the core of the designs of a langmproijsystems.
We chose to work on both to generalize our work to more than one type of model and formal

method.

Despite the improvements our work offers, we deem it important to discuss its limitations.
Currently, he analyst is required to addtiors (e.g., assignments to variables in response to
events)manually to the generated formal specificatitmgnable exhaustive analys&milarly,

the analysis of algorithimlogic embedded in the model is out of the scope of this work. The focus

of our wak is the discovery of defects at the modeling (i.e., abstract or high) level but not at the
generated ode (i .e., low) | evel. Hence, we encour a

for testdriven development (TDD) to manage this aspect.

1.4 Choiceof Tools

We had to choose the tools on which we would base our work. For the formal methods tools our
selection criteria included that the tool must be actively developed and researched, capable of a
wide range of mathematical reasoning. It was also impbtb choose onlgnalyss engines that

require no useguidance or inventioto createnathematical lemmas in the process of proof search.
Fortheselection of the modalriven tool, we needed it to be open source (so we can modify it to

integrate the fomal methods), easy to use and capable of full system generation.

For all tools, we needed them to be scalable to systems of very large size (with the understanding

that the formal method code would have to be automatically generated).

We have developegimodular encoding approach that allows reasoaba@uttemporal properties
on moderately complex state machiedek, and static properties in class diagra@t solution
automatically generates the formal representation of systems; thus, the aridigje systems

is possible and users are shielded from mathematical notations.

As a formal method and tool set for analysing dynamic properties of systems, we seidcted
[45] or its variant NuSM\[32] for systems with unbounded variableg)Xmwvs a new symbolic
model checking tool for the verification of fair, finitend infinite state synchronous systems. Its
major goal is to address complexity characteriziatxintensivesystems and preserve automated
analysis benefits of model checking approdtiextends NuSMM32], a stateof-the-art model
checker for the specification and verification of finite state systems{mv inherits basic
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verification techniques of NUSMV but extends its native language Wittounded Integeand
Real data types for the specification of infinite domains. To enableiva&tidn of the newly

supported domainsuXmvintegrates Satisfiability Modulo Theory (SM46]) algorithms.

nuXmvhad been adopted for the verification of varioupligptions in academic and industrial
contextg31], [47]i [50]. Among other statef-the-art model checking tools, performance results

show that nuXmv is highly competitiyé5], [51].

To enable analysis of static aspects of systems, we selectedZ2loy his implementsa first

order logic language for expressing software abstractions, simulating and checking requirements of
software system§b3]. It provides mechanisms for expressing transitive closure, universal and
existential quantifications, predicates, functions, relations, invariance, multiplicities, inheritance,
and so on. With these mechanisms, Alisysuitable for representing object models, simple and
complicated constraints, and operations manipulating the structures dynamically. Hence, it is

mostly suitable for specifying and validating structural properties of soffa@fe

Verification and validation of systems with Alloy is fully automatic with instant feedback from its
SAT-based malyzer. It adoptabounded verification strate@s a means of handlimgdecidability
issues.Hence, Alloy issoundbut incomplete The Alloy analyzer is capable of discovering
inconsistencies via simulations, and counterexamples by checking asseértiensimulation
mechanism provided by Alloy allows detection of situations when no instance of the specified
mod el exists within the defined scope. On the
compromised, the analyzer generates a courasmgbe. Alloy has gained significant attention in
academic research work on formalizing UML class diagif&dis System construction with Alloy

is based on the following notions: signature, fields, facts, functions, predicates, and assertions.

As the MDE tool we will use Umpl¢s5]i [58] as the master language for representing and
generatingreavor | d soft ware syst enosd.e Idtu ad u pp/dr tpsr itnice
that it represents software models, not only as diagrams but also equally easily and interchangeably

in textual form[55].

Umple allows developers to model static and dynamic views of software systems and
automatically generates Java, C++, Ruby, Php, etc. code from the system model. Umple achieves

this by providing constructs and environments to express a rich subset of Unified Modeling
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Language (UML)[7], sud as class models; state machine models; and composite structure
models. It provides code generation for UML associations that fully supports referential integrity
and multiplicity constraints; and it supports unlimited hierarchically nested and conaiatent

diagrams.

1.5 Contributions

As discussed above, the goal of this work is to integrate formal methods in a usable way with
modeldriven engineering to allow formal analysis of software abstractions (e.g., UML state
machine diagrams and static class eisg and enhance adoption of formal methods for software
engineering education and industrial practices. To be specific, we intend to bridge the gaps
between model and code, and model and its formal representations. This general goal requires
solving varous subproblems, each of which is a distinct contribution. Therefore, we highlight the

contributions of this thesis as follows:

a) The overall approach of facilitating formal analysis by having the developer
model the complete system in a simple moddimguage (in our case, Umple),
and systematically generating formal methods from this for verificptioposes
while at the same time generating the final system from the same model, thus
preventing the need for#implementation;

b) A novel approach to endestate machindased systenmeven in the presence of
andcross transitions for symbolic model verification (F&9]);

c) A fully automated approach to certifystatemachine based systambe free of
nortdeterminism even in the presence of unbounded variables and multiple and
cross transitions in the same enclosing state[Gde

d) A comparative study of arckoss transitions and various alternative approaches
that can substitute aratossing for modeling state machine diagrams [GER;

e) An empirical study of the impact of abstraction on some performance parameters
(e.g,execution ti me, me mo ro/f uBiamgear ya nkle cti k@ on
Di ag rBDb;sand

f) Transformation tools from Umple (anérce from UML) to SMV and Alloy.
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We summarize the contributions of this work in the following thesis statement:

Thesis Statement: Both executable code and formal methods ocale be
generated from the same hitgvel model, therefore allowing developers to
perform formal analysis and production affinal system from the same
abstract source. It is possible to automatically analyze modaissponding
to the final systenfor nondeterminismand consistencgven in the presence
of unbounded variables and aomss transitions. Anrdross transitions
provide useful highevel abstraction and are applicable to modelingweald
problems that characterizesoftware productsA set d non-conflicting
transitions is computable to enable and disable states arstatalbmachines
of these system®or model checking purposeBy comparatively studying
performance of various means of higivel abstractionst can be shown that
high-level abstractios do not alwaydranslate tgperformance benefits during
model checking.

1.6 Limitations of the work

Wetackle a general problem, but our work is limited in the following ways:

1 We are focusing on class diagrams and state diagrams as represematddimple. This
means that any concept not representable in Umple will not be representable or analysable
when we generate formal methods code. Umple models, although broadly capable of
representing many aspects of systems, are not as generalizegpasalaprogramming
language. Our approach does not attempt to generate formal methods from programming
language codembedded in Umple. And our approach does not purport to be able to
analyse systems where injected programming language code alters th&ncple
modeling semantics whi ch i s possi bloeentad code ipjectdmp | e 6 s
capabilities

1 Umple assumes certain semantics for state machines and class diagrams; other tools may
adopt slightly different semantics. We have focused on gengatialysis code to match

Umple semantics.

1.7 Thesis Outline

The following is an outline that summarizes contents of chapters of this work:
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Chapter 2 presents backgrod information about techniques and technologies required

to understand this research. The technologies we survey are Umple, Alloy and nuXmv.

Chapter 3 presents processes involved in transformation engineering. Particularly, we
present our approach to automatically generate formal specifications of software

abstractions expressed in Umple.

Chapter 4 presents formal specification of Umple class models in Alloy for the purpose

of analysis. Umple class models includesses attributes and associatioa These
modeling constructs are formally specifi et
focuses on attribute and multiplicity mappings, constraint specifications, and-object

oriented design patterns.

Chapter 5 presents our approach to formalize state machines in Umple. Particularly, it
discusses our methods to compute the set of enabling and disabling transitions for states

and substate machines in Umple.

Chapter 6 presents our approach to raise the qualitystate machinesystems under
analysis $SUA9 expressed in Umple. We focus on discovering-determinism ad
reachability of states.

Chapter 7 presents the transformation of state machine models by example. This involves

the mapping of each Umple state machine coostauits equivalent SMV construct.

Chapter 8 presents our approach to verify and validate our work. For verification purposes,

we proposed simulation and rigoraestdriven development.

Chapter 9 presentsa survey of related work and a comparative study of solutions closely

related to our work.

Chapter 10 presents concluding remarks and directions for future research.
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2 Background

In this chapter, we present background information about techniques and technologies required to

understand the rest of this thesis. The technologies we wikgane Umple, Alloy and nuXmv.

When discussing grammars we will use a simplified notation developed for this thesis to facilitate

unified representations across the three technologies; it is based on the core Umple fajhmar

although when we presahe Umple grammar we will present a simplified view. We will illustrate

some concepts with simple exampl&sble 2 introduces notations and semantics adopted for

discussion.
TABLE 2. MAPPING OF NOTATIONSAND MEANINGS
SymBOL MEANING
? optional (zero or one; UML equivalento 0 . . 1 6)
* any number (zero anore; UML equivalenf 6 0 . . * 0)
+ mandatory (one or more; UML equivalénb 1 . . * 6)
[[ €11 nonterminal symbol, referring to another rule
[ €] terminal symbol that can match any simple alphanumr
identifier
| logical ORoperator
& logical AND-operator
other things of no interest to us when discussing concepts
[ xxx J* any number of HAXxXXxx0

[= typeName: valud € an enumeration of possible values

To ease readability of code in listingegmple sta¢ names and terminal symbols arerdu

composite state narmand norterminal symbols arm green class, signature, and module names

are inbrownand keywords are inlue.
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2.1 Umple

Umple is a modebriented programming technology for the development ofweald software
systems. It supportsemodelcode dualityprinciple by representing software models, not only as
diagrams but also as tepg5]. Umple allows developers to model static and dynamic views of
software systemand automatically generates code in languages like Java, C++, Ruby, Php from
the model. Umple achieves this by providing constructs and environments to express a rich subset
of Unified Modeling Language (UML)7], such as class models; state machine models; and
composite structure models. It also allows direct expression of some concepts not in UML, such

as certairpatterns, and algorithmic code in native languages like Java.

Umple was explicitly designed to be simple to use while generatinepiglity code. People used
to UML diagrams can draw them using Umple (or can import them into Umple from other UML
tools),but many people who are used to textual coding can also use Umple, since its lightweight

syntax for UML constructs can be blended with programming language code.

We will discuss below how Umple handles the notions of state machines and class models, since

these will be particularly relevant to this work.

Group
+numberOfMembers : Integer
MAX_NUMBER_OF_PEOPLE:Integer
groupName:String
+meetingTime: Time
+maxNumReached:Boolean

studentp..1 wvife * vehiclep * bank 1 functionalfreas * +meetingDate: Date
+numberOfM eetings SoFar:Integer

hu .1

Student
+identity : Integer Person Vehicle Bank FunctionalArea
+names:String

colirses * wheels 2..* acdounts * faglities *

Coutss Employee Wheel Account Facility

Nith *
mutua llyExclusiveWith facilitiep *

facilityType 0..1

Facilty Type

FIGURE 2. VISUAL REPRESENTATIONOF UMPLE CLASS MODEL (LISTING 1).
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//lUmple Classes
classPerson { abstract }
classBank { singleton }
classAccount { }

/IDirected associations in Umple
classFacilityType {}
classFacility {*-> 0..1FacilityType ; }

/IBi-directional association
classFunctionalArea { * -- * Facility ; }

/lIndependent association
associatioq 1 Bank -- * Account; }

/IComposition association
classWheel { }
classvehicle { * <@>2..* Wheel; }

/IReflexive associations
classPerson{0..1 husband-- 0..* Personwife; } // (asymmetric)
classCourse { * selfmutuallyExclusiveWith; } // (symmetric)

//[Umple Attributes

classGroup {

IntegernumberOfMembers;
constintegerMAX_NUMBER_OF_PEOPLE = 20;
immutablegroupName;

TimemeetingTime;

BoolearmaxNumReached;

Date meetingDate;
autouniquenumberOfMeetingsSoFar;

}

/ISpecialization and generalization
classEmployee { isA Person; }

//Other associations

classStudent {

0..1sorted{ identity } -- * Course; //sorted association
Integeridentity ;

String [] names; //arrays

key { identity }

}

LISTING 1. EXAMPLE MODEL OFCLASS DIAGRAMS IN UMPLE
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2.1.1 Umple Class Models

Umple provides constructs for representing most constituents of the UML class models, and some
conceptghat go beyond class models. The constructs are sufficient to express structural properties
of any kind of objecbriented system. These include attributes, associations with multiplicity, keys

and various patterns such as singleton.

Figure2 is the visual representation of the code presantesting 1 (see below)As is standard

in ObjectOriented programming and modeling, a class defines a reusable entity in an object
oriented system whose instances can be created-ahmeinA class in Umple may be stereotyped

in various ways, such asstractOr singleton An abstract classs a class that cannot bestantiated

at runtime, but instances of its nabstract subclasses can be created. This can be realized in
Umple with theabstractkeyword. Asingleton classs constrained to have at maste instance at
runtime, and is specified by thegletonkeyword in the Umple class definition. Classes without
any of the above keywords are not limited in terms of the number of instances createtthat.run
Lines 24 of Listing 1 demonstrate the specification of various kinds of classes in Umple. This
example defines the structural relationships of some objects in a bank subsystem with emphasis
on Umple syntax for representing higjited class typesn the discussion that follows we will

use the textual representation of Umple presentédsiimg 1 as a basis for explanations.

2.1.2 Associations

As in UML, an association models the mapping of instances of one class to instances of another
(or possibly the same) class. Umple supports only binary associations. A reflexive association
involves two ends with the same class; while a-reflexive associan involves two different

classes. Reflexive and noeflexive associations can eitheri@directional -8 6, e. g. see
meaning that they can be navigated in only one direction, ob&lsectional( -éd , e.g. see
11). An association may be definedcasnposition( -6@> or <@>0 , e. g. see |line

that the composed objects are to be destroyed when the composing object is destroyed.

Each association end defines an optional role namea anmandatory multiplicity of the class it
describes. Multiplicities in Umple allow developers to constrain the cardinalities of objects

collaborating with each other in an association. A multiplicity defines both the lower and upper
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bounds of the number afstances of objects allowed at #time. Table3 presents the syntax and

semantics of multiplicities in Umple.

TABLE 3. UMPLE MULTIPLICITIES

UMPLE SYNTAX MEANING OR SEMANTICS
1.* Mandatory many
*or0Q.* Any number
1 Mandatory
0.1 Optional
n..m Range()
n..norn Exact()

Umple supports both inline and independent definitions of associations. An inline association
refers toan association defined within one of the collaborating classes. On the other hand, an
independent association refers to association defined outsia¢é #rgycollaborating classes. The
following is a discussion on Umple constructs for the representation of various types of
associationunidirectional, bidirectional, composition, reflexive, and symmet#itexive; and

independent.

It should be noted thaimple associations, along with generalization and attributes (discussed
shortly) have been part of the Umple language since its beginning in 2006, and were originally
developed by PhD student Andrew Forwfgd], and Masters student Dusan Brestovarj6iy.

Many other students contributed enhancements to them over the years.

2.1.2.1 Unidirectional associations

The example o line 8 illustrates the syntax of unidirectional association in Umple. It models the
relationship between facilityr{cility) and its type (i.e.FaciityType). The representation of
unidirectional association is orientatigpecific. Aright navigationimpliesright orientationand

left navigationimpliesleft orientation The implication of unidirectionality in this example is that
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Facility stores information about its type; kbt reference toaciity is insignificant toracilityType,

SOFaciltyTypes do not store lists of themacilities.

2.1.2.2 Bidirectional associations

As opposed to the unidirectional associatiordibéctional associationglenoted ag--0) involve
classes where references to the instances of each associated class are accessible to each other. Line
11 of Listing 1illustrates the syntax for representing this kind of association in Umple. It defines

a bidirectional relationship between clessacility andrunctionalArea.

2.1.2.3 Independent association definition

Associations in Umple may not necessarily be specifiedle® (e.g, as specified otine 11
Listing 1). Their specification may be defined independently. Lin®flldisting 1 is an example

of independent association definition betweei andaccount.

2.1.2.4 Composition

A composition is a kind of association. Like other associations, it involves two collaborating
objects ¢ompositeandparty. The composite object is composed iofiger parts. Its semantics
implies that instances of simpler object should be deleted upon the deletion of the composite.
Generally speaking, this implies-partof relationship in the software engineering context. To
specify composition; the diamond goen the composite end, which could be visually located on
the right or the left. With this kind of association, Umple allows the definition to be specified
independently. Line 18 illustrate the syntax of composition associatiint-¢riented such that:

vehicle is thecomposite class andheel is one its elements

2.1.2.5 Asymmetric-reflexive associations

A reflexive association is a kind of association whose ends reference the same class. A typical
example is a model of classsonsuch thahusbandandwife are different kinds of persons playing
different roles. The illustration on line aif Listnglde monstrates Umpl eds
representing this scenario. Nobat this is an asymmetric reflexive association, since the two ends

have different role names.
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2.1.2.6 Symmetric-reflexive association

A symmetricreflexive association is a special kind of reflexive association in which both ends act
in the same capacity. Foxample, a set of mutualgxclusive courses in a university can be
represented with this association. The code in linef 2isting 1 illustrates its syntax and diagram

in Umple.

2.1.3 Other AssociationRelated Constructs

Umple providesthe sorted construct with the intention of succinctly representing the notion of
association without specifying multiplicity elements such as: rseltiseqance, set, ordereskt,

array, etc. For example, on line dflListing 1 we present an example of a sorted association. The
association models the relationship bemwvetassessiudent and course, such that instances of
students in the association are sorted based on the values of identity attribute. Similarly, the case

of array is expressed on line 42. The example presents array of names ¢ofity@es an attribu

of Student.
1 | AttributeDefinition -: [[AttributeStereotype 1] [ AttributeType 1]? AttribteName;
2 | AttributeStereotype -: [=type: const| immutable | lazy| settable] autounique |
3 | defaulted 6 ¢
4 | AttributeType -: [= String| Integer| Boolean| Double| Float| Date| Time 6 ¢

LISTING 2. UMPLEGS GRAMMAR FOR VARIABLE DECLARATION

2.1.4 Umple Attributes

An attribute defines a property of a class. As in UML, the Umple notion of attributes extends fields
in objectoriented programming languages. The extension adds methods for altering or
constraining values or state of an attribute. Umple allows develtpeisscribe attributes of a
class using different data types (primitive and-pomitive). These includestring, Integer, Booleap

Doublg Time, Date, €tC. Lines B-32 of Listing lillustrate attribute definitions in Umple. We illustrate
usage of attribie types and stereotypes in Umple by this example. It defines a ¢tassip with

various properties. The general syntax for represeatingutes in Umple is given inisting 2. It
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presents the grammar for attribute definitions in Umple. The following discussion focuses on

Listing 2 unless explicitly stated.

A constattributemp | i es t hat the value of the attribute
in C and Java). The semanticsiohutable qualifier implies that the attribute value is set during
construction and remains unchanged throughout the life of thetdhjparticular, these attributes

are nonstaticwith private accesand an assumption that thtribute cannot be modified within
theclassUmpl e achieves this by ensuring no O6setd
immutable. It is techically possible for a programmer to violate immutability by directly
modifying a variable, although Umple best practice is that they must always use set methods.
Violation of similar best practices would also render the formal analysis discussed ipastker

of this thesis invalid. This is much the same as if a Java programmer were to use reflection to
bypass the &éprivated declaration on a method
violations of this best practice by scanning usdtten methals.

The semantics of antouniqueattribute implies that every object of the class created afimenis
allocated a unigue value for the attribute. The value can be qgeriede . , vi a hHuhe O6ge
cannotbeset.For example, on line 32 the numberOfMeetingsSoFar is unique because the creation

of a new group implies an increment in the number of meetings that take place.

As in typical Gfamily programming languages, a developer would normally explicitly specify a
data type for an attribute (e.ine 26 ofListing 1). Acceptable data types are defined on line 4. It

is also possible to specify any other class as an attrijgoe but the general recommendation is

to only do this with classes that themselves have no associations. An example might be an Address

class that has street, city and postalCode attributes.

By default, when the type of an attribute is omitted in a dettar, the Umple compiler sets the
type as Strinde.g, see line 28 oListing 1). This allows rapid fredorm modeling. An exception
to default attribute type is @se withautouniquequalifier (e.g, see line 32 oListing 1). The Umple

compiler defaultsutouniqueattributes to integer.

Another kind of attribute in Umple is the state machine. Umple considers state machines embedded

in a class as attributes ofetltlass, whose values are an enumeration of the possible states. The
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discussions of state machines are deferred to Seztilo® For more details on the syntax and

semantics of Umple attributes, readers should consult the Umple user pe&hual

1 | DataType EOOUDEUUT - EOIl nOWEOOUPEUUT - EQT | Owo OwEUVOUPEUDT -
2 | keyt WEOOUDEUUI - EOI nOWEUOUOUDPEUUT - EOT | Owé OWEUUUDEUUI - E

LISTING 3. GENERAL SYNTAX FOR SPECIFYINGKEYS INUMPLE

2.1.5 Keys

Umple provides constructs for the specification of which attributes (or associations with a 1 end)
make upthe primary key. This specification requires a-gedined attribute to be qualified with

k e y wee distidg 3 is a general syntax for specifying a key.

The synta implies that the attributesgged asey must exist in the class. For example, attribute
identity (see line 41 oListing 1) is further qualified as key attribute (line 43La$ting 1) for class

student. The semantics impligbat no two students can be associated with the same identity.

2.1.6 Specialization and Generalization

As in UML and objecbrientation in general, the notion of generalization involves creating a new
class (known as superclass) to represent characteristics@oto a group of classes. On the other

hand, specialization involves making a new class as a subclass of another class (its superclass)
whenever the new class shares some properties (e.g. attributes, associations, methods) with the

existingclass (i,essper cl ass). Umpl eds notatied kewywbdbndi c

Lines 3-36 illustrate the syntax of specialization in Umple. It models diamployeeas a special
kind (i.e. subclass) oferson (i.e. superclass). This representation a&splto the notion of

generalization; but the semantics must be preserved.

2.1.7 Constraints in Umple

Umple facilitates the representation of various kinds of constraints. Some, such as multiplicity
constraints are built i n tdiog staten mackire guards) class n ot ¢
invariants and method preconditions, are written in as Boolean expressions and can be mapped to

a subset of Object Constraint Language (OCL); they can constrain various Umple constructs and
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appear surrounded by square beisks8]. The following are the types of constraints present in

Umple, organized by the constrained element.

1.

2.

Association The multiplicities on associations constrain the upper and lower bounds of
the number of collaborating objects. The directionality of an association constrains whether
an end should store information about its collaborator or not. Reflexivity and symmetricity
define further constraints on associations. Class invariants (writsgjuare brackets) can

also constrain associations.

Attributes: Properties (stereotypes) of attributes such as immutability, uniqueness,
constant, and laziness constrain various aspects of attribute changeability: Immutability
constrains variables such that no change can be made after initial setting. Laziness relaxes
the normal requirements that the attribute be set at instance creation. Uniqueness constrains
two objects of the same class to have the same value for the attributeirdqueness
constrains the system to determine the vafube attributdor every gven instance of its
containing classin addition to the above any class invariant can constrain values of the

attribute during system execution.

State Machines State transitions (see next section) may be controlled by a guard; a
Boolean expression whosgaluation determines whether the transition executes or not. A

transition controlled by a guard executes only if the controlling guard condition is satisfied.

Method preconditions. A method precondition constrains whether the method is allowed

to run.

2.1.8 Umple State Machines

The representation of dynamic aspects of software systems is facilitated in Umple by providing

support for an extended subset of UML state machines. These are graphs of states and transitions

[7]. The notion of state machines as facilitated by Umple provides constructs to represent states

(simple, composite, and orthogonal), transitioreglar, guarded, higlevel), and events. State

machines in Umple can either be simple or hierarchical. A simple state machine is composed of a

set of simple states. For a hierarchical state machine, there are one or more composite or orthogonal

substates.
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State machines ardesigned to be textually specified in Umple, while their diagrammatic
representations are automatically generated as Graj@®djimmages. We present axtract of the

home heating system state machine bgtl.@al[66]t o f aci | it ate readerso un
state machine representation both in textual and diagrammatic forms. Our discussions of the
notions of state machine and syntax will be based on this example. It expressestiemetains

facilitated by Umple but relevant to our work. These include concurrency, transitions, states,

guards, and actions.

Listing 4 is atextual representatioof the system under discussi@tate machiné sm is defined
as an at t r HehbtGanteollefoHigure3lisaasdmgratmatic representation of the state
machine automatically generated from the codesting 4. This will be used to discuss some of

the notions of state machine as facilitated by Umple.
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classHeatController {
IntegersetTemp;
IntegeractualTemp;
IntegervalvePos;
IntegerwaitedForCool;
IntegercoolDownTimer;
BoolearfurnaceRunning;
Boolearactivate;
Booleardeactivate;
BoolearrequestHeat;
BoolearfurnaceReset;

sm {
house {
heatReq{
idleHeat {

[(actualTemp - setTemp) > 2]/ { valvePos-; waitedForCool = 0; } ->waitForCool ; //t1

}

waitForCool {

[(valvePos = 0) & (coolDownTimer == waitedForCool)] /{ valvePos--; waitedForCool = 0; }
->waitForCool ; //t2

[waitedForCool < coolDownTimer] / { waitedForCool++; } ->waitForCool ; //t3

['((actualTemp - setTemp) > 2)]->idleHeat; //t4

H}
Il

controller {

off { heatSwitchOn ->controllerOn ; } //t5

controllerOn {

heatSwitchOff / { deactivate =true; }-> off; //t6
furnaceFault -> error; //t7

idle {

[requestHeat ==true] / { activate =true; } -> heaterActive; //t9

}

heaterActive {
[requestHeat ==false] / { deactivate =true; }->idle; //t10
actHeater {
[furnaceRunning == true] ->heaterRun; //t11

}

heaterRun { }

1}

error { userReset / { furnaceReset #rue; } -> off; } //t8

b33

LISTING 4. PARTIAL MODEL OFHOME HEATING SYSTEM
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house

controller

controllerOn

t7: furnaceFault t9: [requestHeat ==true] / {...} t10: [requestHeat == falsq

heaterActive

actHeater

1/{..} | t11: [furnaceRun == trw

heaterRun

t5: heatSwitchOn

t8: userReset/ {...}

t6: heatSwitchOff / {...}

\_\
(a)
€ | 777777777777777777777777777777777777
I
|
™
I
: heatReq
|
|
|
|
|
|
I
Il idieHeat
I
] tl: [(actualTemp - setTemp) > 2]/ {...} ) t& [({actualTemp - setTemp) <= 2)]
waitForCool =12 [(valvePos != 0) && (coolDownTimer == waitedForCool[Jl7 1 t3: [waitedForCool < coolDownTimer] / {...}
~
_/
(b)
FIGURE 3. VISUAL REPRESENTATION OF THEHOME HEATING STATE MACHINE.
where

(a) The LeftView of the State Machine.
(b) The RightView of the State Machine.




To allow detaikddiscussions on the notions of state machines supported in Umple, wethall
subsequent sections provide details alstaies (terminal, simple, nesrthogonal and orthogonal

composit¢ , transi t i onralrepreserdatiod of gsthteendashinesn t e

State machines were added to Umple by PhD student Omar Bad{&8¢iand have been

improved by many others in subsequent years.

2.1.9 Transitions

As in UML, an Umple transition has a source s
(i.e. executes) when a specified event occurs and any associated guard evaltiates to
Transitions in Umple can either be: auto, or normal transitiatts ttwe former being triggered
immediately upon entry into theourcestate.Listing 5 presents the grammar of the various

transitions supported by Umple for statectmae definition.

Several transi-poi oanrse, sisimogw. ntheaidtagedenclosyng thie transition is
referred t gwhideshe talyet stabessafuerrcreedd t o a sortransgiond de st i n
on line28 ofListing4, #fi dl e0 amd affrleedttesr Aotuirwe and desti

0 is abasic transitiobecause ihas noguard statement.

transition :- [[standAloneTransition ]]|[[ autoTransition J]|[[ hormalTransition ]]
autoTransition :- [[guard]]?[[transitionCore ]][ stateName];
normalTransition :- [[activity J]?[[eventSpecification]]?[[transitionCore]]
[stateName];
eventSpecification:- ( [[eventDefinition ]][[ guard]]|[[ guard]]
[[eventDefinition J]|[=unspecified][[ guard]]|[[ eventDefinition ]] )
transitionCore :- ( [[action]]->| ->[[action]]| ->)
eventDefinition -: [[afterEveryEvent]]|[[ afterEvent]]|[ event]| &
guard: [[**guardRepresentation]]
action: /[**actionRepresentation]+
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LISTING 5. UMPLEGS TRANSITION NOTATION

A guarded transition has a Boolean expressomtrolling whether or not a transition is taken
whenever an everdccursor automatically taken wdnever it is an auttransition. A transition
withoutatrigger (ora controllingevent) is regarded as an attansition. For exampl®, on line

33 ofListing 4 is an autdransition,because it is not controlled by any evamid guardetecause
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a guard statement controls its executilonparticular, the guard controls its execution: whenever

the transition is enabled and the guard evaluatesedhen the transition executes.

On the other hand, a transition with a triggering event becomes enabled whenever the event occurs
and sourcetate is in thglobal configuratior{or active), and the guard (if any) evaluateste.
At this point, the transition executes and the global configuration reflects the target state of the

transition in the next step.

Definition 1. Global Configuration

A global configuration of an Umple state machibeis a quadruple
@ Y 'O wOsuch that) is the set obubstate machinegincluding the
root), "Y is the universal set of staté®, is a set of execution steasd® is a

finite set of pairse b Osuch that is a variable name and is its value

The following expression defines the configuration of 8uW/Sat stepQvhere
submachined is in statei , variable¢ is evaluated to valud , andhQ
are the number of variables and sofachines respectivelyhis definition is

further used in defining notions presentedifinition 19.

o~

ft 18 r g i Fog@d
A high-level transition is any kind of transition defined outside ofstalbes in a composite state,
but which has effect in all the sigtates (e.g0 , line 2 of Listing 4).

0 18 0 GOV I8 hv

2.1.10 States
Umple provides constructs for the specification of various kinds of states. These include: initial,

end, simple, northogonal composite, and orthogonal states.

An example of a simple stateiis d| e 0 d e f 31s38 of Ligting 4; lan exarplenon

orthogonac o mposi teosttadlel € sOMmo840& Eistngd.d i n | i nes

Orthogonal states (e,gi h o us e 0 d e fl4-48 df ldsting 4) existiwhes 8vo or more sub
states all become activated whenever control is transferred to theit. pameexample, subtates
Acontroll erdo and Aheat ReqoO become activated
execution of sulstates occurs concurrently. Child states of -aghogonal composite and

orthogonal states may be simple, composit@rthogonal themselves.
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By default, the first state (i,esimple or composite) defined within an Umple state machine at any

level of the hierarchy is regarded as its initial state,(e.dqpe st at e nNilé&18enHe at O

Listing4) . I n particular, AidleHeato is the initieé
Listing 6 is statr ammédmpdefi ning 0

1 | state-: [final]stateName|{[[ stateInternal]]*}

2 | statelnternal-: [[stateEntity]]|[[ standAloneTransition ¢ ¢ f 0

3 | stateEntity-: [[=|[]II[[ entryOrExitAction ]]|[[ autoTransition]]|

4 | [[transition ][ activity )|[[ state¢ ¢ hH O wd

5 | entryOrExitAction -: [=type: entry| exif]/[ actionRepresentation]+

6 | activity -: do[**actionRepresentation]

LISTING 6. UMPLEGS STATE NOTATION

2.1.11 Transformed Internal View of Umple State Machines

To facilitate execution and prevent a combinatorial explosion of states, Umple transforms a
hierarchical state machine (e.§.s moListmd 4) internally into a collection of state machines
[67]. For each nomrthogonal composite state, there is a corresponding state machine such that its
substates become the states of the state machine when active.

Umpl e introduces a special énull 6 state for e
in their 6énull 6 state until they are activate

is also a corresponding state machine.

A state machine is also generated for the roo
root is always active t hr ough ogtate machisesareconly ai ni
active when control is transferred to their parertesta any of their sultated55], [67]. Listing

7defines Umpl ebébs grammar for constructing st at

stateMachine-: [[inlineStateMachine]]|[[ referencedStateMachinet ¢ f 6

inlineStateMachine-: [=queued]?[=pooled]? [-name]{([[ state]]|
[[standAloneTransition ]])*}

referencedStateMachine: [name] as [definitionName ]({[[ extendedStateMachin€]]}

;)

a s~ WD

LISTING 7. UMPLEGS NOTATION FORSTATE MACHINE
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2.1.12 Umple Template Language (UmpleTL)

The template language facilitated by Umple, called UmpleTL, aims at providinegp§tieart
support to easthe specification of templates for text generation purposes. The Umple compiler,
which is written in Umple, uses UmpleTL to generate code. UmpleTL provides various elements
such as templates, emit specification methods, and expression, code, and cblooksntA

detailed discussion of the language can be obtained[62m

1 classRefLetterRequest{

2 /I Attributes used to construct the instance

3 String fileno;

4

5 Il Letter template

6 letterTemplate <<!

7 Subject: Reference request for <<applicant>>, File #<<&leno>>

8

9 Dear <<zecipient>>,

10 | Our company, Umple Enterprise s, is hiring talented software

11 | engineers.

12

13 | We have received an application from <<=applicant>> who named you
14 | as an individual who could provide a letter of reference. Would you
15 | please reply to this letter, answering the following questions:

16 | *In what capacity do you know <<=applicant>>

17 | *For how long have you known <<=applicant>>

18 | * Describe the abilities of <<mapplicant>> in software development
19 | *What his or her strengths and weaknesses?

20 | * Please provide your phone number and suitable times to call in
21 case we need to follow up.

22

23 | Yours sincerely,

24 | <<=sender>>

25 | <<=senderSignature>>

26 | I>>

27 | <</*Specification of the method to generate*/>>

28 | emit letterTemplate(String recipient, String applicant, String sender,
29 String senderSignature) (letterTemplate);

30

31 | rows <<I<<#for (int i=0; i <= times; i++) {#>>

32 | <<=times>> times <<=i>> is <#mes*i>><<H#}H#>>I>>

33 | /I Specification of a single method to emit the result

34 | emit result(int times)(header, rows, cr); }

LISTING 8. LETTERTEMPLATE EXPRESSED INUMPLE
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In Umple, every other text embedded within a template block but outside any of the blocks
di scussed above are output fasi23dlLsting8willbehe ¢ o m

out put fAas i so.

Listing 8 is an example of a template exgged in Umple. It describes a class for generating a
reference | etter for job applicants. An attr|

template (see lines 334 of Listing 8) to facilitate discussion of code blocks.
Templates were added to Umple in 2013 by PhD students ABGmadxland Mahmoud Oralp68].

2.1.13 Templates

The template elementfisndamentahnd essential in template creation. It begink e template
name and followed by arbitrary texts of the fobmA 8 Al . For example, lines626 ofListing

8define a template witiscantembame #fAtempl atelLett er

The body encl asfedaAubtide hi ha go thditemplate hstcentent

includes other elements except the emit method specification.

2.1.14 Emit Method Specification

The emit method specification is important fortalinplates. For every template there need to be

one oreminoseatements that i nvoke the templ at e,
inside some other template, which is emitted. These methods specify the logic of output to be
generated. Just kkevery other method, an emit method may be associated with a set of arguments,
each separated from another by a comma. For example, lines 28 2%8raf 8 define an emit

met hod for Al etter Templ at eo. I ts argument s
Asender Si g nsaty. dheother arxgumentyepgeletterTemplate) references the template

of interest. It must have at least an argument specified iorttee of composition.

2.1.15 Expression Block

The expression block allows programmers to specify arbitrary expressions with the following tags

AL 0 alnad. AExpressions of this kind may referenc
of a class (e.g. lin@ of Listing 8), parameters of thenit method (e.g. line 13 dfisting 8), and

method calls. The result of the expression is substituted whenever the template method is called.
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2.1.16 Code Blocks

A code block is embeddleflo wahldoi.mm Tthh es fcolrilrewiprog
logic of the template. Its purpose is to allow conditional emission for the parts of a template, or
looping within the template. For example, line 3Listing 8 embeds a feloop construct within

the template Arowdo to compute a multiplicatio

2.1.17 Comment Block

A comment block enables developers to embed comments within the template. Anything
embedded within LMfe dwddol oawien gt rbelaotcekd fias ¢ o mme i

compiler. For instance, line 27 bisting 8 defines a comment for the emit statement.

2.2 Alloy

Alloy [52] implementsa light-weight modeling languadgasedon first-orderrelationallogic with

the goal ofexpressing software abstractions, as well as simulating and checking requirements of
software system®3]. It has formal syntax and semantitgis positioning it as a language capable

of specifying, verifying and validating safety armmbrrectnessrequirements of software
Requirementghecking,simulationsand visualizationsire realizable by the aid of i®AT-based

analyzer.

As mentioned adier (see Sectiord.4), Alloy is considered most suitable for the representation of
class models due to its provision®f mechanisms(e.g., signatures,transitive closure,
universal/existential quantificationfgcts,etc.)necessary to represadamain entitiesconstraints
and operations requiréd manipulatehe structures dynamicallyin the following, we present a
grammar otheAlloy language(i.e., Listing 9) to formally describe its constituergadthenotions

it facilitates The subset of Alloy relevant to our work is derivable from the grammiasiimg 9.

Similarly, we have categorizets core mechanisms as signatures, constraints and commands.

2.2.1 Signatures

Alloy provides the notion of signatures that can be used to represent UML classes. A signature

introduces a set of atomic objects. Itdsfinedwith the keywordsig. Any signature defined
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independently is regarded awa-level signaturef-or example, hie 10 of Listing 10is atop-level

signatureequi val ent to a BOML <cl| ass

wi t h

name

0 ~NO U WN PP

paragraph-: [[sigdecl]]|[[ factdecl]]|[[ predecl]]|[[ fundecl]]|[[ assertdecl]
| [[ cmdecl]]

sigdecl-: [abstrac}? [[mult]]? sig [[varnames]] [[SIgEXxt]]? {[[body]]?}
[[block]]?

mult -: [=type: lond ond som¢

varnames-: [name][,name]*

sigExt-: extenddnam@| in [namé[+ namég*

body-: [[vardec]][,[[ vardecl]][[expr]]

vardecl-: [disj]?[[varnames]] : [dis]]?[[typename]]
typename-: [=type: String| Int] ObjectName]
expr-:[[consf]]|@name] this|[[ unop]][[ expr]]

| [ expr]] [[binop]] [[ expr]]

| [ expr]] [[arrowop]] [[expr]]

| [[ expr]] [comma: ] [[expr]]

| [ expr]] [!] not]? [[compareOp]] [ expr]]

| [[ expr]] [[implication ]] [[expr]]

| [[expr]] elsef[expr]]

| let[[letdecl]] [,[[ letdecl]]]* [[ blockorbar]]

| [[ quant]] [[decl]] [,[[ decl]]]* [[ blockorbar]]

| {[[decN]L[[ decl]]* [[ blockorbar]] }

| (expr)| [[block]]

const: [-]?[[number]]| nond univ| iden

unop-: | not| noJ[[ mult]]] set# ~| *|~

binop-: || | or] && | and <=4 iff| =3 implieq &| H -| +H <] 5] .
arrowop -: [[[ mult]]] sel? ->[[[ mult]]] sel?
compareop-: in| =| <] >| <4 >=

implication -: [type: = implieq

letdecl-: [name] = [[expr]]

block-: { [[expr]]* }

blockorbar-: [[block]] | | [[expr]]

quant-: all| no| sum mult

-- grammar of various kinds of constraints in Alloy...
factdecl-: fact[namg? [[block]]
predecl-: pred[[[ qualName]].]? [namé [[ paradecls]]? [[block]]
qgualName-: [this/]? [( name/ )]* [name]
paradecls-: ([[decl]]?[,[[decl[I*)I[[[ dec[, dech]]?
fundecl-: fun [[[ qualname]].] [nam§ [[ paradecls]]? : [[expr]] { [[expr]] }
assertdect: asserfnamé@ [[ block]]
cmdecl-: [[nam@:]? [run| check? [ [[qualname]]|[[ block]] 1? [[scopd]
scope-: for [[number]] [ but [[typescop€]][,[[ typescope]]]* ]
| for [[typescope]]L.[[ typescope]]]*
typescope-: [exacthyj? [[numbel] [[ qualnam@

LISTING 9. THE GRAMMAR OF ALLOYGs LANGUAGE
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-- notion of singleton

one sig Organization {}

-- multiple inheritance

abstractsig Animal {}-- notion of generalization (superclass)
sig Mammal extendsAnimal {}-- notion of generalization (subclasg
sigWingedAnimal extendsAnimal {}

sig Bat extenddMammal {}

fact{ Batin WingedAnimal }

-- notion of association

sigB{}

sigA {roleName : mB}

-- notion of attribute

sig Student { age :Int, firstName : String, takes :someCourse,
supervisor: loneProfessor, studentNumber : Int, identity : Int }

{ all studentA, studentB: Student | studentA.identity != studentB.identity }

sigCourse { }

sig Professor { students: setStudent }

abstractsig Object{ }

sig Directory extendObject{}

sig File extendObject{ }

sigAlias extends-ile {}

assertA £ wo wr

-- notion of fact

factNumeric -Bounds { no student: Student | #student.takes < 1 ||
#student.takes > 7}

-- notion of function

fun grandMothers[grandChild : Persor] setPerson

{ grandChild.(mother + father).mother }

-- notion of predicates

predcoSupervision[ supA : Professor, supB: ProfessorO w U Q Gilbdzr@ w U 2

EwUz8UUxI UYPUOUWAWUBUUXxI UYPUOUwWHWU U x
&& s U286 U0UUx1 UYPUOU WS whuwT

-- notion of assertion

assertUniqueldentity { nostudentl, student2: Student |
studentl.identity = student2.identity }

-- check command

checkA

checkA for 10

checlA for5 Object

checkA for 5 but 3 Directory

checlA for exactly3 Directory , exactly3 Alias, 5File

-- run command

run {}

run { } for 10

run Unigqueldentity

run Uniqueldentity for 10

run Uniqueldentity for5 Student, 1 Professor

wédwlU28U0UUxI |

LISTING 10. MODELLING EXAMPLE IN ALLOY
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To facilitate the principle of inheritance, Allgyr ov i deetesdd t key @wor d. Thi s i
definition of a set of objestthat are a subset of the set defined by the extended signature. The
example on lined, 5of Listing 10 definesatomicsignaturevammal (see lineb of Listing 10) as a

subclass ofinimal (see line4 of Listing 10).

Similarly, to support the UML n aldstracdhn kefy waol 9t r
We illustrate the definition of an abstract signature in Alloy with the example o4 dfhkisting

10. The example enforces that no instance of signature:l 6is created at rutime except those

extendng it.
TABLE 4. MULTIPLICITY CONSTRAINTS MAPPING
ALLOY SYNTAX M EANING OR SEMANTICS UML NOTATION
some
Mandatory many 1.*
set
Any number *
one
Mandatory 1
lone
Optional 0.1

Alloy provides keyveords such asne, ong somg setfor the specification of multiplicity constraints.
Table4 showsthe mapping between Alloy and UML multiplicity constraints.

Singletonsetscan berealized y pr ovi di nanedt he f ooteati sngéaat ur e.
number of objects tohat atimenThd#dexamplemiine 8 bfstirgt ed t o

10i | lustrates odanizasndseDt i on for the 06

Multiple inheritancas allowed in Alloy, but it is supported in an indirect way with an additional
constraint (e.gline 8 of Listing 10). We illustrate the specification of multiple inheritance in Alloy
with the example describirgt as awingedanimal (see line8 of Listing 10) andvammal (see line7

of Listing 10). The declaration of variables is achieved by the concepislds$ fand attributes.
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The notion of fields in Alloy defines relations among objects of the domain under specification. It
equivalently represents the notionaifributesandassociationsn the UML context. Fields of a

set are separated wittcammaopeator.

The example on linex0]111 of Listing 10illustrates the use of field declarations in the realization
of UML associations. It maps s@\oto a correspondingetfiBo (see line 1 of Listing 10). dn 6
defines the multiplicity between the collaborating sets. The roleNgafiees the role of s@& in

A.The not atoneoomsed0 ti ank df Histing 101 another association.

The types of attributes supported by Alloy inclusteing and integertypes. String types are
qualified with keywordstring andinteger types are qualified with keywebint. The example on
lines14, 150f Listing 10 demonstrates the specification of attribute types in Alloy. It defines a set
of type student. Every instance oftwudent has an attribute age of type and attributeifirstNamed

of typestring and so on.

2.2.2 Constraints

Alloy allows the specification of constraints with the following notidasts, assertion, predicae
andfunctions.According to[52], the notion ofactsemantically correlates to invariant but is richer

than invariant due to set navigation capabilitfeactionsare reusable constraints or expressions;
assertiongre implications to be checked on the model; and predicates represent constraints used

in different contexts of correctness certification.

2.2.2.1 Facts

Constraints that are assumed to hold in all casegaxfution are recommended to be placed in a
fact paragraph. Alloy allows the specification of invariants to be quantified over the set of objects.
This can be actualized by directly associating the paragraph tddtte the set. A fact may be
named or ot. There can be any number of facts in a model. The order of occurrence of fact or the

content of its paragraphs areelevant.

The example on liree25, 26 of Listing 10illustrates a named independent paragrapfacifin a
modeling contextlt models the relationship betwegndent andcourse sets in the school domain.
Each student must takeranimumof one course buamaximumof seven courses. The constraint

is specified irthefact paragraph with a nanmeNumericBounds A dependent fact is a constraint
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that is directly attached to the signature. The semantics implies that the constraint is associated
with every instance of the signature created attime. An example illustrating the specification

of thiskind of fact is on linel6 of Listing 10. Thefactis directly associated with signatuseident

(see lines 1@®f Listing 10). The keywordact and the name are not necessarily required. For
example, lined4-16 of Listing 10 define a signature and an associated fact. The fact is directly
associated with the signature on lit® Thus, the keyworéict has been omitted as well as the

name.

2.2.2.2 Functions

A function housesa set of expressi@ior reuse purposes. Like functions in other programming
languages, Alloy functions may hasay numbepf arguments. Functions are referenced by their
unique names. The body affunction defines constraintbinding results of the function. An

example illustrating the use of function is presented on B8e800f Listing 10.

The example (see lis9, 300f Listing 10) illustrates dunctionexpression for determining a set
of grandmothers of eerson. It is observable from the example that evesyonis associated with
amotherandafatherboth of typererson. The function can be referenced as grandMotthieteakes
an instance oferson - grandChildas an argument. The function retuallsthe grandmothers of
grandChild.

2.2.2.3 Predicates

Alloy predicatesare named expressions wih leastan argument. According ®2], their uses

for model analysis include:

9 to check for inclusion or exclusm of a constraint;
1 to check whether a constraint is a consequence of others; or

i to define a reusable constraint in other contexts.

To use a predicate, the basic requirement is that an expression is provided for each of its arguments.
It returns eitheMRUE or FALSE.

The example on lines2334 of Listing 10illustrates the use of a predicat®¥e definea predicate

to verify whether the model satisfies-supervisionrequirement. The predicate assumed that
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2.2.2.4 Assertions

According to[52], assertions are constraints derivable from the facts of the model. The Alloy
analyzer explores all the states of the model tdyweonformance of the assertion. It achieves this

by negating the assertion and conjoining the result with the rest of the constraints of the model.
The result of the state exploration is a counterexample, whenever the resgaemproduces

a model vith constraints defined on the model. A counterexample implies the presence of a model
error or a wrong formulation of the assertion expressions. For example, in a student management
systembébs model, a student shoulthdusaahssertio@o uni qu

verify whether the model conforms to the requirement of uniqueness of identity.

Lines 36, 370f Listing 10 define anassertiorwith the intenion of verifying whether the student

model satisfies the uniqueness property of st

2.2.3 Commands

Alloy providescommandstatements for the analysis of an abstract model expressed in its native
dialect. These includein and checkcommands. Theun command instructs the Alloy analysis
engine to search for an instance of a predicate. On the other haoettheommand instructs

the analysis engine to search for a counterexample of a gssantion To addresslecidability
issueseach command requires the specificatiosafpefor searching or exploration. However,

in thecasewherethe user specified no scope for exploration, Alloy defaults the exploration scope
to threefor all top-level signatures. Defining exact sizetof-level signatures to be created for
analysis requires the usage of keywexgtty. The following illustrate usage of commandsck
andrun in modeling context. Agooddiscussion on the use of these commands can be obtained
from [52].

2.2.3.1 Check commands

The example on lines0444 of Listing 10illustrates various ways of using threckcommandWe

obtained the example frofB2].
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The following eylains the smantics of the commands defined using the associated label and

references focus dasting 9Listing 10.

Line 40 instructs the analyzéo checktheassertion with the default of 3 instancesfct.
On line 41, the assertion overrides the default scope to create 10 instances:idior
analysis.

The assertioon line £ specifically binds the scope of analysis to 5 instancesof:.
This is semantically equivalent to the assertion on lihéf 4nd only if the scope was
bound to 5 instead of 10 instances.

The assertion on line34will create 5 instances afbject but 3 of the instances will be
Directory ; @anAlias andrile will be created as well.

On line 4, the command will create 3 instancesoofctory andalias, and 5 instances of

File.

2.2.3.2 Run commands

The example on line$7-51 illustrates varieties of usage of the command This command can

be used with predicates.

In the following, we explain informally the semantics of commands using associated indexes.

Readers should note that references focussimg 10.

T

T

T

T

The command on lind7 runs the entire model in search of possible examples using the
default scope(i.e., 3 instances of every tdpvel signature). The televel signatures
according tolte model given arebject, Animal , Professor, Course, Student, A, ands. The run
command is a mechanism for simulating models within Alloy environment. Suppose there
is no example or the model cannot be instantiated; in that case the analyzer wifi report
instance foundo

The command on liné8 will be semantically equivalent to the command on 4ié& and

only if the scope of 10 instances has not been specified for evelgvisignature.

The command on lind9 runs theUniqueldentityassertiorwith 3 instances (the default)

of Person.

The command on linB0 is semantically equivalent ime 49except the default scope is

not overridden to 10.
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1 The command on linB1 runsUniqueldentityassertion with 5 instances of Student and 1

instance of Rafessor.

2.3 nuXmv

nuXmy, asymbolic modetheckeifor the verification of fair finiteand infinite state synchronous
systemsextend NuSMV [32], a stateof-the-art model checker for the specification and
verification of finite state systemAs earlier mentioned, &dopts the basic verification techniques

of NuSMV and extends its native language witiboundednteger and real data types for the
specification of infinite domains. For the verification of the newly supported domains, nuXmv

integrates Satisfiability Modulo Theory (SM#6]) algorithrrs.

We have adopted nuXmv as a bamid engine for the analysis and simulation of correctness
properties of state machines expressed in Ulngéed on its capabilities to represent and analyze
infinite-state systemsThe following section presents an ovew of the nuXmv specification

language.

2.3.1 The input language of nuXmv- SMV

In this sectionwe present the syntax and semantics yhiSolic Model Verifier (SMV), the
specification language dhe nuXmv model checkelWe facilitate easy reading and thorough
understanding by focusing on the subset of the language relevant to this thesis. As we did with
Umple and Alloy, we have adapted the grammar of SMV to the notational style introduced in this

chapter so readers do not have to deal with more than one graioiaiion.

We assume that identifiers are wielfmed and composed from the setZAaz, 09, , $, #;}.

A comprehensive knowledge of this specification language can be obtained from the nuXmv user
manual[69]. We will focus our discussion on the following notions: variable declaration, assign
constraint, module concepts (e.g. declarations, instantiations), and logiccspiecis (e.g. LTL,

CTL, INVARSPEC).
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MODULE HeatControllerSm (smHeatReq, smController, smControllerControllerOn,
smControllerControllerOnHeaterActive)

VAR
state : {Sm_houseg null };
event : { heatSwitchOn, heatSwitchOff, autotransition, userReset,
furnaceFault, null };
setTemp :integer,
actualTemp : integer;
valvePos :integer;
waitedForCool : integer,
coolDownTimer : integer,
furnaceRunning : boolean
activate : boolean
deactivate : boolean
requestHeat : boolean
furnaceReset :boolean;

DEFINE

sm_stable := !(event = heatSwitchOff | event = userReset

| event = heatSwitchOn | event = autotransition | event = furnaceFault);

tl := event = autotransition & smHeatReq.state =SmHeatReq_idleHeat & g1;

t2 := event = autotransition & smHeatReq.gate = SmHeatReq_waitForCool &
g2;

t3 := event = autotransition & smHeatReq.state =SmHeatReq_waitForCool &
g3;

t4 := event = autotransition & _smHeatReq.state =SmHeatReq_waitForCool &
g4;

t5 := event = heatSwitchOn & smController.state =SmController_off;

t6 := event = heatSwitchOff & smController.state =
SmController_controllerOn ;

t7 := event = furnaceFault &
smController.state = SmController_controllerOn ;

t8 := event = userReset & smController.state =SmControll er_error;

t9 := event = autotransition &
smControllerControllerOn.state = SmControllerControllerOn_idle & g5;

t10 := event = autotransition &
smControllerControllerOn.state = SmControllerControllerOn_heaterActiv e &
g6;

t11 := event= autotransition & smControllerControllerOnHeaterActive.state
=SmControllerControllerOnHeaterActive_actHeater & g7;

gl := (actualTemp- setTemp) > 2;

g2 := (valvePos != 0) & (coolDownTimer = waitedForCool);

g3 := waitedForCool < coolDownTimer;

g4 = ((actualTemp- setTemp) <= 2);

g5 = requestHeat =TRUE;

g6 := requestHeat =FALSE;

g7 := furnaceRunning =TRUE;

ASSIGN
init ( state ) :=Sm_houseg
nexf( state ) :=case
t1|t3|t8|t10|t11|t4|t2|t6|t5|t9|t7: Sm_house
TRUE : state;
esag
init( event) :=null;
next( event ) :=case
sm_stable : { heatSwitchOn, heatSwitchOff, autotransition, userReset,
furnaceFault };
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TRUE : null;

esag

init( setTemp ) := 0;

init (actualTemp ) := 0;

init ( valvePos ) :=0;

init ( waitedForCool ) := 0;
init ( coolDownTimer ) := 0;
init ( furnaceRunning ) := FALSE;
init ( activate ) :=FALSE,

init ( deactivate ) :=FALSE,
init ( requestHeat ) :=FALSE;
init ( furnaceReset ) :=FALSE;

MODULE HeatControllerSmHeatReq (sm )

VAR
state : {SmHeatReq_idleHeat, SmHeatReq_waitForCool, null };

ASSIGN
init ( state ) :=null ;
nexi( state ) :=case
sm.t4 : SmHeatReq_idleHeat,
sm.t2 | sm.t1 | sm.t3 : SmHeatReq_waitForCool;
sm.state =Sm_house& state =null : SmHeatReq_idleHeat,
TRUE: state;
esag

MODULE HeatControllerSmController (sm)

VAR
state : {SmController_off, SmController_controllerOn , SmController_error,
null };

ASSIGN

init ( state ) :=null ;

nexi( state ) :=case

sm.t6 | sm.t8 : SmController_off;

sm.t5 | sm.t9 | sm.t10 | sm.t11 : SmController_controllerOn ;
sm.t7 : SmController_error;

sm.state =Sm_house& state =null : SmController_off;
TRUE: state;

esag

MODULE HeatControllerSmControllerControllerOn ( sm, smController )

VAR
state : {SmControllerControllerOn_idle ,
SmControllerControllerOn_heaterActive , null };

ASSIGN
init ( state ) :=null ;
nexi( state ) :=case
sm.t6 | sm.t8 | sm.t5 | sm.t7 | sm.t9 : null;
sm.t10 :SmControllerControllerOn_idle ;
sm.t9 | sm.t11 : SmControllerControllerOn_heaterActive ;
smController.state = SmController_controllerOn & state =null :
SmControllerControllerOn_idle ;
TRUE : state;
esag

MODULE HeatControllerSmControllerControllerO nHeaterActive (sm,
smControllerControllerOn )
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122 VAR

123 state : {SmControllerControllerOnHeaterActive_actHeater ,
124 SmControllerControllerOnHeaterActive_heaterRumull };
125
126 ASSIGN

127 init ( state ) :=null ;

128 nexf( state ) :=case

129 sm.t9 | sm.t10 : null;

130 sm.t11 :SmControllerController OnHeaterActive_heaterRun;

131 smControllerControllerOn.state = SmControllerControllerOn_heaterActive &
132 state =null : SmControllerControllerOnHeaterActive_actHeater ;

133 TRUE : state;

134 esag

135

136 | MODULE HeatControllerSm_Machine

137 VAR

138 hcsm : HeatControllerSm (hcsmHeatReq, hcsmController,

139 hcsmControllerControllerOn, hcsmControllerControllerOnHeaterActive);

140 hcsmHeatReq :HeatControllerSmHeatReq (hcsm);

141 hcsmController : HeatControllerSmController (hcsm);

142 hcsmControllerControllerOn : HeatControllerSmControllerControllerOn (hcsm,
143 hcsmController);

144 hcsmControllerControllerOnHeaterActive :

145 HeatControllerSmControllerControllerOnHeaterActive (hcsm,

146 hcsmControllerControllerOn );

147

148 | -- The following properties are specified to certify t hat this model is free of non-determinism.
149 INVARSPEQ( hcsm_Machine.hcsm.t2 & hcsm_Machine.hcsm.t4

150 ->next( hcsm_Machine.hcsmHeatReq.state =SmHeatReq_waitForCool &

151 hcsm_Machine.hcsmHeatReq.state =SmHeatReq_idleHeat) )

152

153

154 | --this defines thenitial configuration of the SUA
155 LTLSPEC( hecsm_Machine.hcsm.state =Sm_house

156 & hesm_Machine.hcsmHeatReqg.state =ull

157 & hesm_Machine.hcsmController.state =null

158 & hcsm_Machine.hcsmControllerControllerOn.state = null

159 & hesm_Machine.hcsmControllerControllerOnHeaterActive.state = null )

160 SmControllerControllerOnHeaterActive_heaterRun )

161 | -- The following properties are specified to certify that non -symbolic state(s) of this model is (or are) reachable.

162 CTLSPECEH hcsm_Machine.hcsmHeatReq.state =SmHeatReq_idleHeat)

162 CTLSPECEH hcsm_Machine.hcsmHeatReq.state =SmHeatReq_waitForCool )
163 CTLSPEC Eff hcsm_Machine.hcsmController.state =SmController_off )

164 CTLSPEC Ef hcsm_Machine.hcsmController.state =SmController_controllerOn )
165 CTLSPEC Ef hcsm_Machine.hcsmController.state =SmController_error )

166 SPEC ER hcsm_Machine.hcsmControllerControllerOn.state =

167 SmControllerControllerOn_idle )

168 CTLSPEC EF hcsm_Machine.hcsmControllerControllerOn.state =

169 SmController ControllerOn_heaterActive )

170 CTLSPEC EF hcsm_Machine.hcsmControllerControllerOnHeaterActive.state =
171 SmControllerControllerOnHeaterActive_actHeater )

172 CTLSPEC EF hcsm_Machine.hcsmControllerControllerOnHeaterActive.state =
173 SmControllerControllerOnH eaterActive_heaterRun)

LISTING 11. HEAT CONTROLLER STATE TRANSITION SYSTEM
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Listinglli s an example SMV program with the purpos

notions supported by the language and those relevant to our work.

The program defines a transition systemthe heating system presentedListing 4. The system
contains several modules because the heating system is hierarchical. These are modules
corresponding to theot state machine and sstate machines of composite states, and the main
module. However, the simplest form of an SMV program contains at least a main nigding.

12is a grammar for defining SMV program specifically adapted to our work.

2.3.1.1 Module Concepts

In this section, we will discuss module declaration and instantiation. Module declarations specify

a transition system in SMV language; while module instantiatidescribe how instances of

modules are created. An example of a-nmin but comprehensive module is presented on lines

1-71 of Listing 11. By -mam o mordear egery otwez module in the program except

the fAmai nd modul ¢see lides B@&AE ofhistingrhl) o @i entry point of

execution just like programming languages kia@ily. The module represents most concepts

relevant to our work. Module instantiation inherits the properties of obgmtamtion in objeet

oriented systems. For example, lines 138, 13Qisting11def i nes fhcsmodo as ar

fHeatControllersm O. It represents a parametrizedtargtiation of a module.

Other notions facilitated by the referenced module include: variable and define declarations, and
assign constraintsVariable declarations are the SMV constructs for declaring properties in
transition systems. These are synonymwiils field declarations in conventional objemtiented
programming languages. Variable declarations are defined within a paragraph preceded by the
fvarR0 keywor d. F o r -17eok Llastimg lL1leis a VAR rparagrap with various
declarations of names and types of variables local to the module. The grammar equivalent to this

definition is presented on line 7 bisting 12.

For the purpose of modularity and conci seness,
with a common expression. For example, lines4&%f Listing 11 is an example of such a
declaration. Any variable declared in this paragraph can be seen as a macro. In essence, identifiers

in this paragraph do not contribute to the state space of tleesyatier analysis &JA). A macro

binds the identifier with the expression type and value on its-hightl side. The paragraph must
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be preceded wiANID Thelgamnkaecgrrespondingfo this definition is presented
on line 11 ofListing 12.

1 smv-program -: [ [[module]] ]* MODULE main [[moduleBody 1]

2 module -: MODULE [name] [( [[moduleParameters]] )]? [[moduleBody ]]
3 moduleParameters -: [name] [, [name] ]*

4 moduleBody -: [[moduleBodyPart]]+

5 moduleBodyPart -: [[varDeclaration]] | [[defineDeclaration]]

6 [[assignConstraint]] | [ specification]] 6

7 varDeclaration -: VAR [[declarationStatementg]]

8 declarationStatements-: [name] : [[variableTypes]];

9 variableTypes -: [=type: integer | real | boolean] | [[ enumeration]]
10 | enumeration -: { val-1[, val-n]* }

11 | defineDeclaration -: DEFINE [[defineBlock]]

12 | defineBlock -: [ [name] := [[expression]] ]+

13 | expression-: [constant] | [ identifier ]

14 | [[ expression]] [[ binop]] [[ expression]] | [[ unop]] [[ expression]]
15 | ([[expression]] ) | [[ caseexpression]] | [=type: TRUE| FALSH
16 | next([[expression]] )

17 | binop -:[=type: & | | | xor| xnor| ->| <->| =| =] <| >| <=

18 | | >=| +|-[*| /| mod

19 | unop -:[=type: !'| -]

20 | caseexpression-: casg[casebody]] esa¢

21 | casebody -: [[expression]] : [[expression]]

22 | [[casebody]] [[expression]] : [[expression]]

23 | assignConstraint -: ASSIGN [[assignBody]]

24 | assignBody -: [ [[initStmt]] [ [[ nextStmt]] ]? ]+

25 | initStmt -: init( identifier ) :=[[value]]

26 | nextStmt -: next(identifier ) :=[[expression]]

27 | value -: [identifier ] | [ integerNumber ] | [ realNumber ]

28 | specification -: [[ltl -specification]] | [ ctl-specification]]

29 | INVARSPEC|[[expression]]

30 | lil-specification -: LTLSPEC[Itl -expression]]

31 | Itl-expression-: [[expression]] | [[ ItiOperator ]] [[ Itl -expression]]
32 | [ It -expression]] [[ specialBinaryOperator]] [[ Itl -expression]]
33 | ltlOperator -: [=G| X| F| Y| Z| H| O]

34 | specialBinaryOperator -: [=U | V| S| T]

35 | ctl-specification -: CTLSPEC][ctl-expression]] | SPEC[[ctl-expression]]
36 | ctl-expression-: [[ctlOperator]] [[ expression]]

37 | [[ ctiOperator]] [[ ctl-expression]]

38 | [[ existentialOperator]] [ [[ctl-expression]] U [[ctl-expression]] ]
39 | ctlOperator -: [=AG| AX| AF| EG| EX| EF]

40 | existentialOperator -: [=A | E]

LISTING 12 MODULE'SGRAMMAR IN NUXMV
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SMV allows assignment of values to state variables within an assign paragraph. In an assign
paragraph (or constraint), a variabl einios assi
(seeline 51 okisting11l) araxd { s e e-85 oiListiagsll) &dpectively. Theextstatement

e mbodicaesesaba siit at ement whi ch model Efthatdgde)mods si bl e
values (on theight-handside) to be assigned to the variable at any given step of execution of the

program. In this paragraph, at least a variable must be initialized or iteategs specified.

2.3.1.2 Logic Specification

The notion of logic specification allows developers to define requirements for the purpose of
analysis via the analysis engine. The nuXmv analysis engine accepts both lindarL(i[88])

and branching (i.eCTL [37]) time logics for the expression of system requireméhitsle LTL
specifications quantify over paths, CTL specifications quantity over the global state space of the
SUD. The benefit of dual support is to allow user the expressive power of each logic specification.
Besides these logicsuXmv also facilitates the representation of invariance.

U

2

FIGURE 4. RELATIONSHIP BETWEENEXPRESSIVEPOWERS OFCTL AND LTL

Figure4 presents the relationship betwestpressive powers of LTL ar@dTL. The implication
of the figure is to demonstrate that some requirements are only expressible in either of the logics;

while some requirements can be expressed in both logics.

A CTL statement b e gdraméseedine td) 168 ofitstmgld)o kcergrmdd r d 6
(seeline 67 ofListing11l).An LTL statement bergpreds (mestEdd |t he Kk
160 ofListing 11). To constrain the entire model to fulfil some special properties, SMV provides
"INVARSPEC" (See lines 1560 ofListing 11) keyword. We introduce the grammar to define these

specification statements on lin@ @f Listing 12
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A detailed discussion of the semantics of CTL (ergaF, AG, EG, A[é U € ],E[é ué ])and LTL

(e.g.G X F, Y, z, H 0 operators as obtainable frdbj, [69] are presented ihable5, Table6
respectivelyp andq are considered as formulas whose syntax conforms to the grammar described
in Listing 12. A CTL formula evaluates to true whenever it is true in all initial states. An LTL

formula evaluates to true whenever it is true at the initial ime

TABLE 5. SEMANTICS OFLTL OPERATORS FOR NXMV [69]

Notation Semantics

Xp Given times &ho, then X p=true at time tif and only if pistrueattime® o p.

Fp Given times 8o, then Fp = trueat time t if and only if pis true at some timed o,

Gp Given times &ho, then G p = trueat time t if and only if pis true attimes o  o.

Yp Given times aho o , then Y p = trueat time 0 0, ifand only if pistrue attime © © pbutpis

false attime 0 .

Zp Similar to Y p but p must be true at time o .

Hp Given times &ho, then H p =true at time t if and only if pis true at all previous time steps 0 o,
Op Given times &ho, then O p =true at time t if and only if pis true in some previous time steps 6  o.
puUq Given times oo [BF, then p U q = trueat time t if and only if qis true at some timed oand pis true

for all time ¢°, such that:0 ¢® 0.

pVq Given times & [tF, then p V q = trueat time t if and only if qis true at all time steps®  Ooup to and
including time step &°where pis also true. Alternatively, p may never be true but g must be true in
all time stepso o

pSq Given times & [tF, then p Sq = trueat time t if and only if qgis true attime & o6and pis true at all
time steps ¢f, such that:6 ¢ o

pTq Given times &ho %o |, then p T g = trueat time t if and only if pistrue atd  oand qis true at all
time steps ¢, such that:06 o° 0o Alternatively, if phas never been true, theng must be true in all
time steps ¢f, such that: 6 o° o
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TABLE 6. SEMANTICS OFCTL OPERATORS IN NXXMV [69]

Notation Semantics

EXp Given states U Osuthzhat: s-¢ wthepn BX p=truein sif and only if pistruein Uz 8

AX p Given statesU Osuthzhat: s-¢ wthken AK p =truein sif and only if pis true in x! @V i

EFp Givenstatesi i i BH H andthereexists © i H © i A O i then EFp=true
ini ifandonlyif pistrueini .

AF p Givenstatesi i i A H andforalli © i i © i BA  © i then AF p=truein i
if and only if pistrueini .

EGp Given statesi fi i andthereexists © i i © i B then EG p = trueif and only if pis true
ini.

AG p Givenstatesi fi i andforalli © i i © i 8 then EGp = trueif and only if pistruein i .

ElpUq Givenstatesi i H FBH H andthereexists © i i © i BH ©O i thenE[pUdq =

trueif and only if pistrueinall statesi i A BB H andqistrueini .

AlpU q Givenstatesi i i A H andforalli © i i © i BA © i thenA[pU ¢ =trueif
and only if pistrueinall statesi H A BH andqistrueini .

2.4 Back-end Analysis Tools

In the solution space, varieties of formal analysis tools exist. These range from model cleecking
theorem proving technologied/e will limit our survey to tools that requires no uggidance in

the search for solutionln this section, we will summarizthese technologies using some
paametes such asheunderlyingtechrology (e.g. SAT[39], BDDs[40], AlGs[42], SMT [46]);
specification logic supported (e.g. CTL, LTLJomain of analysis supported (e.g. infinite or
finite); opersource or not; orientation (stabased or everttased)

Our analysis is presented Trable 7; this indicates that nuXmf45] and AL [70] are the only

tools with capabilities of analyzing unbounded infinite types (e.g. integer and flqating
numbers). Although SAL is opesource, it is nobeing actively developed. On the other hand,
while other tools surveyed facilitate the analysis dynamic aspects, Alloy is the only tool surveyed

that facilitates the analysis of static aspects.
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TABLE 7. SUMMARY OF ATTRIBUTES OF ANALYSIS ENGINES
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Verification domain:p unbounded infinite typesFOLS pieeari
Temporal Logic, Computational Tree Logic, Fi3tder Logic; Underlying Technology: SAT, BDD, AIG, SM’
= Boolean Satisfiability, Binary Decision Diagrams, Aimderter Gate, Satisfiability Modulo Theory; Othe
Notations: +, ++, +++ = SuppodgePartly Supported, Fully Supported.
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2.5 Model Transformations

In this section, we present some background information on model transformations. This will
enable ugo discussn detail and position our work with related concepts. In the literature a large
amount of work has been done on this topic; we will adopt definitions from Kleppe[él]al.
because most literature (e[@2]i [74]) relies on these definitions.

Definition 2 - Transformation

A Aransformationis an automatic generation of a target model from a source
model, according to &ansformation definition {75]

Definition 37 Transformation Definition

A Atransformation definitionis a set oftransformation ruleshat together
describe how a model in the source language can be transformed into one or
more constructs inthetaegt | an[@sl age 0.

Definition 47 Transformation Rule

A Aransformation rules a description of how one or more constructshie
source language can be transformed into one or more constructs in the target
| angul@xge. o

According to the report of the working group of the Dagls&#minar on Language engineering
for ModelDriven Software Development (i.e. Mens et [@6]) five questions are key to the

discussion of model transformation. These include:
Q1.What needs to be transformed into what?
Q2.What are the important characteristics of model transformation?
Q3.What are the success criteria for a transformation language or tool?
Q4. What are the quality requirements for a transformation language or tool?
Q5. Which mechanisms can be used for ehdinsformation?

We will focus on (Q1), (Q2) and (Q5) because our work is not a transformation tool but it applies
model transformation for the purpose of code generdticeddition our discussion will be based

on Mens et al[76].
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2.5.1 Source and Target Artifacts (Q1)

This question cacerns the artifacts for transformation. For example, the source and target
programs or models. If the artifacts are source code, bytecode or machine code, they are referred
to as programs and the process is terpredram transformationOn the other handf the artifacts

are models (e.qg. state, class, composite structure, or activity diagram), the process intel@hed
transformation A hybrid of these elements is possible such as rtodelxt (M2T) or texito-

model (T2M). Consequently, program tramshation may be considered a subset of model
transformation because a model may range from abstract analysis models to concrete models of

source code.

Model transformation involves the expression of models in some modeling language such as UML
diagrams omprogramming languages for source code. The syntax and semantics of a modeling
language (e.g. Umple, Alloy, SMV) is expressed with a metamodel. Transformation processes can
be categorized intexogenousr endogenoubased on the language for expressimgsiburce and

target.

Definition 57 Endogenous Transformation

AEndogenous transformations are transform
i n the s am[@5]. Ingarticwlaa ghe dource and target models

conforms to a metenodel. For example, a model transformation between

UML state diagrams and UML activity diagrams is regardectagogenous

transformationsince both must céorm to the UML metanodel at large.

Definition 61 Exogenous Transformation

AExogenous transformations are transfor ma
using di f f e r[#]nr particalar,dhe sogreesanddarget models

conform to different metmodels. For example, a model transformation from

Umple to Alloy is regarded as an exogentassformatiorb e cause Umpl eds
metamodel di ffer s-médelom Al |l oybés met a

Transformations may also be categorized based on the abstraction levels of source and target

models. These are callgdrtical andhorizontaltransformations.
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Definition 7 - Vertical Transformation

A Avertical transformations a transformation where the source and target

model s reside at dIi7b]Adiffeem abstradlicntevela ct i on |
may be model or source code. The model is considered more abstract than

source code. The transformation at a parsing phase (i.e. T2M) such that a

program text is transformed to an abstract syntax tree (AST) is a typical

exanple ofvertical transformation

Definition 81 Horizontal Transformation

A Ahorizontal transformations a transformation where source and target

e

model s reside at t h[@5 Rraexaeplegthesavaral ct i on | ev

process of transforming Umpleds source
horizontal Similarly, the transformation between Umple Internal
Representation (UIR) talloy Internal Representation (AIR) li®rizontal

2.5.2 Characteristics of Model Transformations (Q2)

Mens et al[76] identifiedlevel of automationcomplexity of transformatigrand preservatiomas
key properties of model transformations. A clear distinction must be made on what caowdd sh
be automated or executed manually. In particular, what demandsigseention? For example,

a transformation between requirements documents and analysis models demaintirusetion

T most importantly to resolve ambiguities, incompletenessrahsistencies in the requirements.

Transformations such asefactoring (e.g. model or code level) may be considered minor
transformations but transformations involving parsers, compilers, and code generators are major

transformations.

The question of wét must be preserved is important for model transformations. In particular, what
aspects (e.g. structure or behavior) must be preserved such that these elements of the input model
are unchanged in the output modtfactoringandrestructuringdemand behaoral preservation

while the structure may be modified. On the other haefinementdemands semantics

preservation.
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2.5.3 Mechanisms for Model Transformation (Q5)

Mechanisms for transformation are not limited to techniques, languages, and methods adopted f
development to actualize the transformation process. A programming paradigm like procedural,
objectoriented, functional or logibased approaches or a hybrid may be applied to specify

transformations.

These mechanisms can be categorized detdarative and operationalapproacks. Declarative
approaches define relationships between the source and target models. In particular, they map
el ements of a source model t o t hwhao stmdfldba t ar g
transformed and what it should be transformed to. Declarative approaches offer particular services
like source model traversal, traceability management and automdliiettionality[73] via the

underlying reasoning emge. Thus, they tend to be more attractive to software engineers.
Examples include functional programming and logic programimfg

Operational approaches defistepsfor executing transformation process from source to target
model s. T h ey haw the t@mrsformatiendsxecuted. Mhey are most suitable for
transformations that incrementally update a model. This is achievable by itg®ufport for
sequence, selection and iteration andoperational approat¢hat aremost beneficial when it is

necessary to control tleeder of applying a set of transformatidiié].

2.6 Summary of Background

In this chapter, we have presented background on the technologies involved in this thesis. The

technologies discussed were Umple, Alloy, and nuXmv.

Umple, an MDE technology designed to be highly usable in bothateadtal visible form provides
constructs for the representation of class models and state machine models. It is designed for
integration with programming languages and code generation. We discussed the various notions
of class and state machine models thia relevant to this thesis by giving some examples
(textually and diagrammatically). Techniques discussed under class model representation include:
class diagrams, associations, attribute, specializations, and keys. The notions discussed under state

machnes of Umple include: transitions, states, and state machines themselves.
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Alloy is a specification technology for representing and analyzing structural models of software
systems. We presented a detailed discussion of Alloy, covering the following neigmeture,

field, constraint, and commands. Our discussion included textual examples for each notion. The
notion of fields focuses on how to specify associations and attributes. We discussed the notion of
constraints based on specifications of facts, tions, predicates, and assertions. The notion of

commands was discussed; in particular ctheandrun concepts.

nuXmyv is a model checking tool for the analysis of state transition systems. We began our
discussion on nuXmv with an example to illustraotions supported by the tool. The notions
discussed include: variable declaration, assign constraint, trans constraint, module concepts, and
logic specification. We discussed each notion with its grammar and semantics were discussed
succinctly. Discugens of trans constraints involve how transitions and states are represented in
nuXmyv. We discussed module concepts based on how a module can be designed and instantiated.
We presented a detailed discussion on logic specification with nuXmv. Our discasdiogic
specification focuses on linear time logic (LTL) and computational tree logic (CTL). Finally, we
presented a table comparing underlying concepts of model checking tools surveyed in the

literature.
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3 Transformation Engineering

In this chapterwe give an overview of our solution to automatically generate formal specifications

of models (state machine and class models) expressed in Umple. We will present an architecture
we have adopted for the realization of our goal.

Similarly, we will presenpartial metamodels of Umple, Alloy and SMV to facilitate the process
of model transformations and relevant architectures to illustrate specific transformations. Readers
should note that the metamodels presented follow the semantics of UML class mobeling.

simplify the representation, we exclude algorithmic logic and templates from the Umple code.

i N
' Yaiay Alloy
! UR | Translator
] '
] 1
e ) e ~ H
S ' [
f i '} umple |1 i UR
: *.ump ':"""')hOompiIerl:" .= Analyzer [ T SERERSEEE
i o X g Behavioral
Teees T --T-- Aspects
1
1
1
SMv
Y. . T *.smv
LR T Translator sMV
e, php, | Model Checker
PP, «ee 1 $
UIR: Umple Internal Representation SIR

SIR: SMV Internal Representation
AIR: Alloy Internal Representation

FIGURES5. TRANSFORMATION ENGINEERING

Page |56



3.1 Overview of the Transformation Architecture

The overall process of translating modelgpressed in Umple to target formal languages and
analyzing them for correctness according to our approach is preseriigiia5. To facilitate
detailed discussionye have divided the overall process into five (5) phases.

1 Phase- 1involves writing models in code or diagrammatically (following the madele
duality principle) or importing existing models into an Umple development environment.
The user needs to t@miliar with Umple syntax and semantics. The artefact produced at

this phase is a set ofimp files representing the system.

1 Phasei 2 involves compilation of theump file prouced in the first phase. At this stage,
the model is parsed and analyzegtoduce an Umple internal representation (UIR) of the
model under designMUD). The parsing phase tokenizes the model and forwards the
resulting token set to the analyzer. The analyzer processes the tokens generated by the
parser and converts themtoahier n a l representation which ¢
model. A detailed discussion and architecture of compilation in Umple can be obtained
from [55], [63], [77]. During compilation,the Umple compiler detects many types of
syntactic and semantic errors, reporting them in a manner identical to how a programming
language compiler works. It should be noted that the compilation phase, with error
reporting, occursmmediately (i.e.within 3 seconds of the user ceasing to type or draw)
when the user is building an Umple model with UmpleOnline. Therefore, Phases 1 and 2

occuriteratively and from the usero6s ptiscomextct i ve | a

1 Phasei 3involves the selection of the code generator by the user (or analyst). The user
first selects the type of code to be generated, which may be Alloy or SMV. If the user
intends to analyze class models, the Alloy option must be selected for code generation
Otherwise, the SMV option must be selected for code generation. The user also has an
option of issuing similar directives as commdimé arguments or textually in code.
However, if the UIR does not facilitate the generation of the chosen option, apgopr
warnings are generated for the user. At this phase, the underlying translator is invoked base

on the type of analysis selected and concerns are separated.
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1 Phase- 4 involves the translation of modeling components into the target language; i.e.
takingthe elements from Phase 2 and transforming them using the translator selected in
Phase 3. The metaodel of the target language is instantiated, then the resulting instance
is written into a file depending on the aspects (stgtic and dynamic) of intest. For
modeling components like classes, attributes (but not state machines), and associations
(i.e., modeling constructs related to static aspects of systems), the Alloymodt is
instantiated. We collectively refer to these modeling componentsisasnodels. The
corresponding Alloy model is written in anis file. On the other hand, the SMV meta
model is invoked whenever the modeling components are state machines and its
constituents (i.edynamic aspects of the system). The resulting SMV mioditlat case
will be written in an-smv file. The details of each translator will be discussed shortly in
Chapterst and?.

1 Phasei 5involves the analysis of the systems generated from Phaskt this stage he
specification of the system is already generated but it is the responsibility of the user to
specify the properties of the system to be verified. The properties can be expressed in LTL
or CTL notations and added-tenv files for state machine analysi@n the other hand, the
properties can be expressed in FOL notations and addeds tiiles for class models
analysis. The resulting system is fed into the bt analyzer and a verdict is generated.

A counterexampldS generated as a verdict whenettee model does not conform to the
property verified. But whenever the model conforms to the property verified, the verdict is

true.
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KEY: ... EXISTING IMPLEMENTATION ___ OURIMPLEMENTATION

FIGURE 6. THE PIPELINE MODEL OFALLOY TRANSLATOR

3.2 Alloy Translator

We present the discussion of our translator for the purpose of generating Alloy specifications.
Figure 6 is the model we designed to specifically explain the processes involved (or internal
components) in translating class models.inp file(s) to+aisfile(s). In particular, an.ais file is a

textual representatioof an Alloy internal representation (AIR) resulting from the transformations.

The overall process is model transformationTo realize the target artifact, the pipeline
transformation combinesnodelto-model(M2M) and modelto-text (M2T) transformations such

that a corresponding Alloy code (i.e., textual representation) of the input class models (i.e., Umple
Internal Representation) is produced as an end product. In the same vein, we have created
metamodels for both languages. Tetaik of the transformations are presented in Chagtarsl

7 for class models and state machines respectively.
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M ultiplicity
+bound:String
+minimum :String
+maximum: String

UmpleElement
+name: String UmpleModel
+posttion:Coordinate

T
umple
lasses *

UmpleClass UmpleVariable
+isAbstract: Boolean +name: String
+isSingleton:Boolean +type:String

lasses

+associations:Association +value: String

umpleClags 0..umpleClgs 1

associatipnVariables *

ibutes *

AssociationVariable

+multiplicity: M ultiplicity o Attribute
UmpleAssociationClass isNavigable: Boolean
SOC

+is Composition: Boolean s Autolnkqie: BEoRaS
related iation 0..1

o

+priority : String

asdsgiatedTo 0..2

Association a
+name:String
+isLeftNavigable: Boolean
+isRightNavigable: Boolean

associatioh 0..1

ends 2

AssociationEnd
+roleName:String
+className:String
+multiplicity: M ultiplicity
+isDefaultRoleName:Boolean

FIGURE 7. PARTIAL METAMODEL OF UMPLE FORCLASS MODELS

Figure7 is apartial metamodel of Umple extracted for the generation of Alloy specifications for
class models as required by our work. It describes the elements we considered relevant to our
implemenation and the relationship among them. The corresponding textual representation of the
model presented iRigure7 is presented irvisting 13. A completevisual representation of the

metamodel can be obtained fr¢ni8].
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classUmpleModel {
1 -<@> tUmpleClass;
1 -> * Association;
}
classUmpleElement {
name;
Coordinate position;
}
classUmpleClass {
isA UmpleElement;
0..1-- * UmpleClass subClasses;
1 -- * Attribute ;
0..1-- * AssociationVariable;

[lattribute definitions
BoolearisAbstract;
BoolearisSingleton;
Association [] associations;

}

classAssociation {
0..1-- 2 AssociationEnd ends;

//attribute definitions
name;
BoolearisLeftNavigable;
BoolearisRightNavigable;

}

classUmpleAssociationClass

{
isA UmpleClass;
1--0..2Association associatedTo;

}

classAssociationEnd

{

[/attribute definitions
roleName;

className;

Multiplicity multiplicity;
BoolearisDefaultRoleName;

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

classUmpleVariable
{
[/attribute definitions
name;
type;
value;

}

classAttribute

{
isA UmpleVariable ;
BoolearisAutoUnique;

}

classAssociationVariable

{
isA UmpleVariable ;
Multiplicity multiplicity;
immutableBoolearisNavigable;
BoolearisComposition = false
String priority = "";

0..1selfrelatedAssociation;

}

classMultiplicity
{
/lused when minimum=maximum;
lazy bound;
lazy minimum;
lazy maximum;

key{ bound, minimum, maximum }

LISTING 13. TEXTUAL REPRESENTATION OF THEPARTIAL METAMODEL OF UMPLE.
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The UIR of class modelsonforming to the metamodel of Umple (iigure7 andListing 13)

are transformed based on its modeling elements. As noted in the architectiBeqsee3.1),

these elements include associations, attributes, classes, and inheritance hierarchy. We rely on the
syntactic checkedeveloped for Umple to guarantee that the UIR is free of syntactis.erro

1 classAlloyObject {

2 abstract

3 }

4 classFunction {

5 beginEndRoleName;

6 targetMult; 44  classStatement{

7 targetClassName; 45 name;

8 } 46 }

9 classAlloyObject {} 47 classOpenStatement{
10 classFact{ 48  isA Statement,

11  isA AlloyObject; 49  packageName;

12 50 className;

13 factName; 51 afterconstructor{
14 firstClassName; 52 name = "open";
15 secondClassName; 53 }

16 rNamel, 54 }

17 rName2; 55 classAlloyModel {
118 } 56 isA AlloyObject ;
19 classNoExtendedFact { 57

20 isA Fact 56 1-> *Signature;

21 } 57 1-> *Fact

22 58 1-> *Statement;,
23 classNoSelfRelationFact { 59 name

24 isA Fact, 60 modelNamespace;
25 } 61 }

26 62

27 c!assBidirectionFact { 63 classSignature {

= ot = e isA AlloyObject ;
22k & name;

€0 ) e extendsName;

31 c!assGenHlerarchyFact{ 67 BoolearisBounded:
2 ot = & BoolearisAbstract;
ok G BoolearisSingleton;
o . 70 1 -> *Function function;
35 classAssociationFact{ 71 }

36 isA Fact

37 fMult;

38  sMult;

39 }

LISTING 14. TEXTUAL REPRESENTATION OF THEPARTIAL METAMODEL OFALLOY
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Part A
(Alloy Metamodel)

Part B
(Alloy Metamodel)
PartC
(Alloy Metamodel)

Part D
(Alloy Metamodel)

FIGURE 8. AN OVERVIEW OF THEALLOY METAMODEL

In Figure8, we present an overview tfe Alloy metamodel we implemented for the purpose of
code generatiorDue to its size, we have divided this into 4 diffeneattslabelled AD. Figure9

is a visual representation of the metamodel corresponding to Part A;Qvbieespondto the
diagrams indicated as labelB The arrav-head indicates the direction and position of the
corresponding part8y bringing these parts together, we will realize a unified metamodel.
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AlloyObject

+printObject()
+convertEndsToAssociation()
+addStartDottedLine()
+addEndDottedLine()

SymmetricFact

AlloyM odel
+name: String
+modelNamespace: String
+AlloyModel()
-genAssociationFact()
- hasStringAttribute()
-namespace()
-checkAssocitaionBtw()
-analyzeClassForH()
-genSignatures( )
-genReflexiveRelations ()
+getImportStatements ()
+printImportStatements ()
-genOtherConstraints()
-analyzeAssociation() axer!
-compareRoleNames()
+comment()
AYMORIL oy Model 1
tures *
Signature
+name:String
+extendsName: String
+isBounded:boolean
+isAbstract:boolean
+isSingleton:boolean statgments *
gShatia() Statement
-getExtendsClass() Fgethame()
-instantiateDataMembers()
-reCompos eAs sociation() PRt
-comment()
-addExtension()
-funPart()
+printSignature( )
-compute()
-print()
signaturé 1
NumericBoundFact
fugktion * +className: String
+rName: String
runction +mult:Mutkiplicity
+beginEndRoleName: String +¥ides Tk
+targetMult: String OpenStatement .
+NumericBoundFact()
+targetClassName: String +packageName:String -InitiaizeExtravar()
+Function() +className:String
+Function() S prink() -analyzeEndMulk()
-declaration()
+Function() S
+printFunction() ~content()
-comment()
+print()

+SymmetricFact()
-declaration()
-comment()
-content()
+print()

FIGURE9. PART A - ALLOY METAMODEL
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Fact
+Fact()
+Fact()
+suchThatPlusNewLine()
+factHeader()
+makeVarName()
-declarationEnd()
-varDec()
+makeVarDeclaration()

-comment()
+print()
Ass;a“nm\

-

NonReflexiveFact T T GenHierarchyFact BidirectionFact
+NonReflexiveFact() +sM ultl‘Strhg +GenHierarchyFact() +BidirectionFact()
-content() +Associat;onFagt() -content() -commentBidirectionality ()
-comment() -comment{() -declaration() -bidirectionalContent()
-declaration() -comment() -printBidirectionFact()
. -getAssociationFact()
+print() Sorii) +print() +print()

FIGURE 10. PART B - ALLOY METAMODEL

The AIR (seeFigure 9 - Figure 12) is a collection of core elements (e.g. signatures, facts,
predicates, functions, commands) of the metamodel. The main elements in the metamodel based
on our work are signatures and facts. We considered these elements important because signatures
model chsses and facts model constraints among classes. In particular, we map associations to

classes and facts. But for every kind of association, there is a different type of fact set generated.
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acts *

Fact
+Fact()
+Fact()
+suchThatPlusNewLine( )
+factHeader()
+makeVarName()
-declarationEnd()
-varDec()
+makeVarDeclaration()
-comment()
+print()
SymmetricFact NonReflexiveFact GenHierarchyFact
+Symmetric Fact() +NonReflexiveFact() +GenHierarchyFact()
-declaration() -content() -content()
-comment() -comment() -declaration()
-content() -declaration() -comment()
+print() +print() +print()

FIGURE11 PART C- ALLOY METAMODEL

NoSelfRelationFact
ionF:
+;:::§:::F::: 0 +NoSelfRelationFact()
-commentNoSelfRelation( )
-commentBidirectionality () -decPart()
phideectione RO -printNoSelfRelationFact()
-printBidirectionFact() -noSelfReiContent()

NoExtendedFact

+NoExtendedFact()
-commentNoExtendedFact()
-printNoExtendedRelationFact()
-noExtRelContent()
+print()

FIGURE 12. PART D - ALLOY METAMODEL
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Other elements (e.g. predicates, functions, and commands) are also key to our work, but are not
automatically generated. They represent the properties that the aralysto verify and validate.
Currently, the user or analyst is required to specify these elements to ahyavalue from the

approach.

3.3 SMV Translator

This section presents the process of transfo
language othe nuXmv model checker. In particular, we discuss our approach to translating

to *.smv.

Our approach combin@éd2M andM2T transformations such that a transformation is made from
Umpl ebs I nternal Representationt  USERYOsvi t ht dr
Representation (SIR). Then the SIR is further converted to text via templating and written into file.

The overall architecture is given figure13.

Transformation
Engine

KEY: EXISTING IMPLEMENTATION — OURIMPLEMENTATION

FIGURE 13. TRANSFORMATIONARCHITECTURE FOR NXXMV CODE GENERATION

To realize a consiste2M transformation we extracted a parti al me
machines (se&igure 14) and created a partial metamodel for SMV. A corresponding textual
representan of the metamodel (i.eFigure14) is presented ihisting 15. Thecomplee visual
representation of Umpl ed $/99.met amodel can be ob
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Transttion
+isInternal:Boolean
ConstraintTree Node
+autoTransition: Boolean
A +position: Position

State

1
+name:String

+isConcurrent:Boolean

™ 0..1

+isStartState:Boolean

Guard +isInternal: Boolean

+position: Position

SondPosHianiPaniin +isHistoryState:Boolean

+isDeepHistoryState: Boolean

+finalState: Boolean
+isVisited:Boolean
+pos tion: Position

state 0/1
state|1 parentSare 0..1
action 0..1 chines *
ions * .
actjvities *

Action StateMachine
+actionType:String Activity +recentSearchDepth:Integer
+position:Position +position: Position +name: String
+endPos ttion: Pos tion +endPos ttion: Position +containsHis tory State:Boolean
+actionCode:String +activityCode: String +contains DeepHistoryState:Boolean
+isInternal: Boolean +codeblock: CodeBlock +queued:Boolean
+codeblock: CodeBlock +pooled: Boolean

stateMachines *

Event
+name:String umplégClass 0..1
+isTimer: Boolean
+autoTranstion: Boolean
+timerInSeconds: String
+isInternal:Boolean
+uns pecified:Boolean
+type:String

UmpleClass

FIGURE 14. UMPLEGS METAMODEL FORSTATE MACHINE DIAGRAMS
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21

externalUmpleClass £ wo w7

classStateMachine{
IntegerrecentSearchDepth;
String name;
BoolearcontainsHistoryState;
BoolearcontainsDeepHistoryState;
*-- 0..1UmpleClass;
* -- 0..1 State parentState;
key{ parentState, name }
Booleargueued =false
Boolearpooled = false

}

classState{
isA Node;
name;
BoolearisConcurrent;
1--* Activity ;
0..1-> *Action ;
* .- 1 StateMachine;
BoolearisStartState;
BoolearisInternal;
BoolearfinalState;

}

classActivity {
*->0..1Event
onCompletionEvent;

}

classTransition {

BoolearisInternal;

BoolearautoTransition;

*-> 0..1Event;

* .- 1 StatefromState;

* nextTransition -- 1 State
nextState;

*->0..1Guard;

0..1->0..1Action;

key{ fromState, event,
nextState, guard, action }

}

44
45
46
47
48
49
50
51
52
53
54
55
56
57
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

classAction {
lazy actionType;
String actionCode;
BoolearisInternal =false;

key{ actionType, actionCode,
position}

}

classEvent {
name;
BoolearisTimer = false
BoolearautoTransition = false
type = "Boolean";
key{ name }

}

classGuard { isA ConstraintTree; }

classConstraintTree {
ConstraintVariable root;
ConstraintOperator requestor;
BoolearshouldDisplayBrackets;
BooleardisplayNegation;
BooleardisplayBrackets;
IntegernumberOfElements;
key{ root }

}

external- OE1 wt wé wx

LISTING 15. PARTIAL METAMODEL OF STATE MACHINE IN UMPLE
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trait MyUTtility {...}

externalStateTableEntry{ ... }

classNuSMVModule {

isA MyUtility ;

String identifier;

String [] parameters;

1-> 1ModuleBody ;

}

classCounterExampleTable {
isA MyUtility ;
1-> 1ModuleElement requirement;
1-> *CounterExampleColumn ;
String [] rowLabels;
String sourceMachine;
String sourceClass;

}

classColumnEntry {
isA StateTableEntry;
lazy BoolearisDerived;
String value;

}

classCounterExampleColumn {
isA MyUtility ;
Integerindex;
1->*ColumnEntry ;
String [] stateValues;
String header;

}

classModuleBody {
1->1.*ModuleElement;

}

classModuleElement {
lazy String header;

}

classvVarDeclaration {
isA ModuleElement;
1-> 1..*VariableSpecifier;

}

classVariableSpecifier {
isA MyUtility ;

String identifier;

String [] typeSpecifier;
lazy BooleansBracketed;
lazy String typeName;

}

classDefineBody {

String identifier;
1-> 1BasicExpression

}

classNextExpression {
isA BasicExpressiorn
1-> 1BasicExpression

}

54
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

classlVarDeclaration {
iSA ModuleElement ;
1-> 1..*VariableSpecifier;
}
classDefineDeclaration {
iSA ModuleElement ;
1-> 1..*DefineBody;
}
classBasicExpression{
0..1 parent-- 0..2 BasicExpression
children;
identifier;
lazy Boolearbracketed;
lazy BooleardisplayNegation;
operator { AND, OR, XOR, XNOR,
IMPLY, IFF, EQ, NE, LT, GT, LE,
GE, NULL, NOT, MOD, PLUS, MUL,
MINUS, DIV };
}
classCTLSpecification {
isA ModuleElement;;
lazy BooleardisplayNegation;
1-> 1CTLExpression;
}
classinvarExpression {
iSA BasicExpression
invarOperator { next };
lazy Booleargualified;

}

classCTLExpression {
iSA BasicExpressiorn
ctlOperator { EG, EX, EF, AG, AX,
AF, E, A U}
lazy Booleargualified
}
classAssignConstraint {
iSA ModuleElement;
1->1.*Assign;
}

class Assign {
String identifier;
1-> 1BasicExpression

}

classSimpleAssign {isA Assign; }
classinitAssign {isA Assign; }
classNextAssign {isA Assign; }

classCaseExpression{
iSA BasicExpressior]
1-> 1..*CaseStatement

}

LISTING 16. TEXTUAL REPRESENTATION OF THENUXMV METAMODEL
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NuSMVModule
+identifier: String
+parameters: String
+printAray()
+buidColumnEntries()
+buildStateValues FromColumnEntries ()
S MY Mo uke 1
mod]eBady 1 CounterExampleTable
+rowLabels: String
+sourceMachine:String
ModuleBody +sourceClass: String
+priAmY()
scaBby 1 +buidColumnEntries()
R +buidStateValiesFromColumnEntries()
T
1
counterExampie Colums *
" CounterExampleColumn
- ot +index:Integer
ModueERment +stateValues: String
+header:String
+header: String TortAmay()
[ +buldColumnEntries )
+buidStatevaluesFromColumnEntries )
1
coldynEntries *
TransConstraint COU IERTY)
e DefineDeclzration AssignConstraint IVarDeclaration VarDeclaration +isDerived:Boolean
ST +value:String
transC . assignCondjraint 1 1 1
variablegpecifiers 1..* 1.+
VariableSpecifier
d +identifier: String
+typeSpecifier:String
InvarConstraint InitConstraint DefineBody CTLSpecification Assign +isBracketed:boolkean
d:Boolean } Bookean +identifier: String +displayNegation: Boolean +dentfier:String +typeName: String
m] +printArray()
invarConstyaint 1 intConsthyjnt 1 +buildColumnEntries ()
+ eValuesFi lumnEntries( )

invarEg pression 1

InvarExpression

+qualfied:Bookan

BasicExpression

+identffier:String
+bracketed: Boolean

+displyNegation: Boolean

NextAssign InitAssign

SimpleAssign

CTLExpression

Next

+qualfied: Boolean

CaseStatement

FIGURE 15. VISUAL REPRESENTATION OF NXMV METAMODEL
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The metamodel presented kingure 15 is for the purpose of generating an SMV model during
model transformation from its corresponding state machine expressed in Umple. It is incomplete
when compared to the grammar of the SMMlaage provided if69]. But we consider this subset

to be sufficient for our work. The corresponding textual representatiothe metamodel,

expressed in Umple is providedLlirsting 16.

3.4 Summary

In this chapter, we discussed our approach to engineering the transformations from Uxhgye to
and Umple to SMV. We have developed an architecture that guided our work from the starting
point (i.e., design phase) to the code generation phase. We presented a detailed discussion of the

activities involved at each phase.

For the translations of tdple to Alloy and Umple to SMV, we presented an architecture which

shows the internal components of the translator at an abstract level. Then we proceed to the
presentation of the metamodels of Alloy and Umple. Readers should note that the metamodels
presated are partial: they represent the subset relevant to our work. We presented them textually

and diagrammatically.

We defer other discussions on the transformation steps to various chapters dedicated to each
modeling constructs. In particular, we wilsduss the transformations of class modeGhapter

4. Similarly, we will discuss the steps for the transformations of state machiGesjer 7.
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4 Transformation of Class Models

In this chapter, we present the transformation of Umple class models for the purpose of analysis.
Umple class models includetassesattributes andassociationsThese modeling components

will be formally specified irAlloy Girgput language.

We will focus our discussions on the following concepts: attribute and multiplicity mappings, and
objectoriented design patterns. We majng andintegerattributes directly to their equivalent data
types in Alloy. However, other titypes not directly supported by Alloy are mappaded on
Table8 and additional constraintequired to model semantics such as Date, Timewgtcbe
addedin the future We acknowledge that there is indeed sdoss of semanticdut this is in

accordance with Alloy small scope hypothesis (86¢).

The multiplicities are mapped directly to their equivalenAltoy. Our approach to foraily
specify associationsof Umple systems is based amjectoriented design pattern®Ve first
introduce a set of constraints with modelling examples for ease of understanding. Finally, we

present the generated code for each modeling example considered.

TABLE 8. ATTRIBUTE MAPPING FROMUMPLE TOALLOY

Umple Alloy
Integer, Double Float Int

Date Time, String String
Boolean Boolean
ObjectName ObjectName
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4.1 Attributes

Umple allows users to declare variables of various tyflesse includenteger, Float, Double Boolean
Date, Time, String, @S well as the names of other classiesvever Alloy only supports the declaration
of variables of integer and string typd® ensure all data types are properly handlehle 8
presents mappings betwegloy andUmple data types.

4.2 Multiplicity

In this section, we present a mapping of the UML multiplicity expresddchle to its equvalent
in AIon. These inC|Udehandatoryone(i.e., 1..*), one(i.e., 10r 1..1), many(i.e., n or n..m), any—number(i.e.,

*0r 0..¥), andoptional (i.e., 0..1).

Table9 presents the mapping bimpled s  mu | t Alley. We dckngwledge that semantics
informationis incomplete based on this table, however we have defined a set of congtrgints

Listing 23) to ensure this information is preserved, even after transformation.

TABLE 9. MULTIPLICITY MAPPINGS FROMUMPLE TOALLOY

Umple Alloy

1,1..1 one

1..%, n, n..m some

* 0.* set

0.1 lone
Where:

4.3 Transformation Phases (Umple to Alloy)

This section presents an overview of various phases of transformation for the generation of

files from an Umpt model as implemented in this work. Recall that the UIR is a prodticé of
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Umple Compilation Unit which existed before our work, so we skip transformations in this

context from our discussion.

We discuss the phase involved in the process of creatingl@nfrom the UIR (M2M
transformation). To avoid unnecessary details, we make the discussion as abstract as we can. In
particular, we skip discussions of the mappings and templates but present the textual result of the
overall transformations and the visuapresentation of the input model. Interested readers may
check[81] for further details. We divide this phase intcsteps based on the artifact being
transformed (or produced). These are explained as follow:

Step 1i Generation of AssociationFact

An AssociationFact definesa constrainbased on the association ends for every association in a given
model. It specifiemultiplicitieson unique association ends. In particulasgciationFact constraints

are not generated for reflexive associations with exactly the same multiplicities at each end. We
regard this as redundant because the same number of instances wdtlbd per time for the
purpose of analysis. But for different ends, it is necessary to enforce the number of instances to be
created at any given time.

Page |75



Unit

UniFaciiy +id: String
- — units * +unit_number:Integer
+unit_attribute_code:String —— .
- ; urjtFacilities +bedroom_count:Integer
+unit_attribute_description: String +room_count: Integer

+other_unit_details: String

//lUmple representation of the graphical model
classUnitFacility {
unit_attribute_code;
unit_attribute_description;
* .- * Unit;
}
classUnit {
id;
Integerunit_number;
10 Integerbedroom_count;
11 Integerroom_count;
12 | }
1 | //Alloy constraint for AssociationFact
2 | factAssociationFact{
3 Unit <: unitFacilities in (Unit) set->set(UnitFacility )
4 1}

O© oo ~NOOOTPA, WN P

LISTING 17. EXAMPLE OF ASSOCIATIONFACT CONSTRAINT(NON-NUMERIC)

A typical example of this constraint is presentetigting 17. The constraint implies that for every

unit there is any number ofitracility and viceversa.
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Course takenBy 1..7

Student

+code: String

students }

+id:String

/lUmple representation of the graphical model
classCourse {
code;
1..7 takenBy-- * Student;
}
classStudent {
id;
}

factAssociationFact {
Course <: students in (Course) some> set(Student)

}

AW NRFRONO OO WDNPR

-- Defines constraints on association between Course and Student

LISTING 18. EXAMPLE OF ASSOCIATIQNFACT CONSTRAINT(NUMERIC)

When associations are numerically boundeehciationFact are constructed witkbmemultiplicity.

An example is presented lmsting 18 for an example oftudent-Course association.
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Object

UnkFac ity

+unit_attrbute_code: String
+unt_attribute_description: String

unitF aciljes *

nits *

Unit

+Iid:String
+unk_number: Integer
+bedroom_count: Integer
+room_count: Integer
+other_unit_detais:String

//lUmple representation of the graphical model
classObject {}
classUnitFacility {
unit_attribute_code;
unit_attribute_description;
* - * Unit;
isA Object;
}
classUnit {
id;
Integerunit_number;
Integerbedroom_count;
Integerroom_count;
isA Object;
}
-- Defines a signature for class Object
abstractsig Object{ }

-- Defines a signature for class UnitFacility
sig UnitFacility extendsObject {
units : setUnit,
unit_attribute_code : String,
unit_attribute_description : String

}

-- Defines a signature for class Unit
sig Unit extendObject {
unitFacilities : setUnitFacility ,
id : String,
unit_number : Int,
bedroom_count : Int,
room_count : Int,
other_unit_details : String

LISTING 19. ALLOY SIGNATURE FROMCLASSES
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Step 2i Generation of signature

A signature corresponds to anmpleclass according to our implementation. For each class in the
UIR, a correspondingignature is created. The name of thepleciass becomes the name of the
signature being createdn Listing 19, classe®nbject, UnitFacility andunit become signatures on lines

2, 5 and 12espectively

For anumpleciass with a symmetriereflexiveassociation, aonReflexiveFact and asymmetricFact are

composed to enforagon-selfexclusivenesandsymmetricityrespectively on theignature.

The necessary and sufficient constraints fovageciass with anasymmetri@ssociation include

a TransitiveClosureFact aNdNoExtendedRelation .

WhenumpleClass may also be a sutlass of anothevmpleciass (i.e., superclass) or it may be
abstract. For the former, its associateehdsName is set to the name of its superclass. But for the

| at t eAbsyracOi tad ti i buuet e i s set t o

An example ofa subclass is on line 5 dfisting 19. It definesunitraciity as a subclass afject.

Similarly, line 2 definesbject as an abstracignature.

Suppose anmpleClass has attributes, a Field is constructed for each of them. For example, on lines
14-18 various fields were created for attributes of class These are of typesring andinteger. A
Field is also constructed for every association end involving the @igse. On lines 6, 13 fields

are constructed for association ends with role namesndunitFacilities .
Step 2.1i Generation of NonReflexiveFact

The NnonReflexiveFact defines a constraint to enforce that reflexiveness is ndtréctional. In
particular, aparent instanceof an umpleclass with a reflexive association is prohibited from

becoming ahild instanceof its child by this constraint.
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Course sr"

prerequisite *

class Course {

}

/I Definition of asymmetric reflexive association (Umple Model)

* successor -- * Course prerequisite;

sig Course {

}

© 00O ~NO OO~ WNER|AWOWNLPRE

=
o

}

el el I o
o UAWN R

}

prerequisite : setCourse

-- Defines a signature for class Course(Alloy Equivalent)

-- Defines transitive closure rule for class Course

fact TransitiveClosureFact {
nocourse_1 :Course |

course_1in course_1."prerequisite

-- Defines no extended relation rule for class Course
factNoExtendedRelation {
nodisjcourse_1, course_2, course_3Course |
course_1in prerequisite[course_2] && course_1in prerequisite[course_3]

Step 2.2 Generation of symmetricFact

LISTING 20. ASYMMETRIC ASSOCIATION EXAMPLE

ThesymmetricFact models symmetricity on the concerneghature such that whenevéwo instance

of a classsaycourse1 (seeline 14 of Listing 21) is symmetrically related to another instance, say

course2, both being instances of classurse then a reference link is defined framurse1 to course2

and viceversa(see lins 13-17 of Listing 21.

Step 2.3i Generation of TransitiveClosureFact

The TransitiveClosureFact defines a transitive closel property on the concernethgnature. In

particular, it enforces the model such tldgscendanancestor relationshipis maintained

t hroughout

an

A

objectds

F10 dftbe Adloy settien.oLigtimgi20ae x a mp |

constraint that defines this relationship forrse is presented.

Page |80



Course
isMutua JyExclusiveWith *

/I Definition of asymmetric reflexive association (Umple Model)
class Course {

*  selfisMutuallyExclusiveWith ;
}
-- Defines a signature for class Course (Alloy Equivalent)
sig Coursg{

isMutuallyExclusiveWith : setCourse

}

-- Defines non-reflexive rule for class Course
factNonReflexive Fact{
nocourse_1 :Course |
course_1in isMutuallyExclusiveWith[course_1]

O O ~NOOOUOTPA, WNPRERP[PWODNP

=
o

}

ol
N

-- Defines symmetric rule for class Course
fact SymmetricFact{
all course_1, course_2 Course |
course_1in isMutuallyExclusiveWith[course_2]
<=> course_2n isMutuallyExclusiveWith[course_1]

N el e
No o hw

LISTING 21. SYMMETRIC ASSOCIATIONEXAMPLE

Step 2.4- Generation of NoExtendedRelation

The NoExtendedrelation defines a constraint on an asymmetric association such that for disjoint
instances A, B and C of the type X, whenever instance C is genetically related to A there is no
instance C that is genetically related to B. For example, on linr&6 @BListing 20, a constraint

of this form is created farourse (an asymmetricallyelated class).
Step 3i Generation of BidirectionalityFact

We generateidirectionalityract for every bidirectional association in the model. It is defined such
that instances of the patrticipating signatures of an association have reference links from one end
to another and vieceersa. The reference link is created based on the role namese¥éatpan

example of a bdirectionality rule on lines-3 in Listing 22.
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Facility

+id:Integer
FunctionalArea faciiies 1 1access_count:Integer
+code:String fungtionalAreas * +name:String

+description: String
+other_details : String

/lUmple representation of the graphical model
classFunctionalArea {
code;
* .- * Facility ;
}
classFacility {
id;
name;
description;
10 other_detalils;
11 Integeraccess_count;
12| }
1 | -- Defines bidirectionality rule between class FunctionalArea and class Facility
2 | factBidirectionalityRule {
3 all functionalarea_1 : FunctionalArea, facility_1 : Facility |
4
5

© 0O ~NO O~ WNPRP

functionalarea_1 in functionalAreas[facility_1] <=> facility_1 in facilities[functionalarea_1]

}

LISTING 22. AN EXAMPLE OFBI-DIRECTIONALITY FACT

Step 4: Generation ofNumericBoundFact

We generatevumericBoundract for associations whose ends have numeric multiplicities. The
purpose of the constraint is to ensure that the values specified in the multiplicities are maintained
whenever instances are created duri ngi10anoarl ysi
fo.d because such values have equival &\Mdel const
example inListing 23 that shows the constraint generated whenthemultiplicity is an exact

numerical value.
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Bicycle wheels 2
+make: String >» Wheel

bicycles *
+brand: String vees

//lUmple representation of the graphical model
classBicycle {

make;

brand,;

* .- 2 Wheel;
}
classwWheel { }
-- Defines numeric bound rule for class Bicycle
factNumericBoundFact {

nobicycle_1 :Bicycle |

#bicycle_1.wheels < 2 || #bicycle_1.wheels > 2

O WONRPRPINOO O WDN PP

}
LISTING 23. AN EXAMPLE OF NUMERICBOUNDFACT (EXACT VALUE)

On the other hand, a similar constraint is generated for associati@hgng inexact numeric
bounds. However, the values at the ends become the bounds in such cases. A typical example is

presented itisting 24.

Course takenBy 1..7 Student
+code: String students +id: String

//lUmple representation of the graphical model
classCourse {

code;

* - 2 Wheel;
}
classwheel { }
-- Defines numeric bound rule for class Bicycle
factNumericBoundFact {

nostudent_1 : Student |

#student_1.takenBy < 1 || #student_1.takenBy > 7

GO~ WDNRPRPOOGOAWDNPR

}

LISTING 24. AN EXAMPLE OFNUMERICBOUNDFACT (RANGE VALUE)
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Step 5: Generation ofGenHierarchyFact

The cenHierarchyFact IS generated for a set of instances that are in a hierarchical relationship
involving superior and subordinate. The common pattern for this in a class diagram involves two
classes that have both a generalization and an assocftarding to[82], participating objects

in a general hierarchy can have zero or more objects above them in the hierarchy (known as
superioh and zero or more objects below them in the hierarchgwk assubordinatel This is

al so known, in a more | i mil[83gFbrekamplenthe Eanploy¢eh e i C
Manager relationship presented Lirsting 25 and the assaated constraint on lines 1”4. It

enforces that no manager manages him/herself. In other words, the set of employees managed by

a manager excludes the manager.

Employee € Frioyees Manager
supervises(..1

/lUmple representation of the graphical model
classEmployee {

* .- 0..1 Manager supervises;
}
classManager {

isA Employee;
}
-- Defines a signature for class Employee
sig Employee {

supervises :loneManager

}

-- Defines a signature for class Manager
sig Manager extendsEmployee {
employees :setEmployee

© 0O ~NO O~ WNRERPI[NO OGO WDNPRE

}

=
= O

-- Defines generalization hierarchy rule between class Employee and Manager
factGenHierarchyFact {
nomanager_1 :Manager | manager_1.employees = manager_1

PR
AW

}

LISTING 25. THE GENERAL HIERARCHY CONSTRAINT
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4.4 Object-Oriented Design Patterns

We consider the formal specification of the following objeéented design patterns in this

section. A detailed discussion on some software design patterns can be obtaif{@&a]{r[32].
P1: Abstract class pattern.
P2: Singleton pattern.
P3: Class hierarchy pattern.
P4: Bi-directional association pattern.
P5: Unidirectional association pattern.
P6: General hierarchy pattern.
P7: Asymmetriereflexive association pattern
P8: Symmetriereflexive association pattern.
P9: UML qualified association pattern.

4.4.1 Abstract class pattern (P1)

The following example illustrates the formal specification of an abstract Classxpressed in

Umpleand its equivalent notation Aloy.

Umple

classCar{ abstract} |

Alloy
abstractsig Car { } |

4.4.2 Singletonclass pattern(P2)

In the following example, we present a mapping of a singleton class patterdifnprato Alloy.

We illustrated this with &ompanyclass in a management system of an organization.
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Umple

classCompany { singleton } |

Alloy

onesig Company {} |

4.4.3 Class hierarchy pattern (P3)

The following example demonstrates the formal representation of class hierarchy patterns in an

objectoriented system. It modets/v as a kind ofar.

Umple

classCar { abstract}
classSUV {isA Car; }

Alloy

abstractsig Car { }
sig SUV extend<Car { }

4.4.4 Bidirectional association pattern (P4)

We demonstrate the usage ofdmiectional association pattern with the following example. The
example models the relationship betweeiitionalarea andracility. It is extracted from a model of

AccessControl found in[56].
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Umple

classFunctionalArea {}

associatiof * FunctionalArea -- * Facility ; }
classFacility {}

/I OR

class FunctionalArea {}

classFacility {

* facilities -- * FunctionalArea functionalAreas;
}

Alloy

sig FunctionalArea {
facility : setFacility

}
sig Facility {

functionalAreas : setFunctionalArea
}

factAssociationFact {
Facility <: functionalAreas in (Facility) set->set(FunctionalArea)
}
factBidirectionalityRule {
all functionalarea : FunctionalArea, facility : Facility |
functionalarea in functionalAreas[facility] <=> facility in facilities[functionalarea]

}

4.4.5 Unidirectional association pattern (P5)

We demonstrate the usagetié unidirectional association patterwith the following example.
The example models the relationship betweentyType andracility. The source code in Umple is
obtained fron{56].
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Umple

classFacilityType {}
associatiof

0..1FacilityType <-* Facility;
}
classFacility {}

I OR

classFacilityType {}
classFacility {

* facilities -> 0..1FacilityType facilityType;
}

Alloy

sig FacilityType {}
sig Facility {

facilityType : loneFacilityType
}

factAssociationFact {
Facility <: facilityType in (Facility) set->lone(FacilityType)
}

4.4.6 Generalhierarchy pattern (P6)

The general hierarchy pattern models hierarchical relationships among a set of objects involving
superior and subordinate. Accordind®&@], participatingobjects in such hierarchy can have zero

or more objects above them in the hierarchy (knowsugeriol) or zero or more objects below
them in the hierarchy (known asibordinat¢. The following example illustrates this scenario.

Note that this pattern elso known if83] as Composite.
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Umple

classEmployee { }
classManager {
isA Employee;
irreflexive0..1 supervises-- * Employee employees;

}

Alloy

sig Employee {
supervises :loneManager

}

sig Manager extendsEmployee {
employees :setEmployee

}

factAssociation-Fact{
Employee <: supervisesin (Employee) set->lone(Manager)

}

factBi-directionality {
all manager : Manager, employee : Employee |
manager in supervises[employee] <=> employeein employees[manager]

}

factNo-Self-Loop {
nomanager : Manager |
manager in manager.employees

}

4.4.7 Asymmetric-reflexive association pattern (P7)

The following example defines our approach to formally specify asymnreftéxive association.
It models parenthild relationship where the parteand child are instances of person. In spite of
the fact that both ends of the association are the same, the role names at the ends are distinct.

The Umple modeling construct ésnot explicitly require the association to be acydtiat by
creating a cgle in this model would be arror, i.e. we cannaallow a childto becomehe parent

of his/her own parent.

To enforce this, we analyze the association to discover such pattern and automatically generate a

constraint to forbid suchcyclic relationship
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Umple

classPerson{
0..2 parent-- * Person children;
}
) OR
classPerson{}
associatiof
0..2Person parent -- * Person children;

}

Alloy

sig Person{
parents : setPerson

}

factNoCyclicRelation {
noperson : Person|
person in person.*parents

}

factNumericBounds {
noperson : Person|
#person.parents < 0&& #person.parents > 2

}

4.4.8 Symmetric-reflexive association pattern (P8)

This pattern only differs from asymmetric associapattern because the ends are semantically
indifferent. We demonstrate its usage with the following example. The example models a mutually

exclusive set of courses in a university.
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Umple

classCourse {
* selfisMutuallyExclusiveWith;

}

Alloy

sig Course {
isMutuallyExclusiveWith : setCourse

}

factNo-Self-Loop {
nocourse :Course |
course in isMutuallyExclusiveWith[course]

}

fact Symmetric-Relation {
all coursel, course2 Course |
courselin isMutuallyExclusiveWith[course2] <=> course2n isMutuallyExclusiveWith[coursel]

}

4.5 Summary of Class Model Specification

In this chapter, we presented the formal specification of key features of UML class models
expressed in Umple for the purpose asfalysis. We achieved this by presenting the Alloy

specifications of UML multiplicities, associations, and attributes.

The Alloy language provides mapping of multiplicity supported by UML and Umple, although not
all details of multiplicities are permitted Alloy. For the multiplicity constraints in UML, we

provided a mapping to their corresponding equivalent in Alloy.

We remark thathe Alloy language provides mapping only for integbooleanand string data
types. Hence our approach maps UML attributeslitated by Umple to integer and string

domains.

Finally, we mapped UML/Umple associations using patb&sed approaches. We began by
discussing constraints particular to patterns under consideration. Our discussion illustrates

applications of constiats in modeling contexts. We discussed obgatnted design patterns
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with modeling examples. The examples were presented in Umple and Alloy. Our approach reads

Umple models and generates semantically equivalent Alloy models.
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5 Formalization of State Madines

In this chapter, & present a novel approach to formahcodestate machine diagrams for the
purpose of formal analysis by model checki®yr approach is based on representing simple and
hierarchical state machines (including orthogonal regioms)Umple and automatically
transforming them to SMV{35], the input language of the nuXmv model checker. We cleanly
separate concerns but systematically integrate components of hierarchical systems as opposed to

the traditional flattening approach.

We enable states (i.e. simple and composite) and disabigtatebmachines (parallel and ron
parallel) by means of transitions.[67Jwoik®dn appr O ;
code generation strategy for composite state machines. In particular, their work transformed
Umpl eds hierarchical st aeénesetifoaacbllechoe)ofsimplasate nal |

machines.
Contributions:

We translatedthese simple state machines i8bV as opposed to Javthe ultimate focus of
Badr edd i[67] werk. \We canhpdtestransitions set to enadhel disabletates and subtate
machines in various cases (including regioossing)and formally analyze these sets for the sake

of consistency
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FIGURE 16. COLLISION AVOIDANCE SYSTEM
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12
13
14
15
16
17
18
19

classExample { 20
IntegerwarningRadius; 21
sm{ 22

CollisionAvoidance { 23
ObjectDetection { 24
Normal { 25
objectDiscovered -> Emergency; //t1 26

} 27
Emergency { 28
[warningRadius <= 3] -> Applied ; //t2 29

13 30

| 31
Brake { 32
Released{ applyBrake ->Applied ;//t3 } 33
Applied {release->Released //t4 } 34

} 35
| 36
Transmission { 37

[warningRadius <= 3 && ]

ParkAndNeutral {
selectReverse-> Reverse //t5
selectDrive -> Drive ; //t6
Park { selectneutral -> Neutral ; //t9 }
Neutral {selectPark->Park;//t10 }
}
Reverse{ selectPark-> Park; //t7 }
Drive {selectNeutral -> Neutral ;//t8 }
}
|
Engine {
Off { turnOn ->Idle; //t11}
Idle { accelerate-> Driving ; //t12}
Driving {
release->Idle; //t13
applyBrake ->Idle; //t14
}
11}

LISTING 26. TEXTUAL REPRESENTATION OFCOLLISION AVOIDANCE SYSTEM

Page |94



We present (irFigurel6) a A Col | i s i o nstatemachinesysterm onde &hal\8is (

for the purpose of illustration. We will use this example to describe concepts of state machines.

51For mal Semantics of Umpl ebs

To facilitate the discussion of the concepts involved in our approach to formgadtate machines,
a formal description of the syntax and semantics of Umple becomes critical. We introduce the
notion of SSUA as a collection of state machines that forms the system to be analyzed. In

particular, we define an SSUA as follows:

Definition 9. State Machine System Under Analysis (SSUA) in Umple

An SSUA in Umple is a-tBpled HRY BN R A mH O
such that:

1 is a finite set of attributes of the SSUA,;

1 °Y s the universal set of states of the SSUA;

7 0 IS the universal set of state machines (including the root machine
and substate machines) forming the SSld#ee definition of state
machine in Definition 10)

1 & N D is the root statenachine of the SSUA;

1Y is the universal set of transitions of the SSUA; and

M O is a finite set of labels of the SSUA.

Let®o  be a set of pairst b where¢ is a name and N 1 is a type of a given variable
OMNMw ,suchthat { I nteger, B oFoi erample, comsidar the SSEA (ie.,
collision avoidance system) presentedrigure 16 (i.e., Listing 26); the setw is a singleton

set with the following element:
w  ={ (warningRadius, Integer)}

The elements ofY  according tdrigurel6is given as follows:
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Y  ={CollisionAvoidance, ObjectDetection, Normal, Emergency, Applied, Brake,
Released, Transmission, ParkAndNeutral, Reverse, Drive, Park, Neutral,

Engine, Of, Idle, Driving }
A state of an SSUA may be simple, ramthogonal composite or orthogonal.

Given any staté N 3 , we define a mapping functiongf © = to map a statedto its number
of sub machines
TQIQQ oI "Qdfq dDoQ
T PNQIQE ¢ ¢ &3 "Q¢ &wigon N € i (D QQ (1)
EMNQIAQM & "D Q¢ st N € i QD &HQp

For examplel ! Dbl EAA 0OAOCE! T A. AdandrA#1 11 EOET 1! ©InEAAT AA
essence, AAppl i edo i s a si-orfhdgenal sodmposite statefidc r kK A n
ACol |l isionAvoidanceo is an orthogonal composi
To simplify the naming of stat e mgverha nore s , we
orthogonal composite state, say A, A$A0 is th

a fully-qualified name of a state machine corresponding toc-amtrogonal composite state
APar Kk AndNeutral o i s ASmCol InidiNieawrn AvadiodanEHe Wwe a
consider this too |l ong, thus A$ParkAdodNeutr al

based orrigurel6is given as follows:
0 = { sm, $Engine, $ObjectDetection, $Brake, $Transmission, $ParkAndNeutral }

An SSUA may be simple or hierarchical. This is dependent on the dize of or the number of
composite states of the SSUA. Particularly, an SSUA with no comptatitessconsidered simple.
It implies that the size of universal set of state machine is one (i.e., the root state machine).

Therefore, for a simple SSUA, the following must hold:
(- D i mo D s=1

And for a hierarchical SSUA, theis at least a state in the universal set that has an embedded state
machine. This implies that thesre at least two state machines in the universal set of state

machines (including the root state machine and others). In particular,
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m oy D i mo D s>1

Let 2 be a set of triple ¢fudto suchthat 6 @MOAD , O N3  ando ™ 3

the source and next states of transitieaspectively and N 0

ThenY is given as a collection of the following expressionsHigure 16:

(Normal, objectDiscovered, Emergency)
(Emergency, [m], Normal)
(Released, applyBrake, Applied)
(Applied, release, Released)
(ParkAndNeutral, selectReverse, Reverse)
(ParkAndNeutral, selectDrive, Drive)
(Reverse, selectPark, Park)
(Park, selectNeutral, Neutral)
(Neutral, selectPark, Park)
(Off, turnOn, Park)
(Idle, accelerate, Driving)
(Driving, release, Idle)
(Park, applyBrake, Idle)
(Release, [K], Applied)

Then0 is the set of the following labels:

are

0 ={turnOn, applyBrake, accelerate, release, objectDiscovered, selectPark,

selectReverse, selectDrive, selectNeutral, [k], [m] }

Definition 10. State Machinen Umple

A state machineof an SSUAN Umple 0 (i.e., 6 ¥ O ) is a 7-tuple
& AYrh AY RO Ay &

Where

M1 ¢ isthe namef the state machine;
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f “Yis afinite set of topevel stategexcluding subkstates) and{ P Y );
M i N "Yisthe initial statp

f "Y is auniverse of states embedded in state maéh{ne., toplevel states and

their substates).
f & is afinite set of label@ P 0 ) enclosed ird;

f OP'Y & 'Y defines aset of embeddedransitiors of o (i.e., O P

Y );and

f 0 PY & Y defines aset of originatingtransitiors of 0 (i.e., 0 P
\2D)

B y suldstatéd  osfate machine, we mean a state whose ancestor idevtdstate of the state
machine under consideration irrespective of its depth. The single &op e | states of
Listing26) CdilisiamAvoidance and i t ss tiantdéNernesor tRarkiyEmérgency

and so on.

We considefO as the universal set of guar@®,as the universal set of events without parameters
for the SSUAandd as the uiversal set of actionsf the SSUAsuch thatt P 'O O 6 .

Similarly, we considelY as the union of sef® (see Definition 9) and (see Definition 9). In

particular,

Let/ g © 'O suchthatt "B  Q We also definéddY © & such thad) ihh A

Given any statenachine) , we define a mapping functiord) © { simple, hierarchical Yo map

a statemachine 0 to itskind. We express this formally in (2).

[ Qa Qw1 i s -
QI RO . T i p (2
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For exampl e, Asmo S a hi erar chi demel staet at e

fiCollisionAvoidanc® s u ¢ ho ét thea®@i Q¢ ¢ & T QQOE OQ
We introduce a mapping functiénDd © Y such that
UnQ® Qi ¢ &ad: Q (3
iMBQn: ¢ ¢ @ @E0E OMi Q7Y
Where:
1 i istheparentstate 6 state machin®.

1 Qis aroot state machine iff & is unddined(denoted with symbdJ).

0 is a substate maching and only ifthere exists a state machibdesuch that’y being a set of

states of state machivem , ,” 0 "Qand0 $ 0 as definedn Section5.1.1

5.1.1 RelationshipsBetween State Machines

To facilitate the specification of hierarchical structures, we introdyserd Q'such that
Y is theuniversalset of all state machines (including the rdotjning the SSUA and defines
a partiatorder relation oY . & Qdefines a reflexive closure on the universal set of state
machinesWe define a transitive closure relatioron the universal set of state machines as a pair

a OaJdb  Quefines the parallelism relationship on sstate machines in the universal

set of state machineghe following gives a detailed description of the operators.

| For every paid@Q'such thad ¥ 'Y and® "Y expressiodQ 0 specifies) as @

immedide ancestoKor a parertstate machine ofO

f For every paid®@Q'such thath ¥ Y and® "Y , expressiofiG 0 implies that) is

a member of the set of ancestor§icluding ‘Gtself.

For every paid@Q'such that® Y and0 ™ "Y , expressionQ 0 implies that) is

a member of the set of ancestrally reldiesl, ancestoy statemachinasto 'O
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 For every paid®Qsuch that® "Y andO N *Y , expressioriQ & U implies that)
is a member of a set of parallel (or orthogonal) state machif@mgfarticular,Q@ &0

iffm, OO0 "0 @Q'Q "aOr "Qandy N O.

To facilitate comprehensions of various relationships between state machines, let us consider the
relationdips between the state machineg-wfure 16. This defines the universal set of ssthte

machines forming the SSUA (including the root

‘ 0 = {Sm, $ParkAndNeutral , $Engine, $ObjectDetection, $Transmission, $Brake} ‘

Then for a binary relation, the following statement is valid:

If
0 = {$Engine, $Brake, Fransmission, $ObjectDetection} and ®dN 0

Then

Or Sm

Similarly, for Figurel6, the following statement is valid.

‘ $ParkAndNeutral r $Transmission

For binary relatiors , the following holds:

If
0 = {Sm, $Transmission, $ParkAndNeutral } and N 0

Then

$ParkAndNeutral $ @

For binary relationr the following statement is valid.

If
0 = {Sm, $Transmission } and N 0

Then

$ParkAndNeutral r @

For binary relation the following statement is valid.

If

0 = {$Engine, $Brake, Frransmission, $ObjectDetection}
and fo Pdandd @

Then

Wr gwand wr g
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5.1.2 Relationships Between States

To facilitate the specification oélationships betweesiates, wedefine apaird\i'Y ~ Q'such that
W defines a partiabrder relation on the universe of states of the SSWRY Odefines a
reflexive closure on the universe of states of the SSWVA define a transitive closure relatidh
on the universe of states of the SSUA as a PalfY O The following gives a detailed

description of the operators.

1 For every paid@ Q'such thal Y  andi ¥ Y  expressiodWVi implies that

is an immediate ancestor (also known as pastatof 'Q

§ For every paid@ Q'such that® "Y andi ™ "Y , expressioriQ/Vi implies that

i is an element of the set of ancestor&ntcluding Gtself.

§ For every paid@ Q'such that® "Y andi ¥ Y , expressioriQ/Vi implies that

i is an element of the set ahcestrally relate.e., ancestor states t6Q

To facilitate comprehensions of various relationships between states, let us consider the

relationships between the state$@fure16.

Y = {CollisionAvoidance , ParkAndNeutral , Park, Neutral , Drive, Reverse Off, Idle, Driving , Normal ,
Emergency, Released Applied }

Then, for binary relatiok, the following holds orfrigure 16:

If

0 = {ParkAndNeutral , Off, Idle, Driving , Released Applied , Normal , Emergency,
Drive , Reverse} and N 0

Then
@WCollisionAvoidance
Similarly,
If
0 = {Park, Neutral }and ®dN 6
Then
@OWParkAndNeutral

For binary relation\/ the following holds:
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0 = { CollisionAvoidance, ParkAndNeutral , Park} and &N 6

Then
Park W

For a binary relatiohV, the following holds orfrigure16:

If
0 = { CollisionAvoidance, ParkAndNeutral }and &N 6

Then
Park Wa

To facilitate discussions of the underlying concepts, we present the following definitions.

Definition 11. Source State (or from state)

Given a transition t such that t = (a,
source states of t. We present a formal definition F(t), a set of source states of
transition t in (4).

F(t)={s|ndt=(a, _, ) sWa} 4
Definition 12. Destination State (or next state)

Given a transition t such that t = (a,
We present a formal definition of X(t), the destination state of transition in (5).

X(t)=b t=(,_b) (5)

Definition 13. In-transition of State

Given a stataosuch thatoN Y |, the set of iftransitions ofay denoted as
Y @ is a collection of all transitions whose next state is x. The formal
definition of this statement is given in (6).

Y(x)={tIx=X(t)} (6)

Figurel7is a symbolic example presented to discuss the from transitions, next transitices and
of in-transitions of states (i.e. simple and composite). Readers should note that we omit

submachines corresponding to regions in the example.
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FIGURE 17. SYMBOLIC EXAMPLE TO ILLUSTRATE FROM, NEXT AND IN-TRANSITIONS OFSIMPLE
AND COMPOSITE STATES

In Figurel7, the set of transitions (say) is defined based on their identities as follows:
O osp Qopm
Let G be the set of statesFigurel7 are given as follows:
G=O0omMHm MMM B B M
such that'Ois bounded above Wy according to relatioklV

Thus, we can say is the least upper bound (LUB) or supremum of@etVe can express this in

a partiallyordered manner.

0 W6
0 WO Wbo
o W6 WbH
o W6 Wo
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6 Wo Wo

6 WO Wo
6 WO WOo
We begin the illustration with Afrom transitd.i

composite state is logically from all its satates. The transition is enabled whenever control is
transferred to subtates of the composite state, any aahirg guard is satisfied and associated
event is received. For example, consider statef Figure 17. We can refer t@ as a from

transition ofdo since it is of the following form:

Inthe sameveip i s a-tffarnemti ono of aldivendhmtscendant st a
w={0 ,0 } sincel . JDWO

The same principle appliesdo and its descendants with respeabto The following expression

becomes true.
0 'c‘)ﬁ.ﬁ. Fo )={6 ,06 ,0 ,0 ,0 }

Il n addi tion t et rtahnesiitnihcerrsid eodf fAaf rsoimmpl e st at e,
the state is incl-tdadsi hi bheodosefFoofteammpfti onts

of 0 is given as follows:
0 WO~ o o hh ™ o o hh 0O NFO ) 0 NF@O)
Hence, t hetrsaensiolfiigid 0da.mo f

As opposed to the method of computing the source(s) of transitions to include the @ofnors) (
state and its descendants, thestination ¢r nex) of a transition is its next state but not the
descendants of the next state. For example, let us consided statd transitiord in Figurel7.

Although,6 i's a composite state but its desoendant ¢
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Sinceb  hm ,eventhough . ;5 tWod

The settr @adsifitinonso i s the set of SWA.Hentertlren si t i ¢

in-transitionsof "N "O(where Ois defined above) are denoted as:

Definition 14. Embedded ransitions of State

Given a composite state, saysuch thatd™ "Y. The set of embedded
transitions ofg, denoted as @ is the set of transitions whose next state is
descendant of z. A formal definition is given in (7).

(@=2z w (D (7)

For example, let us consider some states presenteune 17 for the purposef illustrating

embedded transitions of various kinds of state.
(6)={06,0,0,0,0}

o o o o

@®={0]1 i 10}

5.2 Transitions in Umple

Umple facilitates the representations of various kinds of transitiom®dsling constructs. These
includes basic, guarded, auto, reflexive, Hig¥el transitions, and ancross transitions. A

transition may be associated with a guard statement and/or a controlling e@guré&il8, we
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present a visual representation of the relationship between these transitions as we discuss them in

this section.

/ Base Transitions

Auto
Transition

Reflexive Guarded
Transition Transition

High-Level And-Cross Unusual

Transition Transition Transition

FIGURE 18. VISUAL REPRESENTATION OF REATIONSHIP BETWEEN TRANSITIONS IN UMPLE

The triangular headirrows represent thasA (generalization)relationship andsolid arrows
represent thenay-berelationship. For example, a special kindaoftcross transitions what we
refer to as amnusual transitionWe will define these transitions latesee Definitios 16 & 17).

Similarly, aguarded transitiorextends dasic transitionwith aguard statemeniOther specific

relationships between transitions are discussed in their respective sections.

5.2.1 Base Transitions

Thenotion of transition as facilitated in Umple logically maps a source state, an optional event, an
optional guard, and a target state. We consider a transition as basic when it maps source state(s) to
destination state(s) but with a controlling event. Témantics of auto transitions imply that the
transition occurs automatically at the moment control is transferred to its source state or after the
execution of an activity whenever the source state has an activity. Auto transitions do not have a

controllingevent.
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A guarded transition is a special kind of basic transition attached with a guard statement that
controls its execution. A transition is reflexive when its source state(s) is/are the same as its

destination state(s).

B

S1

ti: [b < a] t2: e t3: e/[a==3]

S2

t4

S3

t5: [(a+b) ==c]

FIGURE 19. VISUAL REPRESENTATIONOF BASE TRANSITIONS

We illustrate base transitions by exampld-igure 19. Transitiono is an auto transition with a
guard statementvhile 0 is an auto transition without a controlling guard statement. An example
of a basic transition i6 ; while 0 is an &ample of basic transition but thia controlling guard

statementTransitiono is an example of a reflexive transition with a controlling guard statement.

5.2.2 High-Level Transitions

Umple facilitates the specification of higgvel transitions. We therefeipresent the formalization
of the notions of higllevel transitions in this section.

Definition 15. High-Level Transition

Transition t of an SSUA is a hidéavel transition if the source state of tis a
composite state. A mmal definition of O i , the set of highevel transitions
of a statd is givenas follows

Giveni, such that i p,thenH(s)Ht|t=6 _, )}
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FIGURE 20. EXAMPLES OF HIGHLEVEL TRANSITIONS

In Figure 20, transitionscfuftoare high-level transitions. Transitiord will execute whenevea

state

N Y RY RY
is active and its controlling guard evaluates
Transitiondwill execute whenevea state

o Y RY RY

is active and its controlling guardowilbal uates

executd whenevem state:
ay Y RY RAY RY RY RAY
is active and its controlling guard evaluates

5.2.3 And-Cross Transitions

According to the OMG specification for UMB5], an anecross transition is tiansition from one

region to another in the same immediate enclosing composite Istatther words, transitions
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whose sources and destinations states aetdddn distinct parallel regions of orthogonal states
[61].
Definition 16. And-Cross Transitions

A transition t from a region to another region in the same enclosing composite
state is referred to as arxtoss transition. A formal definition of the set of and
cross transitions of given staté is presented as follows.

Giveni such that i ¢, then
W(s)={t|t=a _b) )
suchtham i "(M)="(N),MrgN, av’yY = bv'y ,}

For illustration, we present a model with agrdss transitions ifigure21. Transitiongfuhbare

andcross transitions bubis a special kind of andross transition.

According to Faghih and D6], Gis referred to as amnusual transition Unusualtransitions

are anecross transitions whose sources and destinations aistagels of an orthogonal region.

Definition 17. Unusual Transitions

An andcross transition t is an unusual transition if the source(s) and the
destination states of t are embedded states of an orthogonal region. We express
the sefN i of unusual transition of a parallel state as:

N(s)={t|m,anNw(O)" OWi } (8)
wherer (0O) 2andf(0) 2
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FIGURE 21. MANIFESTATIONS OFAND-CROSSTRANSITIONS

5.3 Managing States of Umple State Machines

A state in Umple will remain inactive unless control is transferred to it or it is activated by default.
There is considerable complexity in the analysis of which states are enabled when transitions occur
in complex state machines. We present the forntadizaf the process of enabling states of a state
machine expressed in Umple. Particularly, we are interested in simple and composite states (i.e.
orthogonal and neorthogonal). We formally represent the enabling set of transitions for state

ase i .
Definition 18. Enabling Transitions of a State

All transitionswhose execution enable (or activate) a stk the enabling
transitions of the state The state becomes active at the step the transition
completely executedVe define the set of enabling transitions of state X,
denoted as w as:

3(x)=¥(x)" 1(x) (9)
Definition 19. Step of Execution

Asep Sofan SSUAis atripd ht 5 Qsuchthad and6é are initial
and final global configurations (sdgefinition 1) andt is a set of executing
transitions taking the SSUA fromn to 0
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We considerf as a sebut not a sequena® transitionsbecause in a concurrent state machine,
more than a transition can execute simultaneotiig. may result in inconsistenbyt we rely on
our method (see Section 6.1) to discover nondeterminism to resolvéhese issues, since
inconsistency problem can be reduced to nondeterminism

Definition 20. Micro-Step of Execution

Givenastep, S&® ht B GJQ pthen S is a micrstepwhenever

a) Mz p(.e., the cardinality of sett ), given thab™ t is neither a higHevel nor
an andcross transitionr
b) 6 © 6 occurs by default activation.

Definition 21. Macro-Step of Execution

Givenastep, S& hth QX pthen S is a nmao-stepwhenever

a) Mt p;
b) m ; ¢ suchthat:
Y= ht B O
Y=® ht M O
witht =z g t ;and

c) Y8 Y are micro steps.

5.3.1 Execution Semantics of Umple

In this section, we will discuss the execution semantiddrople language for the purpose of

evaluatingcondition(s) and actiofs) over a macrestep.
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otherwise

FIGURE 22. FLOW OFEXECUTION IN UMPLE

In Figure 22, the flowchart presented illustrates execution semantics of &)tiand guard
condition(s) as they are being evaluated over a matepin our work We considet ando

as two corsecutive stable configurations of the SSkch that is the step indexAn SSUA is

in a fistable configuratiodwheneverit is ready to accept an external triggem., event) The

sy mb22d ifimpdediserpoinaduring executiosuch that afteconditionevaluation, either

a transition is enabled or there is activatipprdefault If none of these is the case, the system
proceeds to a stable configuratimhich may be nevif ¢ 1, or remain unchanged whenever
¢ 1. This remais unchanged whenevdhere is neither transition enabled as a result of the

trigger received nor activation by default.
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For example, while the SSUA is in a stable configurationsuppose an external trigger (i.e.,

event) is observed, all the guard condition(s) of items with the trigger received are evaluated.

| f the evaluation | eads to an enabled transit
associated action(s) are executed. As a consequence of the action(s) executed at the just concluded
phase (i any), a set of transitions may be enabled whietuin leads to further executions and
increments in step indexes. This continues in atotcompletion manneasdefined in the UML

semanticsA similar run occurs for activatiosby-default.

5.3.2 Enabling Simple States

The process of computing the set of transitions that enable a simple state is straightforward. All
the in-transitionsof the state under consideration is sufficient to enable it because its embedded

set of transitions is empty. Froequation (9) we have:
30 Yo,
for a simple statew(orf @ MM since w .

For example, let us consider enabling transitions set of simple stadtegune 16. These are as

follows:

{Off, Idle, Driving, Park, Neutral, Drive, Reverse, Released, AppliEeshergencyand Normal}

~

o | £, ) Al Ao ,» SOEOETOG ,» 0AOE 0
« . AOOOAG ,» SOEOAd ,» 2AOAOOAR ,» 2A1 AAGAA
- ! DDl EAMD ,» %i AOCAT AU. . T OI Alo
5.3.3 Enabling Composite States

Unlike simple states, the transition set to enable composite states (i.e. orthogonal -and non
orthogonal) is not straightforward. The set oftriansitions fora composite state is insufficient.
Hence, to enable a composite state, the set of sufficient transitions is a union-triaibsitons

and embedded transitions. From equation (9) we have:
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W

(10)

whenevet w  1(0r wis a composite statg)nce w may not necessarily be empty.

In particular, @ will be empty whenevewis a composite state with smachine(s) with one

state (i.e., initial) with aempty set of irtransitions. A typical example of this case is presented in

Figure23.

"

3514

Sial

3518

L J U

/

FIGURE 23. COMPOSITE STATE WITHEMPTY SET OFEMBEDDED TRANSITIONS

Furthermore, we illustrate other cases of enabling transitions of composite states with

fiCollisionAvoidance  a PatkAndNeutrad

Figure 16. ACollisionAvoidance

i's a typi

exampl e of ort hogo ParkAndbleutnalp oiss t @ n s ¢ oéthegofaim d o fi

composite state.

Let us take nAnParkAndNeutral 0O

transitions da nonorthogonal composite state.

f

(0]

t

he purpose

c 0N QOEQIQYDIDOAQD &€ QU Q6 GINHMO £ QU Q601 da
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But,
Y( ParkAndNeutral) = n
We compute the set of embedded states of APar
n( ParkAndNeutral )z ; Y(x); where: & O0AOES6h O. ABOOAI 6
n( ParkAndNeutral ) = ¥( Park ) Y( Neutral )

Y(Park) = o ;andY(Neutral)={0 }

n( ParkAndNeutral ) ={0,0,0 }
3( ParkAndNeutral ) =r © {0,0,0 }={0,0,0 }

On the ot her hand, | et us consider ACol |l i sior

composite state.
« ( CollisionAvoidance ) =¥( CollisionAvoidance ) n( CollisionAvoidance )
Such that:
¥Y( CollisionAvoidance ) =n
n( CollisionAvoidance ) =z ;, Y(x)

Where:

& {Off, Idle, Driving, Released, Applied, Normal, Emergency, ParkAndNeutral, Reverse,

Drive}
Since AParkandNeutral o i s a composite state,
the same manner as ACollisionAvoidanceo.

If & {Park, Neutral} such thatd W ParkAndNeutral thewoN & & Therefore, we have the

enabling transition sdor CollisionAvoidanceexample is giveras:

3( CollisionAvoidance ) ={o |1 i 15}
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Where:

5.3.4 Default Activation

Y( Off) = n
Y(idle)={& ,6 ,0}
Y(Driving)={ 0 }
Y(Released ) = {0 }
Y( Applied) ={ 0,0 }
Y(Normal ) ={ & }
Y(Emergency ) = {0 }
Y(Park)={0,0 }
Y( ParkAndNeutral ) = n
Y(Neutral) = {0 }
Y( Reverse) = {0 }

Y(Drive) = {0}

The semantics of state machines requires the activation of start states by default. In particular,

start state (i.esimple or composita¥ enabled in anicro-stepi wheneveits parent statbecomes

activated(seeDefinition 20) in the previousnicro-stepi-1 [85].

Definition 22. Active State of a State Machine

Given a state maching and its toplevel statd such thai ¥ Y theni is an
active state ob at microstep(or step)d@ i f

substate.B y

itransfer

or its substate executes.

control

i s transfer

o fa tramgdiontlending t0 the stake me a n
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FIGURE 24. ACTIVATION-BY-DEFAULT FOR SIMPLE AND NON-ORTHOGONAL COMPOSITESTATE

The global configuration maps state machinéo stateOat stepO. We denote this ag A O

such zophas B&n

envi

ronment

operator

stepd’.c Ih

retur

addition to the set of transitions that enable states giraple and composite), states of a state

machine can be enabled by default. We broadigu$sactivationby-defaultin two categories.

These include: root state machine (i’g. M ) = U) and substate (or nosroot) machines (i.e.

" 0  U); whereb corresponds to a state machine.

In Figure24, we present a symbolic state machine diagram to illusicaieationby-default It is

a hierarchical system whef¥aandA'Y are root and nonoot state machines respectively. An

arrow into a state without aw@e state indicates the start state of the machine under consideration.

The relationship betweely and"Y is expressible a& W"Y. We skip the labels on transitions

for the sake of brevity.

Recall (see Section.1.1)

t hat

Unmplloe t @d d & e a s fi -atdteensachiod (ieever y

nonroot state machines). This allows the disabling of such machine whenever control is yet to be

transferred to its sta and when control is transferred out of its state.

The states of these machines are given as follow:

“y

"YRY
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FIGURE 25. ACTIVATION-BY-DEFAULT FOR PARALLELSTATES

Recallthatt i r et urns t he act iivience tatahe mitiabstate (i,&epo a't
i ); the active state o dis £ "Ych "Y and the active state &Y is+ AYH =¢ o.dm
particular, thaylobal configuratios (seeDefinition 1) of the SSUA (i.e.Figure24) at steps H

are given as follows:
OYIAYAOYRE 6 @i ohtd Bp @YDYPAYBYRY @i hid O, @D

Hence, we will like tahote that the initial state of the root state machine is activated at sied
remain active throughout the entire system life cycle. Similarly, forrnoth state machine (or
substate machine), the initial state is activated in a step immediatehtladt step its parent state
is activated (e.d. ). For instance, if the parent state of a-stdie machine becomes active at step

i , the substate machine becomes active at step.

This is not limited to nomrthogonal cases. The start stabvégarallel substate machines (or
regions) are activated by default whenever control is transferred to their parent states. For example,
statesY and"Y of Figure25will be activated by default if transitiofexecutes at steip of

the overall executionf theSSUA
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The possible global configuratisrat steps andi of the SSUA givenin Figure 25 are as

follows:
DYDY Y FOYR 6 it @ @i ahtd o @
WBYMRY PRY GOYRY RY & R P @D

At any other step , supposeve have configuratian
BYAY PAY GBYR ¢ Ik @ @i ohed Go @D

In the next stepi andi , after the execution of transitianthe system will assume the

configuration given as follows:
WYPAY Y GOYRY R o@ia RO Go@
BYIAY MY FOYRY RY &  ho G G

The variations between configurations above are based on the fact that we separated concerns but
delegate responsibilities to the parent state for the purpose of default activation. In particular, the
target state™f ) becanes active as well as its parent state @.¢.at the same step (i.e. )

becausdransitiondis an embedded transition '&f and an iatransition of’Y

[ sm |
— | J

/ $S1a $S18 \
Sia1 Sig1 |

T | [P
Sia2 F Sis2

\ 4

FIGURE 26. DEMONSTRATING COMPLEXTY OF TRANSITIONS NTO CONCURRENT STATE
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The execution of a pair of transitio®@in Figure 26 into state"Y affect the global
configuration of the SSUA differently whenever the coliing event or guard differs on the
transitions. The execution of transiti@will not change the global configuration with respect to

AY but the execution ofwill change the configuration of the SSUA with respecits . This

is due to theaurces of these transitions. The source of transtsrexternal while the source of
transition"Qs internal. From another point of view, while a transition into an orthogonal state
initializes all the regions of the orthogonal statigansition ino a state of a region of an orthogonal

state initializes every other region of the state except the region of the target state. The target region
is set to the target state; while other regions of the orthogonal states are set to their initial states.
Thus, the complexity introduced by the semantics of transitions into regions of an orthogonal

composite state raises a question of interest at this point is:

M

-

S1a1 ] Sip1
— :

Sia2 '—] Sis2
¥ '

S1

%

FIGURE27. ACTIVATION-BY-DEFAULT FOR NONORTHOGONAL COMPOSITESTATE

Research Questiog

What sufficient constraint will activate an initial state of a-stdte machine
by default or initialize a region?

Proposition1. Sufficient Constraint for ActivationBy-Default

Given that staté is the parent state of a sidbate machinéY, and thati
contains a state of state machimesuch that:

Y [, iNTY andYr O
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‘Yis initialized to its initial state in the next step (iie.) ifand only ifai
R wasinactiveandits parent statevasactive A formal description is given in
expression (1)

ol B Gowr o @iw 1) Gio Aite 60! R Goviy Giviod G @D Exp. (1)

Discussion

We consider two broad casw®discusssatisfiability of the constraint proposed ixpeesson (1)

for the purpose of default activatiorhese include orthogonal and rorthogonal regions.

For a nonorthogonal composite state, the omslgt of transitiors that can activate aubstate
machineby defaultarein-transitionof its parent state (séegure27). Similarly, if the parent state

is the initial state of the root machine of tBSUA then the parent state is initialized at the
beginning of executiorHence, if activation occurs at stepthen it is guaranteed at step , the

LHS of expression(1) holds for theescenarios. That is, the parent state is enabled and the region

is inactive.

The sameprinciple we applied to the nearthogonal composite state is applicatdierthogonal
composite stateslowever all the regiongenclosedn an orthogonal aoposite state are activated
in a sted after the parent state is enabled at step. It becomes more complex to handle when

a transition is am-transitionof a state in a regn.

Two kinds of transitions in this category introduce such complexity. Transifiooh asoand
andcross transitiorsuch asbare examples in this category (déigure27). They are enabling
transitions of Y (i.e. ¢ftdo P » "Y ). Hence, whenever they execute at any btejit is certain
that Y becomes enabledin addition parallel regions to the regiasf the target state will be
inactive at this step. For example, whaexecutesY and"Y becomes active at the same step
becauseis an intransition of Y and an embedded transition™®f At this point, it is guaranteed
thatA'Y is notenabled; so the leftandside (LHS) of expression (1) holds.
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However, since the parent stateA¥ (i.e.,"Y) is activated because of the execution of transition
& if AY relies on the activeness of then it is guaranteed thatY will become active at the

immediate next step. Thus, thght-handside(RHS) of expression (1) holds because of the LHS.

The semantics ab(i.e., andcross transition) introduces more complexity because its source and
destination states are in parallel regions o
semantics for andross transition§61][87], we are mandated to exit andamter the enclosing
orthogonal state. Then, regions of the orthogonal state exceptdkeeé dae reinitialized to their
initial states; while the target region is set to the target state. By exiting @amdereng the
orthogonal state reduces the problem to the case demonstratadtys, LHS and RHS of

expression (1) also hold for regioofthe state except the target.

5.4 Formulating the Disabling Transitions Set for SubState
Machines

We have noted that a state (or ssate) machine (or region) is enabled whenever one of #s top
level states is active. A tdpvel state is enabled whem\control is transferred to it or whenever
control is transferred to any of its descendants (they become active). We begin by giving a formal
definition of a set of enabling transitions of any given state machine (estgtgmachine or
region). This rut applies not only to seftate machines but also the root state machine of the
SSUA. We also present our method to formally disable (or deactivatestatgbmachines (or
regions) of an SSUA. Specifically, we compute the set of necessary transitiosalile @ sub

state machine irrespective of the underlying complexity inherent to the semantics of some complex

transitions (e.g. andross, unusual transition, etc.).

In the following subsections, our goal is to derive a consistent set of transitionsdblird) any

given substate machinlBy ficonsi stent seto, we meamuty a set
disables the substate machine (or region) under consideratimr readabilitp sake, we present

a generalized formula for computing this setrahsitions but defetiscussion oiits derivation to

the following subsections.
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Given that:

(¢ ,m suchthatdor 6)

then,
D(A) = (2 \n(mA))) * DH(A)" ¥(A MA)) (11)

where:
DHA)=(z w HKNIHA))
IHA) ={t|m a~nz |, HK) andt=(_, _O) with O & mA) }
WA MA)) ={t|tNYMmA)™ M a=(, f)withi e5 }

We discussthe derivation of set®H(A) and IH(A) in subsection5.4.2 and W(A, MA)) in
subsectiorb.4.3.2

5.4.1 Enabling Transitions of a State Machine

Recall thata state machine is enabled by any set of transitions that enable -lesvébstates
becausetop evel states are enabled at the same ste

the set of enabling transitions of a state machingenoted a® can be defined as follows:
%=z y 3(x)J

5.4.2 Disabling Non-Parallel Sub-State Machine

In this section, we will discuss the process of disabling (deactivatingparatiel substate
machines. Since a sidbate machine is enabled by the setirgtransitions and embedded
transitions of its topevel states, it is reasonable to conclude that the set of disabling transitions of
the region is the set difference of the universal set of transitions and the enabling transitions of the
region. Howeveg since the SSUA may be extremely large, scalability becomes an important
property of our formulations. In the worst case, the cost of computing the set differéncefis

¢ , whereg is the number of enabling transitions of the regions the numbeof transition in

the universal set of transitions of the SSUA and ¢. For clarity, the complexity is derivable

from the cost of comparing elements of the two sets. This raises an important question:

Page |123



Research Questio

What minimal set of transitions of the SSUA that would need to be triggered
to disable a suktate machine (or region) of an SSUA?

Proposition2. Sufficientsubset oftransitions of theSSUA for disabling anon-parallel
sub-state machine

Given state machinesd and 6 of a SSUA, such thator 6 (i.e., 6 is the
immediate ancestor or parent of 0). A minimal set of transitions that if
triggered would disable sub -state machine 0, denoted as’O 0 is given as

follows:
Given that
(! ,m suchthat! r " andr(mA))=1)
then
D(A) = ((2 ° DH(A)\% ) (12)
where:
DH(A)=((z  w H))\IH(A)) (13)
IHA)={t|m a~z |, HK) andt=(_, _O) with O & mA) } (14)

(Nustration)

For illustration and discussiquurposeswe present an SSUA with features relevant to the concept
under discussion iffigure28. It also illustrates a case of potential inconsistency that may resul
from activationby-default and higHevel transitions. Dashewund boxes indicate steps of
executions and dotted lines indicate step links from the active object (i.e., state or transition) to its
corresponding step it becomes active. For examplegpat ststatedO (i.e., by executing ) and

0 (i.e., by default) may become active wherand® were active at step .

The relationships between the state machines of the SSUA preseRigdra28 are expressed

as the following sequences:
A# ATA'"r A
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FIGURE 28. ILLUSTRATING INCONSISTENCIES RESUTING FROM ACTIVATION-BY-DEFAULT AND
HIGH-LEVEL TRANSITIONS

Let us consider, the disabling transition set forstabe machin@d. This set can be described as

follows:

$AH#H 2,  $(A# % {0}

since

A ~A A ~Aa

A# AST(M$C) =12, ={OM0}; DH($Q ={ O} and% ={ OO}
(End of illustration)
Discussion
In the following, we present a generalized discussion on the notion of disabling transitions.

For any given suistate machin@, % defines its set of enabling transitioms particular, it is a
set of enablingransitionsof its toplevel states. These are transitiomi® its toplevel states and

their descendants. We express this as the following:

% z w3 9.)wv3
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Given thatthere is a state machifiesuch that r " . In this case, the enabling transitionsoof

will be the seembedded transitions of! which is a subset of enabling transitions of
%P3 m! P%P2

In the same vein, given that svéA), all transitions originating from any ancestori diincluding
t hose or i gi nasetconsidgredfas bigavelftranditions of sust at e machi ne
These transitions will disable ssbt at e machi ne AA0O whenever t he

following defines a consistent set of transitions that will disablkes t at e machi ne AAO.
DA)={t|tn (2 * (z w HK))\%)withAr B}

By definition (see Definitiori0), 2 is a union of the set of transitions originating from-keyel
states and subtates of state machine B. Given tAat B implies A being the descendant of state
machine B. Therefore% P % and the set difference betwe2n and %, denoted as2( \%)

becomes consistent.

The expressiorz w H(k) denotes the set of all higavel transitions originating from the
ancestors ofn! . However,the only highlevel transitions not included in the set are those
originating fromm ! but this is included i2 sincem! is a state of B and such transition is
included in0 (asubsetof ). Therefore, there is no interstion between this set and the enabling

transitions of A.

Another problem arises whenever the destination of albigH transition of the subtate machine
under consideration is a state (or-stdte) of the machine. In this case, the transition delfgult
an enabling transition of the ssbate machine. Therefore, inconsistency sets in since an enabling

transition is blindly being considered as a disabling transition of the machine.

To resolve thisywe introduce the notion of ignorable hitgveltransitions for ay given substate

machineA (denoted as IH(A))We present its formal definition as follows:

IHA) ={t|m a~z |, Hk) andt=(_, _0O) with O & mA) }
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Therefore, the set of ignorable hitgvel transitions should iminated from the set of disabling
transitions of A. Consequently, the set of considerable-leigtl transitions for any suftate

machine A {lenoted as BH(A)) is given as follows:

DHA)=(z  w H)N\IH(A))

Sm

ss| [ S| f T

r ts tg L)
e e
N |/

FIGURE 29. DEMONSTRATING DISABLING TRANSITIONS FOR NDN-PARALLEL STATE MACHINE

(MNustration)

In Figure 29, we present another SSUA to illustrate how the disabling setaos$itions are
computed whethehigh-level transitions set is empty. The relationship between the state machines

of the SSUA and other related expressions as presentédune29 are expressed as follows:

A r A3B:Ar 3i
2 Osp E w;

2 O o E w;and

A NMA MA MNA NMA A A

%, 0]10]10]11011011013 01
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$(A3 $(A3 1

First, let us consider the set of disabling transitiom3of. Since DH(® ) =0, then we have the

following:

D($S33)=(2, “ DH(®$3 )\ % =2, \% =1{0,0,0}
Similarly, the set of disabling transitions #8 will be the following sincddH($3 ).
DEA3)=2 ° s$®WB)\m ={0,0}
(End ofillustration)

However, the semantics of orthogonal states complicates the computation of disabling transitions
for a parallel region. The complexity is introduced following the semantics that transitions
originating from any state of parallel regions meisecute simultaneously whenever they receive
same trigger and the guard conditions are satisfiexiconsider the case of parallel regions in the

next section.

5.4.3 Disabling Parallel SubState Machine (or Region)

In this section, we will focus on our meth for computing the set of disabling transitions of a
parallel region of an SSUA. Parallelism introduces multiple forms of complexity. A special case

of complexity is introduced by the notion of aassing which demands special treatment.

5.4.3.1 Parallel Sub-State Machine without And-Cross Transitions

The semantics of an orthogonal region demands that enabling transitions oflégelogtates

executes independently of other regions of the same enclosing state. The adoption of a set of
transitions outside tharea enclosed by the region to disable parallel region can introduce
inconsistencies. These inconsistencies are possible because the set contains embedded transitions
of other parallel regions which may execute concurrently according to the semantibsgboal

regions.

For example, let us consider the SSUA presentedjure30to illustrate inconsistencies resulting
from adopting the same approach as-paralel substate machines. The dashed lines indicate
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transitions that can execute simultaneously; while solid lines transitions that execute

independently. The elements of the following set of transitions can execute simultaneously:

{6,0}{0,0}%and{0,0}

However, to compute$Adi ssIdbhinigng hter dmms imuil anprefse

t he

di sabl i Mo tirsa nassi tfioolnlso wosf:

D($A) ={0|4 Q 9}

\- /,,

/

/ //

FIGURE 30. SYMBOLIC EXAMPLE TO ILLUSTRATE INCONSISTENCIES WIH PARALLELISM

The implication of the selD($A) is that whenever any of its elements executdsmust be

disabled. However, since the semantics of gilategions allows simultaneous execution of

parallel transitions, the executiohthe resulting set will result in inconsistency. Thus, we ask the

following question to address this complexity:

Research Questiod

Is there a consistent and minimal set of transitions to disable a region yet
maintain consistency of other regions within the same enclosing state?
Particularly, we are interested in the smallest subset of the universal set of
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transitions whose executionlldisable a parallel region without introducing
any form of inconsistencies to other regions within the same enclosing state.

...........

v N P _flz
//’ 1 )
& ~
ty ¢ t

FIGURE 31. ANALYZING MINIMAL SUBSET TODISABLE ORTHOGONAL REGION

To facilitate the discussiome presentFigure31to demonstrate how we compute minimal subset

for disabling an orthogonal region yet maintaining consistencies of other region(s) of the same
erclosing states. Transitior@MORORD and O can execute in parallel based on the semantics
governing orthogonal transitiori85]. 0 is an anecross transition with different semantics in
terms of the resulting configuration after its execution. In particular, its execution interferes with

other regionsthus,we defer the discussion of its management to another section.

But foro and0 execution is possible simultaneously without interfering with other regions of the
enclosing state. Thus, we can say that for a given region the embedded transitions of its parent
state (i.e. the union of its enabling transitions and other regioms) not be included in the set of
transitions to disable the region. A parent state of a regisrthe same for any parallel region

to regiono.
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However, whenever transitiodsandd execute it is expected that regidri$ and# are disabled
because control is expected to be transferred out of istakthough, 0 re-entersi but via
activationby-default In particularo would disable the enclosed region themnger to initialize
them. Therefore, in our method we consideras a dsabling transition of all the regions of the

state under consideration.

Semantically, we note thédr the sake of consistenayhenever therare parallel regions B and
C then the intersection of disabling transitions of B anddhablingtransitions ofC must be

empty. We illustrate this formally as follows:
(BsgCO (D(B), % =1n))

However we are seeking the set of disabling transitionsaafgrparallelregioni B0 ( denot ed
D(B)) such that the execution of enabling transitions of other parallel regpahB 6 wi | | n o
disable it.A simple and straightforward sate those outside the boundary of the enclosing state

of B. This implies:
Given that s =mB) thenD(B) =2  \n(Q

Therefore, we can say D(B)2  \n(Q is a consistent and sufficient set to disable region B
without interfering with the enabling transitions of parallel region C s¥ace n(Q. Therefore,
the following holdsor D(B):

BsgC % Pn(Q~ DB)=2 \n(Q)° (DB), % =1n)
Similarly, the following holds for D(C) since siC) and% P n(Q:
B$<C % Pn(Q” D(C)=2 \n(Q)° (D), % =n)

Since the disabling transitions of-ves@dis do no
reasonable to sap generalizdor all parallel regionssay A, B, and § thatthe set of disabling

transitions are the sana@d never interferes with enabling transitions of one another
Given that

(¢ #n suchthat (A S B S C)and mA) =mB)=mC))
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then
A$gBS<CO DA)=2  \n(MA))
“DB)=2  \1(mB)
" D@ =2 \1(MC))

(Nustration)
We illustratethis as follovs usingFigure31:

2 ={0|1 T1Q 8}
n(Q={0,0,0,0}
(2 \n(9)={06,0,0,0}
% ={ O} (i.e., theenablingD OAT OEQET T O 1 £ O#6
Therefore, if
DB)=(2 \1())={0,0,0,0}

then it becomes obvious that:

DB), % =n
I n a similar manner, for parall el region AAO
A A0

D(B). % =n

since % ={ 0,0}
(End of illustration)

Recall that from Research Questiynust as we as we dealt with the case of disablingpaoallel

substate machirg we are also interested in the minimal set of transitions that is sufficient to
disable the region. Therefore, in a similar manner to the referenced case (i.e., disabtiacallel

subst ate machine), suppose AAO is the i mmedi at

valid:

(¢ r,m suchthat(BsgQOr A)O (m . Os=mB)~ s=mC))andn(QP 2
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Sincen (Q is a subset a® , then2 can substitu 2 without jeopardizing the semantics yet
maintain consistency of executable transitions between the parallel regions. Then, the number of

transitions is reduced to a minimal set and D(B) can be written as follows:
Given that

(' fr ™ suchthat (B$gC$gD)r AandmB) =mC) =mD))
then
B$gC$4DO D(B)=2 \n(WB))
" D(C) = (@ \mC))
"~ D) = (2 \n(mD)))

- /

P S S —

O i Yim OO

FIGURE 32. ANALYZING A DISABLING TRANSITION SET FORAN ORTHOGONALREGION
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In Figure32, we present an example to illustrate the set of transitions to disable an orthogonal
region for the sake of clarity. We highlight the following concerritingure 32 for purpose of

analysis.
(s)* Y(s) P2

Besides disabling transitions, we consider Heglrel transitions of ancestor states of the enclosing
state of the regions under consideratioraisimilar manner as established in Secboh?2 In
particular, all higHevel transitions of parent statef these parallel regions as welltasseof its

ancetors should be added to the set of disabling transitions established above.

s
Sa2a1 ! Sa81

t. S, :
2A2 :
S2a3 t; Szp3 '*

FIGURE 33. DISABLING REGIONS OFORTHOGONAL STATES

However, those with destinations targeting a-state of a given region should be ignored for the
targetregion but nofor other regions since their activations will be done by def@olhsequently,

the final set of disabling transitiomsregionspecfic andexpressible as follows:
Given that

( i ™ suchthat(B$ CsgD)r Aand mB) =mC) =mD))

then
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B$gCSsgDO (D(B)=(R \"(MB)) ° DH(B))
" D(C)=(@ \n(MC))) © DH(C))
" D(D)=((2 \(mD))) © DH(D))) (15)

Figure 33 is another example of an SSUA with parallel regions to demonstrate the process of
disabling orthogonal regions without anobssing. The following expresses the relationship

between sulstate machines (or regions) of the SSUA.
(MNustration)

We illustratethis set by a means of example below:

Given that
($S2As  $S2B)r Smsuch that WM($S2A) =m($S2B) =0
then
D($S2A) =@ \ (M$S2A)))° DH($S2A)={0,0}
since
DH($S2A)=n;2 ={0O|1 i 10}andn(m$S2A)={0|3 j 10}
Similarly ,
D($S2B =02 \ (M$S2B))° DH($sS2B) ={0,0}
since

DH($S2B) =n; and (M$S2B) = (M$S2A))since $S2AS $S2B
(End of illustration .)

5.4.3.2 Parallel Sub-State Machine with And-Cross Transitions

As earlier noted, the semantics of amrdsstransitions introduces some complexity. To deal with
this complexity, we need some clarifications to the semantics. The following define the steps
involved in realizing semantics of executing an-anakss transition.
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Step 1- Exit enclosing orthogonal seatand reenter it.

Step 2- Target region is initialized to the target state of the transition.

Step 3- All regions except the target areingtialized to their start (or
initial) states.

We modeled this semantics by computing the set otamgks transons of the enclosing state.

Given an anetross transitiot from regionA to B and that there amegionsC
andD parallel toA andB.

Rule 1

Add t to the set of disabling transitions (as computable from equiioof all non
targeted regions df(i.e., A, D andC) but the target region ¢f(i.e., B) sincet is also
an enabling transition @ (i.e.,t ¥ ‘O ). Therefore, the disabling transitioogA, C
andD now included.

Rule 2

For B (i.e., the target region dj apply equation1’) for the computation of the
disabling set of transitions. In particular, the disabling transition set for the target
region of an and@ross transition does not change.

These rules are applied repeatedly to everyands transition for the enclosingat under

consideration until there is no more agrdss transition.

To define the disabling transition set, we first define-aru$s whose target is not the region under

consideration as follows:

Definition 23. And-cross tansition with a target region other than the
region under consideration

Given an anetross transition, t of state s (i.e.\ tw(s)) (therefore, there are
regions A and B such thatAg B with s =" (A) =" (B)), we say t is an and
cross transition whee target is different from region A (i.e., region under
consideration) and the corresponding set of such transitions is dendt§éas
s). Its formal representation is as follows:

WA, s)={t|tvy(s) m J=(, j)withi o5 } (16)
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And the set of disabling transitions of a parallel-stdie machine (or region) whenever the

enclosing state has aedoss transition(s) is given as follows:
Given that

(¢ wr.™ suchthat(Bs gCs$gD)r Aand MB) =mC) =mD))

then
BSCsgDO (D(B)=(R \n(mB)) * DH(B)" (B, MBY))
" D(C)=(2 \"(MC))) © DH(C) " w¥(C,MC))
" D(D)=((2 \n(mD))) * DH(D)" ¥(D,mD)))) (17)
-

-

AT
Sip282

s : i

28
t;

-

FIGURE 34. AND-CROSS TRANSITION EXMPLES

In Figure34, we present basandcross transition (label) ard an unusual transition (lable) to
help explain the process of disabling a region in the presence such transitions. We discuss the steps
to computing the disabling transitions of the containing regions of transitions with dedoedid
in Figure34. For orthogonal composite stateof Figure34, the toplevel regions aré 3 and
A 3 ; while the sources and destination statesasfdition associated with labelare in3  and
3 respectivel y. The t r-aossstiartsition of Hutathe drankiterd 6 a 0

| abel |l ed 06 frossfirassitionat. an and

Page |137



A3 pslgA3pt 31
2 ={o|1 i 10} {ab}
(M$SIA)= (M$S1B)={0|1 "Q 8} {&O

U(M$S1A) ={a}
3ET AA OA6 wiigsBGAEDAY=M3p! h
DH($S1A) = DH($S1B) =
Thus,
D($S1A) =@ \ (M$S1A))) DH($S1A)* W($S1AM$S1A) ={0,0 }

But for A 3 pWe have the following:

D($S1B)=2 \ (M$S1B)) DH($S1A) ) vi($S1BM$S1B))=0,0 ,a}

Now, | et us consider t r a nG hutt ahdoross téabsiign o® he unus
We address this as an aoass transitono® . We apply the same princ
as above.

Given that:

A3p"&A3p " LA3p"

2, ={o]4 i 8} {b}
(M$S1B2A))= (M$S1B2B) = o f w Kuu Buiolf w
YM$S1B2A)) (b}

2DPOET w? E? wl BBEIBIAMSSIBIA)) + {H}O w
DH($S1B2A) = DH($S1B2B) =Q}

Then,

D($S1B2A) =R, \ (M$S1B2A))) DH($S1B2A)° W($S1B2AM$S1B2A)) =0, O, b}

Butfor 8 , we have the following:
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D($S1BB) =@, \ (M$S1B2B))) DH($S1B2B) vi($S1B2BM$S1B2B)) =@, O}

since¥($S1B2BW$S1B2B)) =+

5.4.4 Generalizing Disabling Transitions for SubState Machines

In this section, we focus on the generalization of the set of disabling transitions fstatb
machine irrespective of the underlying nature of complexity (e.g., parallelism owcrasd
transitions). Particularly, we want to harmonize equatior®, [15 and I7/] for ease of

understanding.

In Figure 35, we represent the relationship between some sets of transitions necessary for our
generalizationgormally in the form of Venn diagram for clarity sake.

Given that A is any sub-state machine andB is its immediate ancestor,
where:

'O is the set of enabling transitions of A;

DH(A) is the disablin g high-level transitions for A;

(" (A)) is the set of embedded transitions of A;
Y(A,” (A)) is the set of and-cross transitions of ” (A) with destinations not
in A;and
'Y is the set of transitions of B (i.e., the union of O and 0 ).

(e R

\

R/ TO@) \

\
[ N
[ b(A,p(A))
| Qe

D

/

FIGURE 35. A VENN DIAGRAM TO ILLUSTRATE THE RELATIONSHPS BETWEEN SETS OF
TRANSITIONS NECESSAR FOR DISABLING ANY REGIONA WHOSE IMMEDIATE ANCESTOR ISB
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First, we walld like to express equation (12) like equation$, [17] to allow (or ease)

generaliation. Recall that equations [[115] are expressible as follow:
D(A) = ((2 © DH(A)\ %)
FromFigure35, it is obvious that:
% P2~ %, DHA)=»

Therefore, D(A)can be written as follows without jeopardizing the semantics
D(A) = (2 \%)" DH(A) (18)

However, whenever (mA)) = 1 the set of enabling transitions Afis the same as the set of its
embedded transitiorsince A will be the only sukstate machine for the parent statéus, its
embedded transitions are the transitiorsbéing the togevel states oA.

r(MA) =10 %="1(mA))

Thereforeequation (8) can be ravritten as equation @ without jeopardizinggemantics:
D(A) = (2 \n(MA)))" DH(A) (19)

But since angtross transitios are anotion relevant to parallel region, the set of -@nolss

transtions relevant to disabling will be empty. That is:
W(A, MA)) =1

Hence, the general formulation for computing disabling transitions set is expfessad given

sub-state machin® whereB is the ancestor fas follows:
Given that:

(¢ ,m suchthator 0)
then,

D(A) = (2 \n(MA))) * DH(A)" ¥(A MA))
We highlight the following to simplify and clarify issues relevant to the formulation:
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1. Computing disabling transitions for sghate machines (i.e., parallel and rgarallel) is
the same whenever there are no-armabstransitionsbecause¥ (A, MA)) for substate
machine A will be emptyand both expressions can be reducethe samésee equations

15 and B) in every instance

2. For a sukstate machin® when there is an anttoss transition of its enclosing state for
which the target i®, the rule for computing (1) is applicabbecausesuch anecross
transition will also be considered as its enabling transitid@nce, the set remains

unchanged.

3. For a substate machin® when there is an anttoss transition of itenclosing state for
which the target is ndi, the rule for computing (1) is applicable but we added such and
cross transition to the disabling transitions lsetause such axatoss transition will be

considered a disabling transition of the stiéte nachine

5.5 Summary of State Machines Formalization

In this chapter, we discussed our approach to formalizing state machines expressed in Umple. We
began by establishing the basis of this research and the contribution it offers. Thiaplenkents

the encaling proposed by Badreddin et.[@F] for the purpose of formal reasoning of temporal
properties on state machines. Unusual transitions demand systematic encodingtlikie to
underlying complexities. Consequently, approaches like Faghih and8B&yare limited in
managing it. Our approach o#ges this issue without extra computational cost. Furthermore, we
formally describe the SSUA. We gave a description of Umple state machine and the relationships

between the states and ssthte machines forming the SSUA.

We answered three fundamental sgsb questions. These are:hdf sufficient constraint will
activate an initial state of a sisate machine by default or initialize a regioihat subset of
transitions of th&SsSUA is sufficient for the computation of disabling transitions of a regi@nof
SSUA? Is there a consistent and minimal set of transitions to disable a region yet maintain
consistency of other regions of the same enclosing dBté&ckling these questions, we could
identify key issues to ensuring consistency and correctness.radyding answers to these
guestions, we could justify our decisions.

Page |141



These led to some definitions that shaped our focus and sound strategies to compute disabling and
enabling transitions set for states and-state machines. Despite the complexitiesothticed by

parallel regions and anttoss transitions, we were able to generalize our approach over the wide
range of possible regions (or sstate machines).
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6Quality Assurance of LU

In this chapter, we present an aspect of our workfdicases on quality assurance of state machine
systems under analysis (i.e., SSUA). Quality assurance involves ensuring that an SSUA is free of
bugs. The problem of complete quality assurance of software systems or state machine systems is
beyond what a tdocan address because many of desirable properties are espeaific.
Therefore, we focus on some domaidependent properties whose corresponding specifications
can be generated and analyzed automatically. The subset of dodependent properties we

cover includs automation of the process of: a) discovering-determinism and b) certifying that

states of an SSUA are reachable.

Nondeterminism refers to a situation whereby the simultaneous execution of a pair of transitions
of an SSUA results in undainty about which configuration the state machine will subsequently

be in. Although, specifying a nondeterministic situation is a technique often adopted by
requirement engineers for the purpose of understanding a system under development (SUD), it
may result in safety consequences if shipped mistakenly in the actual implementation. Thus,
discovering these situations and considering them as flaws becomes critical. However, the
increasing complexity of software systems makes such discovery infeasiblepetiermed

manually[88].

By Areachability of stateso, we meanondpdthe pr oc
to a given state of the SSUA from its initial configuration. In particular, we automatically generate
specifications for these states such thatcan be fed into the model checker to discover flaws

resulting from unreachable states (whenever possible).

6.1 DiscoveringNon-Determinism

Our goal in this aspect of the thesis is to certify that Umple state machines systems are free of non
determinism. We report our method to systematically compute a minimal set of potentially

conflicting pairs of transitions arfdrmally specify invariants based on these transitions.
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To facilitate understanding, we present two major categories of nondeterminism fundamental to
Umple. These include sarseurce and regienorossversusparallel transitions. We consider

various kinds bstate machine transitions (including those with overlapping guard conditions).

6.1.1 SameSource Transitions

In this category, we will discuss pairable transitions whose sources are physically and logically
the same. A physically sars®urce pair of transitianinvolves transitions originating from the
same source states; while a logically sesoerce pair of transitions involves embedded transition

versushigh-level transition.

¥
]
N

NG /

- — — » High-level transiton .. » Embedded transition 6¥

—— Physically samesource transitions

FIGURE 36. ABSTRACT EXAMPLE TO CEMONSTRATE SAMESOURCE PAIRS OF TRARITIONS

In Figure 36, we present a modeling example to illustrate same&ce pairs. Transitions

0P Q 1 may be interpreted as overlapping (i.e., having same trigger and/or overlapping
guard statement). We tegjorize these pairs ahysically sameourceand high-level transition

versus embedded transiton By fAphysiowualcley paames o, we mean tr

from the same source states.
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For example, transitiondé and 0 originate from vertex . We refer to these transitions as
physically samesource transitions. Therefore, whenever the triggering event on these transitions

are the same, a pair of the transitions is considered potentially conflicting.

Another pair of transitions in this ca@y combines a higlevel transition and embedded
transition of a composite state. Semantically, these transitions originate from the same state (i.e.,
a substate of the composite state). A pair of transitionando are potentially conflicting iftie

triggering event on the transitions are the same.

6.1.2 RegionCross Transitions

In this category, we will discuss pairable transitions whose sources are embedded states of an
orthogonal composite state. The notion of regiarss involves not only andoss transitions but
also outgoing transitions of the host orthogonal state. To facilitate discussion, we introduce the

notions of parallel transitions of an orthogonal state.

Definition 24. Parallel Transitions of anOrthogonal State

A transitiono is parallel to transitiond if their sources are different regions
of the same enclosing state. A formal description of parallel transitions is given
as follows:

Given that there i®  ¢hh hand states X, such that Vs and (s) > 1.
Then the set of parallel transitioris with respect ta@ within s denoted as
1 ifd is expressed as:

1 if 60 dhh ™~ mgiOWe QWO (20)
whenever

WN YT N Y,08g07 i 0
We illustrate regiofcross transition cases with an abstract example presenfeguie37. This
example models various kinds of transition re
composite state with regions fAslo afndi die.20ANYyl
transitionx N {2, t3, t4, t5 } is parallel to any other transitign {t6, t7 }. Transitioni t & an

by

and-cross transitioro f iso.

Page |145



................................ s11

t4
@ ---------------- -

t5

FIGURE 37. ABSTRACT EXAMPLE TO LEMONSTRATE REGIONCROSS CASES

The three major categories of conflicting pairs we consider herangreross transition versus
parallel transitionoutgoing transition versus parallel transitiand multiple anetross transitions

between regions of the same enclosing state.
Type 11 And-Cross plusParallel Transitions Pair

Transitions in this category may result in raeterminism if they are triggered simultaneously
thereby resulting in undesired configurations. For example, let us consider pair (t5, t6) as
potentially conflicting tansitions and a case of aoss versus parallel transitions. We express a
possible scenario leading to conflict as follows:

Ati Tr anst %aonan it 60 execut e.
Ati States As210 and fis220 become act
Ati Statebédsdamés activated by default

initialized by andcrossing).

A non-deterministic situation occursatsiep 1 when region As20 i s expe

states simultaneously.
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Type 21 Outgoing Transition plus Parallel Transition

In the same vein, a pair of transitions (t4, t7) are likely to result in nondeterminism as the pair is

an example of outgoing versus parallel transition pair. We illustrate this situation as follows:

Ati : Tr ansicdainan Afit7d execut e.

Ati St auckesanmd As220 become activated.

Ati Regions Aisl0o and As20 become disa
As can be seen, t he s i ooulatnadn efosuxs?2 Oadeteomimisant ii tount eo

because state diagram semantics forbids an SSUA from activating distinctst@is

simultaneously. Hence, the occurrence of sted should be avoided.
Type 31 Multiple and -cross in same enclosing state

Multiple andcross transitions in the same enclosingesitattoduce a deeper level of complexities.

In particular, we are aware of the following problems:

1. Nondeterministic configurations; and

2. Undesirable configurations.

To illustrate these problems, we present a symbolic exampigime38. Or t hog®anals st a
the encl osi ngaoshodaitaendf dlrr arwesgi ahcenablingfifiansition of state

isdb and those i n dadsdtranditionérir.sewyqafirdad Jt Hieo sa nsdt\Wet e i
introduce transitions {© | 1 i 5 } to demonstrate issues highlighted above and their

corresponding scenarios.
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FIGURE 38. DEMONSTRATING INCONSSTENCIES WITH MULTIRLE AND-CROSS TRANSITIONS IN
THE SAME ENCLOSING SATE

For the purpose of simplicty, we assume transitignsandz have similar triggers and that their
controlling guard statements can evaluate to true at the same step (i.e., simultaneously). Hence, the
simul taneous executions of the twoamrdirteighems asrte
the following configurations will happen inran-to-completion[85], [89] manner. Starting from

stepi+3, the SSUA will not be stable until stegb.

Ati : Tr an swotexecutes. fi

Ati St aebecomes activated.

Ati States fAallodo, Abllo6, and Acllo be
Ati Transiyd iscommcsfiire si multaneousl!l y.
Ati States fibl10o and i b-tléedministie caseilpe act

whiler egiadn sacofl aifr e di sabl ed.

Ati States Aalld and fcll0o become act
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As can be observed, atsieplt he SSUA becomes i nbowanssehbd 8abrt
states Aibl1l1o and Abl20 si muas nadetermnistit; ythus, We ¢
transitions leading to this configuration should be prevented.

We illustrate another scenario, to allow tasformulatea generalized approach to deal with
inconsistencies related to anwbss transitions. Let us consider thesgibility of executing

t r ansxt iagodssifimul t aneousl y.

Ati : Tr an swotexecutes.

Ati St aebBcomes activated.

Ati States fAallodo, Abllo6, and Acllo be

Ati Suppose transitiont 30 f i r es.

Ati State Abl20 becomem® actiseat ¢d 6t a

Ati Transixd iaoypdsfffire si multaneousl y.

Ati States fHnal20 and Abl20 be&coinse ac
disabled.

Ati Regi aonlsd fitkecdod bfecome di sabl ed.

Reasonby ex exoutrierg®p ofaed faffr e di sabl ed

execuyr engiadin aacofil air e di sabl ed.

This results in an undesirable configuration at $t6p A similar scenario can occur whenever

tran s i t k0o nasmddfi efix ecut e si mul t an e edetsriigism, pbtentiallyt he ¢
conflicting pairs of transitions must be examined from a dynamic point of view and prevented
whenever they are actual candidate (trele positivey and preserved lenever they aréalse

positives

Generally speaking, this case (i.e., Type 3) can only be prevented if it is not the case that two and
cross transitions of the same enclosing state can fire simultaneously. In particular, it is important
to note that simtdneous execution of pairs of aabss transitions in the same enclosing state
result in an undesirable configuration whenever their target states reside in different regions.
Similarly, multiple anecross transitions of the same enclosing state withndgisins in the same

region results in nedeterminism. We note that these instances are bugs at any instance and must
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be disallowed. Therefore, we forbid simultaneous execution of two or morera@seltransitions
in the same enclosing state. To facibtélhe representation of this scenario formally,deéne

enablednesef a transition of an SSUA as follows:

Definition 25. Enabledness of transitions of an SSUA

The enabledness of a set of transitions of an SSUA is adxipQsuch that

x is a finite set of transitions, y is a step at which the transitions in x are enabled
and z is the configuration resulting from the execution of transitions in x. The
following defines enabledness of a set of transitions of an SS&iépak.

Given that configuration ¢ =0®d A Bi & OGO @Y then the
enabledness of transitiossuch thatpp "Q & whose executions led to ¢ is
as follows:

60 o B o GO

We express the constraint timat twoconflictingexecuabletransitions within the same enclosing

stateis allowed formally as follows:
Gi v e n s tslaraarthogonal composite state (ife(s) 2)
I 5 J0,0}P (s 0 w 350 ARO

Where: fAko i s a st epundesireddormoouti on and
deterministic) configuration.

6.1.3 Cases of Nondeterminism

In this section, we summarize the cases of nondeterminism. From Sécfiansl6.2 two broad
cases (i.e., sammsource and regieoross) of nondeterminism were presented. These cases were
further subdivided into other cases. We summarize these casessao@i labels with each case
for ease of reference fable10.
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TABLE 10. CASES OFNONDETERMINISM

SameSource Transitions RegionCross Transitions

Physically sameource pairs (C1.1) And-Cross transition versus Parallel

transition pairs (C2.1)

High-level transition versus Embedded Outgoing transitiorversusParalleltransition

transition pairs (C1.2) pairs (C2.2)

And-Cross versus Anr€ross transitions pa|
in the same enclosirgjate (C2.3).

6.1.4 False Cases of Nondeterminism

The presence of infinite state variables in guards made us generalize our method to computing
conflicting pairs of transitions. In particular, not all cases of conflicting pairs of transitions reported

in the preceding sections are actual cases. We cefeese cases &alse positives

t;

. )

- /

FIGURE 39. CASES OF FALSE POSIMES
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A false positivas a pair of transitions conflicting statically but dynamically condliee. The
latter means that in the global stafgce there is no situation where both transitions execute
simultaneously or their execution can be overridden by priority semd8&tsWe present an
example of transitions resulting in various casefgalgk positivesn Figure39.

We identify various cases of false positives as follows: a) sources and destinations are the same
(e.g., pair ¢, 0) in Figure 39); b) controlling guards are nesverlapping; and c) controlling

events differ.

For case (b) we introduce an operatagi® “Osuch thatiis a label of a transition an@is a set
of guardstatements of theSBJIA. Therefore, case (b) implies that evaluations of the controlling
guards of potentially conflicting pairs of transitions differ.

Let us assume the following:
0=("Y,a,Y)Za=("Q,Q, ) n()="Q (22)
0=("Y,0,Y)Za=("Q,Q,_ )0 na)="Q (22)

Therefore, we introduce a nawverlapping relatiomd e @° { true, false } such that {a, bP "O

and’Ois a set of guard statements of the SSUA. Expression®i s fit r u eadandbtioe ne v er

not overlap and fAfal sed ot he Owi)defined ifFrg)rande x a mp |

(22) respectivelyare noroverlapping if:
n@)e n(@)

Recall that gh© ‘Osuch thalOis the set of events of tI®SUA Therefore, we say for a pair of
transitions c such that anda are as defined in equatiorgl] and @2) respectively has differing

controlevents if and only if:
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6.2 The Match-Making Algorithm

In this section, we overview a method of computing a set of potentially conflicting pairs of
transitions and provide an algorithmic solution (i.e., mawetker) to mechanidg achieve the
underlying tasks. The matghaking algorithm consist of the following steps:

(a.) Compute transition pairs for cases: C1.1, C1.2, C2.1, C2.2 and C2.3,;
(b.) Eliminate duplicate pairs (e.gg (0 )k (0,0));
(c.) Eliminate pairs with same sources and destinations; and

(d.) Eliminate pairs with different control events.

NAME: matchMaker
INPUT : | =4 ,3,1,0,5 , %> //input is a root machine of an SSUA
OUTPUT: L :=SexMap<Transition>,<Transition>> //Potentially conflicting pairs
FORALL O~ 3 //Explorations of top -level states of root machines begins
FORALL @8 O /lcomputes the set of embedded states of s
explore( g L) //lexplores each embedded state of s andadd potentially conflicting pairs (seelListing 28)
END-FORALL
explore( Q L) //explores state s and potentially conflicting pairs (see Listing 28)
END-FORALL
filter (L) /Iremoves redundant pairs (see Listing 29)
RETURN L

HISLOCD\IO')U‘I#OONI—‘

[EY

LISTING 27. THE MATCH-MAKING ALGORITHM

We present the matainaking algorithm (i.e.Listing 27) for the construction of potentially
conflicting pairs of transitions for the SSUA (simple or hierarchical). To ease the specification of
the matchmaker, we define the set of embedded st@es substates) of a given composite state

i as 1 suchthat:
(s)={x|xWs} (23)
giventhatr(s) 1

Similarly, we introduce operatdr which maps a tojievel state to its corresponding state machine.

In particular,

N Di © 0 suchthatN (9 =M
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whenevessis a toplevel state of state machine M

1 NAME : explore

2 INPUT : state : State,

3 L : SekMap <Transition >, <Transition >>

4 | outgoingEdges =n

5 H =\ (state)

6 | IFr(state) == 0 //Case of simple states

7 FORALL &' %

8 IF stateN F(t)

9 outgoingEdges* {t}

10 END-IF

11 END-FORALL

12 IF | outgoingEdges | > 1

13 match( outgoingEdges, outgoingEdges, L )

14 END-IF

15 | END-IF

16 | IF T (state ) >0 //Case of composite states

17 highLevelEdges =n

18 embeddedEdges =n ( state )

19 FORALL tN %

20 IF state™ F(t)

21 highLevelEdges* {t}

22 END-IF

23 END-FORALL

24 IF | highLevelEdges | >0 AND | embeddedEdges | > 0
25 match( highLevelEdges, embeddedEdges, L )
26 END-IF

27 IF 1 (state ) >1 //Case of orthogonal composite states
28 andCrossEdges =¥( state )

29 FORALL t~ andCrossEdges

30 IF| Y(state,t)| >0 //1(state, t) is a set of parallel transitions to t
31 match( highLevelEdges, embeddedEdges, L )
32 END-IF

33 END-FORALL

34 IF | andCrossEdges | > 1

35 match( andCrossEdges, andCrossEdges, L )
36 END-IF

37 END-IF

38 | END-IF

LISTING 28. THE EXPLORATION ALGORTHM

The input is a root state machine of S8IUA expressed in Umple and the output is a finite set of

pairs of potentially conflicting transitiorggven as a set of maps between elements of the domain
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and that of the rangd@he algorithm systematically explarall the toglevel states of the root state

machine

The explorationnvolves the extraction of embedded statesaghdoplevel state (see lines%of

Listing 27) and computing relevant pairs of potentially conflicting transitidms simplify the
algorithm, we present algorithexplorg € ) Listing 28. Its goal is to explora given state and

add potentially conflicting pairs resulting from the state to the set of potentially conflicting
transition pairs. To realize this, we categorize the states as simple and composite (i.e., orthogonal
and nororthogonal).

The matchA, B, L) procedure takes two sets (i.e., domaimf A0 andiBahgas i nput
matches their elements to compute their Cartesian product. The resulting product is then added to
set ALO (i .e., the set of pot entnttkeldetails of onf | i
matching procedure by example below (iTablel1landTablel12).

A matching is made between elements of pa(); wheneven is an element in the range and

0 is an element in the domain such tf@t:p Q Q¢ & @Q¢
For example, let us consider sets A and B such that:
A={0,0,0}andB={0,0,0}

By matching sets A and B (i.enatci{ A, B, _ ) ), assuming there is no matched pair with the

same destinations, we will generate pairs presentédhble11(a).

On the other handuppose we have the followiras the definitions of transitions (wherseand

0 have the same destination states):

0=(, X" 0=(_Xandd =(,_y)" 6 =(,_Y)

The resulting ptentially conflicting pairdor sets A and B ipresented ifablel1(b). We denote
the pairs with the same destination states a:

redundant and so must be eliminated from the result.
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TABLE 11. SYMBOLIC EXAMPLE TO ILLUSTRATE MATCHING BETWEEN DIFFERENT SE$

(b)

(6.,0)

(6.,0)

(6.0)

(6,0)

(6,0)

(@)

B\A 0 0 0
0 (6,0) |(06,0) |(0,0)
0 (6,0) |(06,0) |(0,0)
0 (6,0) |(06,0) |(0,0)

(6,0)

(6,0)

TABLE 12. SYMBOLIC EXAMPLE TO ILLUSTRATE MATCHING AND FILTERING

(a)

ANA | 0 0 o
o |- ©,0) [©,0)
o |- . (©,0)
o - - -

(b)

(6,0)

©,

0)

However, suppose A is matched with itself (iregtci{ A, A, _) ), we will obtainTable 12(a)

wher e

duplicate

mat ches

ar e

denoted

~

by i
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Similarly, supposé =(_, _2z)ando =(_, ,2), we will obtainTable12(b). Since pairing elements

inpar©,0) will be redundant-0; wehilabefi*8duict estdeg

We also filter every entry of the forr®d fo Ok @ o OGto eliminate duplicates and pairstivihe

same destinations. In particular, piifo O's added to the set of potentially conflicting transitions

if and only if:
0 hh andd hH suchthai i
1 NAME : filter
2 INPUT: H : Sek Map< Transition >, <Transition >>
3 FORALL xN H
4 /I Recall that: L : (s1l, s2 )->1 (see Section 5.1)
5 IF (x[0] ==x[1] ) OR(r (L(X[0])) T (L(x[1]))) OR (X(x[0]) = X(x[1]) )
6 H=H 1t x //(such that H ¢+ x implies the removal of element x from set H)
7 END-IF
8 END-FORALL
9 |i=0,sizedength(H)
10 | WHILE i <size-1
11 j=i+l
12 WHILE j < size
13 IF (HI][0] = H[jI[1] ) AND (H[ i][1] = H[]][O])
14 H=H1t H[j]
15 END-IF
16 j=j+1
17 END-WHILE
18 i=i+1

19 | END-WHILE

LISTING 29. THE FILTERING ALGORITHM

We realize filtering of redundant entries systematically by a meansadfjarithm inListing 29.

Recall that on line 10 dfisting 27 we applied algothmfilter( €) t o r emove redund:;
the input set of pairable and potentially conflicting transitions. Since the resulting set of pairs are
statically computed and may contain some false positives as defined earlier (pairs that dynamically

would never result in noweterminism); it is infeasible to eliminate these statically.

Particularly, the analysis of guard statements to determine overlap demands sophisticated
approaches (e.g., theorem proving) whenever they involve infitate variable§.e., integer and
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real). To deal with this issue, we transform the SSUA®IXmMv using our translator (see Chapter

7) and construct an invariant (see Exp. 2) to constrain the overall model for every element of the
resulting set of pairs of potentially conflicting transitions. b&mvmodel correspondingtthe

SUA becomes the model and the invariant becomes a property. These are used as inputs to the
nuXmv model checker for the purpose of our analysis (including fimitel infinitestate

domains).

6.2.1 Specifying Invariance for Potentially Conflicting Pairs

To facilitate the representation of invariance specifications formally for the purpose of analyzing
the SSUA for nordeterminism, w@eneralize the formal specifications of invariance for the pairs

of potentially conflicting transitions as follows:

Given tha transitionso ando are of the following forms:

o=(, ,i)ando=(, ,i)

we say wheneveér ando are enabled at step k and executed successfully then

60 ho Ko Exp.(2)

wherec =0 @B i Bi B G OO

.

In particular, expressio(R) states that if transitions ando are enabled at stef)and execute

accordingly then at stefQ p, the destination states of these transitions are state values of their

corresponding state machines in tf@bal configuration(i.e.,i andi in c).

A violation of any invariant implies the presence of sul@terminisnor otherwiseafalse positive
The requirememstengineer can analyzecounterexampléor execution tracedesulting fromthe

violation of a constrainfor the purpose of diagnosis.

6.2.2 2-Bit Counter Case Study

To facilitate reader s o6 umaleng aldodhmdiin agmplifiede i | | u
version of the it counting maching90] as a case study. We chose this system because it is
characterized with simple and composite (i.e., orthogonal andmloogonal) states, as well as

andcross transition. Particularly, we intend to be more specific so that readers can have a detailed
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undestanding of the processes involved in computing the set of potentially conflicting transitions.
Besides, we provide a detailed description of the problem in question as it is relevant to the

discussion of other concepts facilitated by our research tatbisithesis.

1 classTwoBitCounter {

2 Booleardone =falsg

3 Booleartkl =false

4 Integercount = 0;

5 BitCounter {

6 Counter {

7 Bitl {

8 Bit11{ tkO ->/{ count++;}Bit12;} //t1

9 Bit12 { tk0 ->/{ tk1 =true; count++;} Bitl1;} //t2
10 }

11 I

12 Bit2 {

13 Bit21 { [tk1 ==true] ->Bit22;} //t3

14 Bit22 { [tk1 ==true] ->/{ done =true; } Max;} //t4
15 }

16 Il

17 Status{

18 Counting {

19 Zero { [ even_odd(count) == 0] ->0Odd; } //t6
20 Odd { [ even_odd(count) == 1] ->Even; } //t7
21 Even { [even_odd(count) == 0] ->Odd; } /t8
22 }

23 Max { reset-> /{count = 0; } Counting ; } /t5

24 1 }}}

25 publicint even_odd(int x ) {

26 returnx % 2==071:0;

27 }

28 |}

LISTING 30. UMPLE REPRESENTATIONDF 2-BIT COUNTER SYSTEM

6.2.2.1 The Specification of 2Bit Counter

A 2-bit counter (i.e., ripple counter) combines two flipps whereby a transformation of the
outputofaflpf | op generates an input t o [980hseggestecher .
that state® "Qand6 "Qaoepresents the leasind mostsignificant bits respectivelyStatusis a

parallel region t® "Qand6 "Qdt monitors the processes of tBeunterto determine whether it
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is in the process afountingor has already counted four ticks and shoulddset For 6 Q0
possible state values ar¢Qoandd "Qowith 6 "Qdas its initial state. In the same vein, the possible
states 0D "Qoared "Qoandd "Qowith 6 "Qoas its initial state. Finally, Status can assume states
Countingand Max whereCountingis its initial state Countingkeeps the record of the status to

determine whether it is odd or even.

Whenever everiQ corresponding to clock ticks is received, the counter increments by one. After
an even number of ticks) "Q&ends evend ‘Qthereby instructingd "‘Qdo change its state.
Similarly, after counting four ticks, th€ounterg e n e r at edsne eConseguentlyfi the
Counter is automatically reset by changiigQ@nd 6 "Qdo their initial states; while Status

assumes statdax.

To realize the desired configuration whéréQandd "Qassumes their initial states and Status
becomes Maxand-cross transitionbecomes the most relevant solution due to the abstraction it
offers. InListing 30, we present a textual representation-&i2Counter system with ancross
transition in Umple. A discussion of the design decision resulting in it is presented in Section
6.2.2.2

6.2.2.2 Designing the 2Bit Counter System

The corresponding Umple code for the system being discussed is presehigthg30. We
implemented it within a class (i.&woBitCounteri see line 1) such that the SSUA becomes an
element of the class which is represented by its root state machinBi{Cevnteri see lines 5
24).

The root nachine has a single tdpvel stateé Counter(see lines €4) which also serves as its

initial state. Counter is modeled as an orthogonal composite state whose te@grse lines 7

10), 6 "Qésee lines 1A5) and Status (see lines-23). By ddault, Umple initializes regions to

Anull 0 state since they become activated only
subst at e(s) . Therefore, adding finull 6 to the s
region is model byransitions such that whenever a transition is enabled and execute, the state of

the corresponding region changes to the value of the target state of the transition. A transition
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become enabled whenever its source state is activated (see Sebtienent is received and its

controlling guard evaluates tae.

We represent generated events (de{anddong as Boolean attributes (see lines 2, 3) of the
cortaining class and initialize them talse(indicating such event is yet to be generated). Each of
them is generated whenever a transition leading to its generation executes. To represent this
semantics, we added an action (e.g., line 9) whose goal & its value tarue whenever the

leading transition executes.

Counter |

Bit,

->‘ Bit,,

F 3

t1:tk0
t6:[d==0]

o:d==1] [ _ ‘
<ts.-[d==o]

t2:tk0 /{a; } t3:[b]

Y

\

FIGURE 40. 2-BIT COUNTER DESIGNED BASEH ON AND-CROSS TRANSITION

To representhe arrival of a generated event for consumption (i.e., to enable a transition), a
corresponding guard statement is constructed to test whether the corresponding attribute evaluates

to true (see line 14).

In Figure40, we present a graphical representation of the solution to the model o€ statter
based on andross transition (i.et4). We denote additional transitions with dotted arrow in the

correponding graphical representations of the system. For ease of representaflonntér
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pictorially for the solutions, we denote relevant guards and action statements symbolically as

follow:

a =0 E= true
b:= O E== true
c := done = true

d := even_odd(count)

e:=count=0

6.2.2.3 Decomposing the Bit Counter Example

To facilitate the demonstration, first we represent the system as an SSUA so as to give readers

insight to its constituents. For the SSUA, the following defines its constituents:

6 ={ (done, Boolean), (tk1, Boolean), (count, Integer) }
3 ={ Counter, Bitll, Bit12, Bit21, Bit22, Counting, Zero, Odd, Even, Max }
- = { BitCounter, $Bit1, $Bit2, $Status, $Counting }
i = BitCounter (i.e., the root state machine)
0 ={tk0, tk0OKa;}, [b], [b]{ c; e; }, reset, [d == 0], [d == 1] }

We define2 for the Bit Counter system as follow:

o = (Bitl1,tk0, Bit12)
0 = (Bit12,tk0/a;} , Bitll)
0 = (Bit21, autoTransition[b], Bit22)
0 = (Bit22, autoTransition[b]/c; e;} , Max)
0 = (Max reset, Counting)
0 = (Zero,autoTransition[d == 0] , Odd)
0 = (0dd, autoTransition[d == 1] , Even)
0 = (Even autoTransition[d == 0] , Odd)

In the same vein, we present specific information with respect to each state machine of the SSUA

asfollow:
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Let AAO denote t he s tBitGCoenterfia.ctheroatstatentachine s p on

of the SSUA), then we have the following:

¢ =$BitCounteri = Counter;’Y ={ Counter }
"Y = Counter, Bitl1, Bit12, Bit21, Bit22, Counting, Zero, Odd, Even, Max }
a=0 ;0={o|1 i 8}

Let fAiBoO denote the st at &8itlmihe SSUAaghetwehave s p o n

the following:

¢ =$Bitl;{ = Bitll;"Y = { Bitl1, Bit12};"Y = {Bit11, Bit12 }
a={tk0}; 0 ={06,0}

Let ACO denote the stat e BitBac hoifne hoeo rSrSelsAp, o n
have the following:

¢ = $Bit2;i = Bit21;"Y = { Bit21, Bit22 };"Y = { Bit21, Bit22 }
a ={[b], [b]{c;e;}}, O ={0}

Let ADO denote the state machine correspon

have the following:

¢ = $Status;i = Counting;"Y = { Counting, Max };
Y = {Counting, ZeroQdd, Even, Max }
a ={[d==0],[d==1], [b]{c;e;}, reset}; O ={0|4 i 8}

Let AEO denote the state machine correspon
we have the following:

¢ = $Status;i = Counting;"Y = { Zero,Even, Odd };
Y = {Zero, Even, Odd }
a ={[d==0],[d==1]}; O ={0o|6 / 8}

Now, the inputtothe matema k er al gori t hm for this case stud
machine).
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Input: | := <& ,°Y,&,i ,Y ,0>F%¥71 2AAAI 1T OEAO ' AAT1T OAO
Output: L := Set<Map<Transition>, <Transition>> // this is initially empty

L={}

Then, we explore all the tepvel states systematically one after the other. For the SSUA in
question,Y is the sebf top-level states. To achieve this, we do the following for each of the top
level states of the SSUA:

1. Explore embedded states of eachleyel state;

2. Explore the togevel state whose embedded states were explored in (1);

3. Statically eliminate falspositives; and

4. Generate invariance specification for the resulting set of potentially conflicting transitions.
6.2.3 Applying the Match-Maker Algorithm on 2 -Bit Counter Machine
Given the SSUA in our example (i.€igure40), the set of topgevel states is as follows:

Y ={ Counter };
Step 1- Explore EmbeddedStates of Counter
We executestep las follows:
(Counter) = { Bitl1, Bit12, Bit21, Bit22, Counting, Zero, Oddven, Max }; and

embeddedStates = (Counter)

Let us assume the elements dfCounter) are indexed as follows to facilitate discussion:

k 0 1 3 4 5 6 7 8 9

state | Bitll | Bitl2 |Bit21 | Bit22 | Counting | Zero | Odd Even | Max

outgoingEdge = {}
Atk =0,
k=00 (state =Bitll™ N (state) = $Bitl~ H = $Bitl)
I (Bitll)=0and O ={ 0,0 }
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(! t~v{0,0 }TF(t) =Bitll ) © outgoingEdges t
F(0)=Bitll but F(6) Bitl1
outgoingEdges ={ 0 }

since | outgoingEdges | = 1, we skip the matching

Similarly, for all states at indelx such thak={1, 3, 4, 6, 7, 8, 9 } in this example (i.€igure
40) the matching will be skipped because they all have oméyoutgoing transition and they are

simple states. Hence, we focus on Counting, a composite state for the application of the algorithm.
Atk =5,
highLevelEdges = {}
embeddedEdges = {}
k=50 (state = Counting™ Y (state) = $Status™ H = $Status)
T (Counting)=1andO ={0 |4 i 8}
(wtvn{o|4 i 8} TF(t)=Counting) © highLevelEdges = {}
(Counting) = { Zero, Odd, Even }

Hence, we extract all transitions whose source state is-statghof Counting as follows:

btv{o|4 i 8}
(} s~ {Zero, Odd, Evel,mt~N {0,0,0 }TF(t) =s) © embeddedEdges t
embeddedEdges = ,0,0 }

But since | highLevelEdges | = 0, although | embeddedEdges | = 3, therefore no matching happens.
At the end of step Yeaders should note that:

L={}
Step 2- Exploring Counter

We then explore state fAnCountero,Stepllicaebei t s er

observed that Counter is an orthogonal composite state.

I (Counter) >0

Page |165



Thus, we have the following:

highLevelEdges = {}
embeddedEdges = {}
(state = Counter™ N (state) = BitCounter™ H = BitCounter)
I (Counter)=3andO ={0|1 i 8}
(wtv {01 i 8} TF(t) =Counter) © highLevelEdges = {}
(Counter) = { Bitl1, Bit12, Bit21, Bit22, Counting, Zero, Odd, Even, Max }

We extract all transitions whose source state is esgtb of Counter as follows:

btv{o|1 i 8}
(! sNv. (Counter),mtN{0|1 i 8}3F(t)=s)©° embeddedEdges t
embeddedEdges {0 |1 i 8}

But since | highLevelEdges | = 0, although | embeddedEdges | = 8, therefore no matching happens.

At the end of this phase, readers should note that:

L={}

Recall that (Counter) = 3 which implies that Counter is an orthogonal composite staeessit

of this, we further the exploration as follows:

W(Counter) ={ 0 }
paralelTransitions = 1( Counter,0 )={06,0,0,0,0,0 }

match( {0 }, paralellTransitions, L)
Therefore, at this point we have the following:
L={(6,0),(0,0),(06,0),(6,0),(6,0),(6,0)}

We further, the pairing by matching the set of -anuss transitions to prevent simultaneous

execution of its elements.

match({0},{0}, L)
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At this point set L is updated with pairs afdacross transition of the same enclosing state. Thus,

we have the following:

L={(0,0),(6,0),(0,0),(0,0),(06,0),(6,0),(0,0) }

Step 3i Statically Eliminate False Positives

We apply filter on sek, the resulting set frorStep 2 This process involves the removal of pairs

with the same element; different triggers; and the same source and destination states.
Step 3.1 Eliminate pairs with the same elements

We first eliminate pairs with the same element. In this d@sg) ) is eliminated from set L such

that the resulting set is:
L={(0,0),(0,0),(0,0),(0,0),(6,0),(0,0)}
Step 3.2 Eliminate pairs with different trigg ers
Given that:
} tv{0,0,0,0,0 }=(,4q, ), a =autoTransition

This implies that these transitions nfag simultaneously. Thus, every pair in L involving these
transitions must be preserved for the purpose of dynamic analysis since they are candidates of non
determinism. For example, pa{&,0 ), (0,0 ) and(0 , 0 ) are elements of L in this tegory and

thus must be preserved.
On the other hand, the following is the case under consideration:

w{0,0}P{0,0,0 }B=(,0,)ando =(0a,_)

wherel a =T a
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Therefore, transition pairs involving {6 ,0,0 } will never execute simultaneously and should
be eliminated from the resulting pairs. After this exercise, the resulting dagtoe40is given

as:
L={(6,0),(6,0),(6,0)}
Step 3.3 Eliminate pairs with same source and destination states

Considering the participating transitions of the remaining paits(from Step 3.2), there is no
transition with the same destination states.
W{0,0}P{0,0,0,0 } X(0)=X(0)

Therefore, the final set L is the same as the resulting set from Step 3.2. For each of the pairsin L,
an invariance specification is composed for the purpose of eliminating false positives by dynamic

aralysis.
Step 41 Generating invariance specifications for resulting set

Recall that the definitions of the given transitions are given below.

0 = (Bit22, autoTransition[b]/{c; e;} , Max)
0 = (Zero, autoTransition[d == 0] , Odd)
0 = (0dd, autoTransition[d == 1] , Even)
0 = (Even autoTransition[d == 0] , Odd)

Therefore, given that the resulting set of potentially conflicting transitions is L, the invariance

specifications are given as follows:
L={(6,0),(6,0),(6,0)}

If (0,0)executeatsteh t hen at step k + 1 fAMaxo and AOd:«
&0 o Ao
wherea= @@B 0 OB 0 Q@ G [ G @D
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Similarly, for pairs ¢, 0) and ¢, 0) a successful execution of the participating transitions at
stepk will yield the following configurations at stép+ 1 respectively.
60 M GO
where b= OB O OB %O MG o Go @
and
60 M A
wherec =0 ®B 0 OB 0 Q@ & KO P @

6.3 Reachability Analysis of States of an SSUA

By Areachability of stateso, we mean the proc
a given state of the SSUA from the initial configuration of the SSAAeveloper may desire a

situation where a specific configuration of the system is reachable; however, this is dependent on
the domain of interest. In this aspect, our goal is to ensure that modellers develop systems whose
states are reachable indepentflenthis property is domaiwndependent; hence we consider it

important to mechanize the process of discovering such flaws in the SSUAs.

0 G

FIGURE41. SYMBOLIC EXAMPLE TO ILLUSTRATE UNREACHABILITY OF STATES
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Let us consider the design of an SSUA present&iimre41 to illustrate the situation of interest.

It models an orthogonal state with both reachable and unreadtates. For example, states like
Asll1l06, As210 and As220 are reachable; while s
requires that each state of the SShveachable independently. In particular, there must be at

least a path fromtheinita conf i gurati on of this SSUA to the

and Auo) .

To systematically uncover these flaws;amfiguration of the form presented in express@ng

constructedn the form of a specificatiofor every state of the SSUA.

AN

@ do G Ho Go @ E oG8 w8 @ o Gb @ Exp. )

ban Yy T v e

This implies that there is a future sté@from the initial configuration of the SSUA whece
becomes an active state (i.e., receives control) of the global configuration of the SSUA. Therefore,
at initial step (i.e.i ) the only active state is the initial state of the root state machine of the SSUA.

We express this formally in expression (4).

AN

8 @0 @i hod Go @e E 00 s o8 @i had Gip @D Exp. @)

Where:A i ~ 0 &
6.3.1 Limitations of this approach

While the approach is deployable both on simple and hierarchical SSUAs at large, we ébnsider

i mportant to specify the main | imitation of ¢t
should recall that our goal is to provide a fully automatic method to discover reachability of states.
Hence, we chose model checking for its automated dapab analyze largescale systems.

To specify constraints to be executed on the model (i.e., hierarchical and simple SSUAs) by model
checking demands a more expressible logic like computational tree logic (i.e., CTL) since the
hierarchy is to be expted exhaustively. However, thechnology weadoptedi(e., nuXmv[45])

doesnot facilitate the analys of CTL specifications whenever the SSUA is characterized with
infinite domains (i.e., integer and reaf)ithough Vakili and Day[91] showed theossibility of

analyzingthesemodels automatically witd3 [92] an SMT-basedsolver, we defelits exploration
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to the futureTherefore, we limit our work to a subset of SSUAs that are notctaized with

infinite domains.

6.4 Improving Qualitative Analysis via And-Cross Transition

In this aspect of our work, we focus on the benefits derivable frorsrasd transitions as a means

of realizing a more qualitative abstract design. By-amds tansitions, we mean transitions whose
source and destination states are located in distinct parallel regions of the same enclosing
orthogonal stateVarious methods of increasing abstraction have been studied, including
hierarchical state machines. Thetsthierarchy approach reduces the number of transitions and

the number of states required to represent a system.

Depending on the encoding strategy used for moketking, the global statgpacecangrow
exponentially with an increase in the number ofigraons and fewetransitionsresult in a more
compactstatespace.This is the casevith the encoding proposed yaghih and Day (i.e.,
BSML2SMV [86]). Another tactic that can significantly reduce the number of transitions required

for encoding certain systems is the usaratcross transition

6.4.1 Motivation for And -Cross Transition

And-cross transitionare those whose source and destination statéscated in distinct parallel
regions of the same encl osi nghardsemantcsg(sd87§ | stat
[1]) for andcross transitions involvee-initializing every parallel region to its start state, while

setting the target region (i.e., host machinghef destination of the aratoss transition) to the

specified destination st at40e Fignieh0i s i s il l ustra

The ability to specify andross transitions has, however, been dropped from recedétdriven
engineering (MDE) tools for reasons that include limited tiepractice, unmanageable
underlying complexity (e.g., Muell¢®3]), and availability of alternative modeling solutions. This
is exemplified by the removal of ammloss transitions support from the Object Management
Gr oup6s (ifcafiéahy forshpUaited Modeling Languag@UML), version 2.58].

An alternative modeling solution to an aaebss transition is simply to add all the needed

transitions to reinitialize each parallel region. But there is a price to pay for this, in terms of an
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increased number of transitions. Therefohe ¢ffort demandetb perform modethecking on
such an alternative modeéicreases with respect to the ren of regions of the immediate

enclosing statelhe effortis constant whenevanand-cross transition is adopted

Furthermoresince thecentral goal of MDE is to provide as high a level of abstraction as possible,
we deem abstraction offered by this mechanism important. Therefore, in our previous work (i.e.,
Adesina et al[94]), we advocated the use of aobss transition for modeling state machine
diagrams when abstraction relevant to its usage is demanded. We also argued that the underlying

complexity can be managed adequately.

In this tresis, we go further and argue that -@ndss transitions do have a place in the suite of
modeling capabilities for state machines, and that their internal complexity can be managed and
formally specified. In fact, our results with a sample scenario shatvtiie use of andross
transitions drastically reduces the number of transitions required to model the scenario in question

without jeopardizing semantics.

6.4.2 Modeling Solutions to the 2Bit Counter Problem (see Sectior.2.2)

In this section, we present various modeling solutions to designing orthogonal composite state
Counter(seeFigure40). We are aware diive modeling solutions (including the usage of and
cross transitions. However, since our goal is to explore benefits of adopthtgossdransitions,

we derive other solutions from the one we designed withcapsk trasitions. In particular, we
transform the systemé., Figure40) we designed based on an amdss transition to its equivalent

using alternative modeling approaches

In Section6.2.2 we present the problem of theBi Counter machine. This involves its design
and corresponding model using agrdss transition (i.eFigure40). As can be seen visually, the
additional transition required to model the systenorie andcross transition. We refer to the
alternative modeling solutions, that avoid the use of thecamsk transition ad1, A2, A3 and
A4.
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6.4.2.1 Alternative Solution 17 Al

Thefirst alternative methodill requirein each region that iseitherthesource nothe destination

of the andcross transition, a transition from each +ioitial but toplevel state(s) tther e gi on 6 s
initial state For the destination region of awdoss transition (to be substituted), an additional
transition is needed from each state that is not the destination of tleeogsdransition to the

destination state of the aftdoss transition.

One additioal transition is also needed for the region of the source state-of@swltransition to
the initial state of its region. We applied these rule&igure 40 and theresulting system is
presented ifrigure42. As can be seethreeadditional transitions are required as opposetht®

and-cross transition.

[l 1

/ Bit, i Bit i
' '
:

....... Bity; : Bty |
' [
i '
i '

1
'
'

1a:f w2k f{a;} | 3:b] CE

FIGURE42. 2-BIT COUNTER DESIGNED BASP ON A1l

From Figure 42, it can be seen that Bitl is the only region which is neither the source nor
destinaibn oft4. Therefore, there is an additional transition originating from Bit12 (i.e-jmbal

state of Bitl) to Bitll, the initial state of Bitl. Similarly, the target region of thecerss
transition is Status. For this region, an additional treomsis required to originate from each of its

the toplevel states (except the destination state of thecanss transition) to the destination state
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of the andcross transition. In this example, a transition will originate from Counting to Max.
Finally, a transition will originate from the source of the amdss transition (i.e., Bit22) to the

initial state of its region (i.e., Bit21).

For these additional transitions, a Boolean statemearidsd with existing guard statement of
the transition (wherepplicable). Otherwise, it becomes the guard for additional transitions. To
illustrate this by example, we introduce an operatdr © i mapping region to its current state
i suchthann i =i. Considering the andross transition (i.et4 of Figure40), the label for each

additional transition will be reformulated as follows (based4yn

f:=[g b]Ac;e} (24)
where:
g:=n(6 Q== 6 Q0O
In general, the number of additional transitions (denoted afor methodA1l as follows:

8 B Y ¢ ¢ (25)

Where:0 denotes sulstate machine at indé&and the state machine of the
source mode is at indéx

For example, n = 3 for Counter; thus, there-areand- which correspond to regions Bighd

Status respectively; while represents regioBit2.
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FIGURE43. 2-BIT COUNTER DESIGN BASEDON A2

6.4.2.2 Alternative Solution 217 A2

Another alternative method, we refer toAdsis based on the abstraction accessible via hierarchy.
In particular, it requiresneadditionaltransition from each netargeted region to its initial state

It will also requireoneadditionaltransition from thdarget region to the destination stafethe
andcross transition to be substituted. Consequently, there witl foansitions where is the
number of regions of the enclosing state.

These transitions wild/ be goontthraotl | veed doiys cau ssstea
6.4.2.1 For example, if we applx2 toFigure40, t he guar d wfoleg egbatont he s
24). Figure43is the result obtained after transformifigure40 with methodA2 to illustrate the

solution it offes.

As can be seetransitions (with dotted arrows) originate from the regions (but not specific states).
By this, we mean these transitions originate from any of the states enclosed within its source
region. This can be specified in Umple, however, we ot aware of UML construct that
facilitates its representation. For this examfiieee additional transitions are requirdsiitl and

Bit2 are the noniargeted regions of the aatdoss transition (sed in Figure40). Thus the added
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transitions hav@®itl1l andBit21 as their destination states. However, for the target region where

Maxis the target state, the transition originating from the region has Max astitmties state.

Although the number of additional transitions required is exactly the safk, asaders should
note that in this example, the number coincides with the number of regid@suater Al
depends on the number of tdgvel states of theegions being discusselth general, the number

of additional transitions with A2 is:
0 3 (26)

where n is the number of regions of the enclosingtate

6.4.2.3 Alternative Solution 317 A3

The third alternative solutiomequires the addition of a transition to each leaf node (i.e., simple
state) of the regions of the enclosing orthogonal composite state except the regions where the
source and target stateSthe andcross transition in question (or to be substituted) belong. For
each of these of these transitions, the destination state will be the initial state of the enclosing
region. In essence, such leaf nodes must not be initial states of their xespEgibns as this will

result in redundancy.

However for the target region of the awtoss transition, a transition is added to its leaf nodes
(including its initial state, when the target state of the@ods transition is not the initial state of

the region). The destinations of these additional transitions will be the destination state of the and
cross transition. But for the source region of the-ends transition, we add one transition whose
origin is the source state of the arrbss transitio and its destination is the initial state of its
region. The enabledness of each of the added transitions will be controlled by a condition of the
forghm flas di s c uest.® thFigureddSae apply method3 to the 2Bit Counter

example (se€igure40).
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FIGURE44. 2-BIT COUNTER DESIGN BASEDON A3

As can be observed froffigure44, there ardive additional transitions. Bitl is neither the region
of the source nor the region of target state ofenods transition being substituted. Hence, there
is a transition fronBit12 (i.e., a nonrinitial leaf node oMBit1) to Bit11 (i.e., initial state oBitl).

For Status(i.e., the region oMaxi target state of andross transition), there is a transition from
each of its leaf nodes tdax. Whereas for regioBit2 (i.e., the region oBit221 source state of
andcross transitio)) there is onlyoneadditional transition (i.et9) from Bit22 to Bit21 (i.e., the
initial state ofBit2). Similar toAl andA2, in general, the number of additional transitions is as
follows. Readers should note that some of the notation usetshiefmed later.

Let there bean regions in the enclosing orthogonal composite state such that regions other than the
source and destination of the azrdss transition under considerationewith 1 i n- 2.

Then, let there be(i.e., a set of addibnal transitions)such that:

Given that is the newy formulated label for additional transitionthen

x={tll v 3 (=0t=(1i )}
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Similarly, let there bey (i.e., a set of additional transitions for the target region ofcaoss

transitiond being transformed) such that:

Given thatY is the region corresponding to the destination of-armbks transition being

transformedi.e.,0) a I® Heingithe newy formulated label for additional transitionthen
y={tl} . (=0 m Ad=X(0),t=(s1.d))}

Therefore0 denoting the number of additional transitions is expressible as follows:
0 =|x|+|yl+1 27)

We note that the cardinality of a seis expressible ax]] and Al10 was added

additional transition from the source stateanétcross transition to the initial state of its region.

6.4.2.4 Alternative Solution 471 A4

This method is based on the principle of flattening. In partictharentire hierarchig flattened

and transitionaddedfrom possible combinati@of states to the seff desired state$Vhile this

is a candidate solution, we ignore the resulting modéldobecause it results in an exponential
blow-up (both in statspace and transitions). Hence, we focus on those solutions with elosely

related differences with our wiothat facilitate a reasonable level of abstraction.

6.5 Summary of Quality Assurance

In this chapter, we discussed our approach to guarantee that SSUAs comply with basic and domain
independent properties. These include: ensuring that SSUAs are freeddmninism; ensuring

that states of the SSUAs are reachable; and promoting abstraction-geoasdransitions.

We discussedarious cases of neteterminism includingsamesource transitions and region
cross transitionsWe tackled complexities resultinffom andcross transitionsln particular, we
wereable to discover situations that may lead to inconsistencies as a resulcobssittansitions.
We realize this by formulating an algorithm that systematically exptbeshierarchy originating
from theroot state machine of an SSUA and prodiecset of potentially conflicting transitions.

We filtered false positives resulting from set statically but delegate complex cakesrtodel
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checker for dynamic analysis. The algorithm was applied on astiahgof aBit Counter System

(i.e.,Figure40) to demonstrate its applicability on a real system.

On the aspect of reachability analysis, we developed an appiuacts applicable t@nalyze
SSUAs for the purpose of discovering cases of unreachability of sDateapproach is limited to
thesubset of SSUAs that are not characterized with infinite domafasvill explore Z3proposed

by Vakili and Day91]) in the future to analyze systems with infinite domains for reachability of

states.

We advocated for the support of agrss transitions in developirsystemsbecause it offera
high level of abstraction that must not be replagéth the details offered by alternative
approaches for the purpose of design and formal analysis. Givethéhgbal of MDE is to
facilitate abstraction as a means of realiargghqualitysystem, we believe ardtosstransitions
have a place in the suite of modeling capabilities for state machines aitslithatnal complexity
can be managed and formadigecified. To compare aratossing and other modeling approaches
that may substitute anttoss, we applied them orba counter The resuk showed that andross
transitionscan reduce the number of transitions drastically when modeling S3ltAsugh,and
cross transition reduces the number of transitions required to model an. 8f@Uzomplexity
introduced by two or more of such transitions within the same enclosingsstatieexplored in

this work.Thus, we defer this to the future.

We acknowledgehat some other properties can be analyzed automatically but not covered in this
chapter. These include race analysis, consistency and completeness checks, etc. We intend to

explore the possibility of analyzing systems for these properties in the future.
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7 Transformation of State Machine Models

In this chapter, we demonstrate our approach to mapping Umple constructs to their SMV
equival ent by exampl e. First, we give a for me
understanding. We also present aestaaichine example to illustrate transformations of various

modeling constructs for state machine development.

Readers should note that the transformations presented here may be possible with other SMV
constructs. However, we consider our choices of cottstio be simple, straightforward and

sufficient to represent the semantics under considerations.

7.1 A Case Study

In this section, we introduce a castadyto demonstrate the transformations of various elements

of state machine model facilitated by Umplétieir SMV equivalent as supported by our work.

Thetransmission systeifor controller) embodies two othersesby st ems (i . e. AnPar k
and ADrived) and a AReversed mode. APar kAndNe
ANeutral O tramendseicm.sus@wsrnt em i s an extension of t h;

machine if82],[95]lby addi ng more abstraction to encapsu
transmission system I8 thetiBtivedmemesdvBidhat Rer e
ar e: AFiIirsto, AfnSecondo and AThirdo. A transi

complete system.

The system was extracted from a collision avoidance system whose abstract represgata

presented if6l]. Th ewafhingRadiue i ndi cates the distance i n me
an object. A3 metredistance, the vehicle is expected to halt; therefore, setting concerned sub
systems to the desired states, i ncluding tran
of the system in Umple is given Figure45 and its textual representation is presenteldsting

3L
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Transmission

ParkAndNeutral

Drive

t8: selectneutral ( 19: selectPark

\ 11: [wamingRadius <= 3]
%ﬁec nd

Neutral

( 110: reachSecondSpeed [driveSelected]

111: reachThirdSpeed [driveSelected] ) 112 dropBelowThirdSpeed

16: selectFirst

=,

FIGURE45. VISUAL REPRESENTATION OFCAR TRANSMISSIONSUB-SYSTEM

© 0 N O o B~ W N PP

NN R R R R R R R R B R
B O © O N O Ul A WN R O

classExample {
IntegerwarningRadius = 100;
BooleardriveSelected;
sm {
Transmission {
[warningRadius <= 3] -> Park; //t1
ParkAndNeutral {
selectReverse-> Reverse //t2
selectDrive -> Drive ; I3
Park { selectneutral -> Neutral ; } //t8
Neutral {selectPark->Park; } //t9
}
Reverse{ selectPark-> Park; } //t4
Drive {
selectNeutral -> Neutral ; //t5
selectFirst-> First; //t6
selectSecond-> Second //t7
First { reachSecondSpeed| driveSelected }> Second } //t10
Second{ reachThirdSpeed[ driveSelected ]-> Third ; } //t11
Third { dropBelowThirdSpeed ->Second } //t12

111}

LISTING 31. TEXTUAL REPRESENTATION OFCAR TRANSMISSIONSUB-SYSTEM
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7.2 Formal Overview of SMV

We presentmoverview of asubset of the syntaand semantics of SMV modules that is relevant

to our work.

A module in SMV, say , is a 5tuple@® HO RYR 1 @such that is the nameQ is a
finite set of dependency moduléy, is a finite set of state variablds, is a finite set of macros,
0 is afinite set of constraints on state variables. The name of a module is a direct mapping from

the name of the state machine under transformation.

The dependency set of a module defines a list of modules within the de that module)
communicates with. These communications are carried out by accessing and manipulating
enclosed state variables. A dependency set is empty for a module whenever there is no hierarchical
relationship between itself and other modulesou approach, examples of modules in this
cat egor y anoehiefammkEcalnod modutsdHowever, the dependency set for modules

generated froma hierarchical state machine (i.e. root and-noot) ‘O, is not empty.

SupposéOis a root of a hierarebal system, we define its dependency set as the set of all modules
corresponding to descendant state machin&s Bbr a norroot state machin®, the dependency

set contains the immediate ancestor of the considered state and the root state maehine. Th
immediate ancestor is relevant because everyynonot modul e is initialize

activated whenever control is transferred to its parent state.

A state variableD is a pair® O Osuch thag is the name and is the type; whee 0 is an
element of the set: {booleamteger, real, ) € 0 }}and L Q &€~ & ¢ defines a set
of enumerated values as a type for the variable being declared. Each variable is constrained in the

assign paragraph. The constraint defines thmimalue and the next values.

A macro corresponds to reusable entities such as transitions, guards or stability constraints in our
approach. In our case, we map corresponding expressions of these entities to a label whose

evaluation is done at evenyicro-stepduring execution.

Actions are associated with transitions and the central focus is to manipulate variables, we model

change of values of each variable by associating the corresponding transition. Similarly, the change
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of state of module is associdte wi t h transitions. |In particular,

based on the transition that executes at each rsie

A module becomes active in a miestep its sukstate is activated. This includes the mistep at
which its initial state eceives control or activated by default. However, it is worthy to note that
the module corresponding to the root state machine is enabled throughout the life cycle of the

model under analysis.

In a similar manner t¢43], we model dynamic environmental behavior such #wents are

assigned nolet er mi ni stically to variable fAevento u
Anull 0 event to indicate a shefarbalstep cemnmerncesorof a
after a step successfully executes. We realizeistab t y by defining a macr
negation of | ogical di sjunctions of cases Wwhe
recognized by the system.

7.3 Transformation of Attributes

In this section, we discuss the transformatioattsfoutes for SMV specifications. A state machine

in Umple may have attributes of types other than elements of thgBeblean, Integer, Float,

{0 é 0 }}. Butin our transformation, we deal with attributes of the specified types (i.e. primitives

and enumerations) . I n particular, we ignore a
SMV only facilitates the representations of bounded and urdexiinteger and real numbers;

boolean and enumerations.

A declaration of the following form (UmpleLHS) is transformed to (SMY RHS) accordingly.
In particular, a declaration of primitive type is given as follows:

AttributeType variableName; variabl eName : AttributeType;
For example, a declaration of unbounded integer attribute is given as follows:
IntegervariableName; variableName : integer,

The declarations of bounded integer and real variables are possible in SMV. In Umple, these
variables areconstrained. Let us consider a constrained attribute expressed in Umple as given

below:
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Integerage;
[age >= 18] [age <= 120] or [age >= 18 && age <= 120]

Its SMV equivalent is defined as range in the following:
age : 18..120;

An attribute may be declared an enumeration. In this case, the attribute can be assigned a value
from the set of enumerated values. For instance, an attribute declaring days of the week expressed

in Umple as follows:

EEaU. 1371611 Owtw, OOEEaAaOwW3UI UEEaAOw6] EOI UEEAOwW3T UUUEEA wo wx ¢
The SWW equi val ent of attribute fAidaysOf TheWeeko
follows:

EEaU. 13711611 Owowt w, OOEEaAaOw3UlI UEEaAOw6] EOI UEEaAOw3T UUUEEa wb u
An attribute is associated with a value at every given step. SMV facilitates the assignments of
default anl nondefault values at any step of execution to an attribitties is achievable via the

AAssigno paragraph. Il n particul ar, default va

default values are assigned via the Acaseod0 co

For example, aosider the following variable declaration in Umple:
IntegerminAge = 18;
Its SMV equivalent is given as follows:
ASSIGN
)
init (minAge) := 18;

0]

To ease the discussion on assignment of values to attributes with respect to steps of execution, we

deferthis to a subsequent section.

7.4 Transformation of Events

A state machine in Umple may have triggers (events, with or without guards) that controls
execution of transitions. In this section, we will focus our discussion on the transformations of

events andliscuss how we realize the desired semantics.
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We decl are a variable named o6eventd that enun
the SUA. For example, consider the set of events for the systéigure45. The following is

generated for SMV:

event: {

selectDrive, selectNeutral, selectFirst, reachSecondSpeed,

autoTransition, selectSecond, reachThirdSpeed, selectReverse, selectPark,
dropBelowThirdSpeed, null

%

The variable fAnevento is defi nedSWA aannd efinnuunhel roa. t
i ntroduce i ntaMmdde nohdeterministicdoehaviorsof arrivals of events without a
predefined sequence from thevennment. In particular, theSBJA is in a stable state whenever
fevent o is assigned dAnull o (i.e., after a co
SSUA) can be generated from the environment an:
of Aevento to Anull 0 simulates that the syster

We achieved this with the following sydsogram:

ASSIGN
init (event) := null;
next(event) :=case
stable : {selectDrive, selectNeutral, selecthrst, reachSecondSpeed,
autoTransition, selectSecond, reachThirdSpeed, selectReverse, selectPark,
dropBelowThirdSpeed };
TRUE : null;
esag

where:

DEFINE
0
stable := !( event = selectDrive | event = selectFirst
| event = autoTransition | event = reachThirdSpeed | event = selectPark
| event = selectNeutral | event = reachSecondSpeed | event = selectSecond
| event = selectReverse | event = dropBelowThirdSpeed );
0

7.5 Transformation of Transitions

In our approach, we associate a unique macro to each transition of the state machine. A transition
expresses the relationship between states (i.e., source and target), its controlling trigger and an
optional guard statement. A trigger is an event. Theguaedort r ansi ti on prevent ¢
or allows (when Atrueo) the trigger. A transi
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transition is automatically taken whenever its source state receives a control, unless prevented by

a guard. A generaed representation of transition in Umple is presented in the following:

sourceState {
enN { U, varName } [guardStatement]/{ actionStatement } © destinationState;
0w

}
Where:

U denotesindefinedandvarName is any valid variable name.

Readers should note that in the generalized representation, wheneveraveefinedt is termed
Afauto transitionodo in Umpl e. An equivalent of

follows:

0:= event = eventName & [targetMachine.]state = tagetState[& "Q];
"Q:= guardStatement;

We denote [€] as optionality. I n particul ar,
root state machine because all macros are defined in the root. Hence, resolving the scope is
irrelevant but redwing the scope is necessary for Amot state machines. Similarly, for
unguarded transitions the guard is unnecessary. [tdarges between 1 and the total number of
transitions of the SUA; while index’Qanges between 1 and the total number ofumiguards of

the SSUA.

We consider the following examples for the purpose of illustrating transformations of transitions
from Umple to SMV.

Let us consider the auto transition with labein Figure45. In Umple code, this is represented as

follows:

Transmission {
[warningRadius <= 3] © Park;
&

}

This undergoes an internal transformation bec

controlling event is ot explicitly specified. The result of the transformation is given as follows:

Transmission {

Page |186



_autoTransition_[warningRadius <= 3] © Park;
o)

}

However, to generate its equivalent in SMV, we compute unique identities (displayed visually in
Figure45) for the macros defining the transition and the guard expression on it. The following are

the expressions:

0 := event = _autoTransition_ & state = Transmission &'Q;
"Q:= warningRadius <= 3;

For an unguarded transition, let us consider transition with identity Figure45. The Umple
text corresponding to this transition isepented on line 11 dfisting 31. We generate the

following for the transition:
0 := event = selectPark & $ParkAndNeutral.state = Neutral;

Another type of transitio we treated differently is a higlvel transition of concurrent states. In
particular, for implementation purposes, concurrentstate machines must be wrapped in a
wrapper state to allow the specification of higkiel transitions. IrFigure 20, we presented an
SSUA with wrapper states (in dashed).

M
e : ) / ™
( $51a $5:5 \ $5, ‘

(o —T ||| [ —— i

N J J; \ /

FIGURE 46. TRANSFORMED VERSION & FIGURE 20

We note that implementation of a wrapper state contributes two statesr@gperandnull) to
the global state space and a-stdite machine. This situation will be exacerbated in &WYAS

with a higher degree of concurrency. For the purpose of formal analysis, we consider the notion of
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wrapper states irrelevant. Therefare removed the wrapper states and their containingisibe
machines without jeopardizing semantiosminimize tle statespace explosion problem during

analysis.

To manage this complexity, we transformed the SSUA such that the wrapper statesstatesub
machines are removed. The higivel transitions of the wrapper states are systematically placed
on the correspading substate machines of the regions. In particular, transitions originating from
the wrapper states now originate technically from the machine corresponding to the region and
those into the wrapper states becomsdransitions of the start state of tlmegion under
consideration. Hence, the resulting SSUA after our transformation to the SSBiguire 20

becomed-igure46.

Recall that for a state machine, a Anull 0 stat
the substate machine whenever control is yet to transferred to it or contrah&ferred out of its
states. Particularly, the state variable of $

states. Therefore, the set of states forstabe machine $S1B is as follows:
state : { S1B1, S1B2, S1B3, null };

We transform the gxession specifying the source state for the transition to an expression that
checks if the state of the sgbt at e machine is not dAnull o. For

| abel Figurads. i n

0 := event = a & $S1B.state != null;

7.6 Transformation of States

In this section, we discuss the transformation of states from Umple to SMV. We note that states in
Umple are simple or composite. To represent states in $d\4dopt aase statemeraf acase
structure within an assign blocksuch that the logical disjunction of its enabling transitions

becomes the LHS and the state itself becomes the RHS of the case statement.

In particular, a case structure is of the follogiform such that the LHS evaluates to a Boolean

value (i.e., true or false):

LHS : RHS;
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Recall that a state is enabled by itdrensitions and embedded transitions (see equation 10). But
the set of embedded transitions for a simple state is emptyf singe 0. Otherwise (i.e., when

I @ 1), the set may be neempty.
Letusconsiderai mp |l e st &igued5At®enabkng transition set is given as follows:
3(Park) = Y(Park) = ol

Therefore, the case statement corresponding t
0] 0| 0 :Park;
To illustrate the formation of case statement for a composite state,ove s i der A Dr i v e (

example. The it r ansi t i ons o0o0;fwhilé Bsrsetvod @émbadded transitions is
o M

Therefore, the case statement corresponding t

0|0]|0]|0 | o :Drive;

7.7 Transformation of State Machines

The transformation of state machines unifies the building blocks presented in the prior sections of
this chapter. We discuss our method to generate simple and hierarchical state machines as

facilitated by this thesis.

7.7.1 Simple State Machines

We focus our discussion on the transformati on
state machiad®BUA suchitlat me a n

by i TG,
Where:i is atop-level stateof the machine.
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Planned

openRegistration

OpenNotEnoughStudents [ OrequestToRegister

classSizeExceedsMinimum)
OpenEnoughStudents | OrequestToRegister

cancel

closeRegistration \classSizeExceedsMaximum closeRegistration\cancel

Closed

cancel

Cancelled

FIGURE47. A FLAT VERSION OF COURSE SETION STATE MACHINE

To demonstrate our approach to generating SMV models corresponding to simple state machines,
we present an example of a state machine for course regis{t#joit defines the behavior of a
system that allows students to enroll for courses. Although, the system carodatean
hierarchically, we consider its flat version, which is a simple state machine suitable for this
illustration purposes.
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MODULE CourseSectionStatus
VAR
state : { Planned, OpenNotEnoughStudents, OpenEnoughStudents, Cancelled,
Closed };
event : { cancel, classSizeExceedsMinimum, openRegistration,
requestToRegister, classSizeExceedsMaximum, closeRegistration, null };
DEFINE
stable := !( event = cancel | event = openRegistration |
event = classSizeExceedsMaximum | event = classSizeExceedsMinimum
| event = requestToRegister | event = closeRegistration );

tl := event = cancel & state = Planned;
t2 :=eve nt=openRegistration & state = Planned;
t3 := event = requestToRegister & state = OpenNotEnoughStudents;
t4 := event = closeRegistration & state = OpenNotEnoughStudents;
t5 := event = cancel & state = OpenNotEnoughStudents;;
t6 := event = classSizeExceedsMinimum & state = OpenNotEnoughStudents;
t7 := event = cancel & state = OpenEnoughStudents;
t8 := event = requestToRegister & state = OpenEnoughStudents;
t9 := event = closeRegistration & state = OpenEnoughStudents;
t10 := event = classSizeExceedsMaximum & state = OpenEnoughStudents;
t11l := event = cancel & state = Closed;
ASSIGN
init ( state ) := Planned;
nexi( state ) := case
t2|t3: OpenNotEnoughStudents;;
t6 | t8 : OpenEnoughStudents;
t4t7 |t 1|t5]t11: Cancelled;
t9 | t10 : Closed;
TRUE : state;
esag
ASSIGN
init (event) := null;
next( event) := case

stable : { cancel, classSizeExceedsMinimum, openRegistration,
requestToRegister, classSizeExceedsMaximum, closeRegistration };

TRUE : null;
esag

MODULE main
VAR
courseSectionStatus : CourseSectionStatus

LISTING 32. THE SMV EQUIVALENT OFCOURSE REGISTRATIONSYSTEM

Figure47 is the visual representation of the course registration system. In accovd&ncer

transformation, the equivalent transition system of tHd/Sexpresedin SMV is given inListing

32
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We generate two (2) modules for the SSUA. One module (It359 torresponds to the root state

machine of the SUA; while the modulgon lines 3%41) is the main module.

On | ines 3, 4 we enumerate the states of t he
enumerate the states of t he S S UWRA wadefing asketwofe s o f

macros associatetith transitions of the SSUA. We define the stability macro on lin#8.8

We model the assignment of states30o0nlineB3 SSUA
the initial state of the SSUA i1 s seftheSSWAAPI an
with an assign block on lines &I. The combination of this assign block and stability control

models the noileterministic behavior of the environment.

7.7.2 Hierarchical State Machines

In this section, we focus on the transformation of hieraethstate machines. Recall that by

Afhi erarchi cal S t aan BRUA sualhcthat n e 0, we mean
m Jiop

Where:i is atop-level stateof the machine.
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MODULE Sm (_Transmission,_ParkAndNeutral,_Drive)
VAR
state : { Transmission , null };
event : { selectDrive, selectNeutral, selectFirst, reachSecondSpeed,
_autotransition_, selectSecond, reachThirdSpeed, selectReverse,
selectPark , dropBelowThirdSpeed, null };
warningRadius : integer,
driveSelected : boolean
DEFINE
stable := !( event = selectNeutral | event = reachSecondSpeed |
event = sdectSecond | event = selectReverse | event = dropBelowThirdSpeed
| event = selectDrive | event = selectFirst | event = _autotransition_ |
event = reachThirdSpeed | event = selectPark );
t1 := event = _autotransition_ & state =Transmission & g1;
t2 := event = selectReverse & _Transmission.state BarkAndNeutral ;
t3 := event = selectDrive & _Transmission.state ParkAndNeutral ;
t4 := event = selectPark & _Transmission.state Reverse
t5 := event = selectNeutral & _Transmission.state Driv €;
t6 := event = selectFirst & _Transmission.state Srive ;
t7 := event = selectSecond & _Transmission.state Brive;
t8 := event = selectNeutral & _ParkAndNeutral.state =Park;
t9 := event = selectPark & _ParkAndNeutral.state =Neutral ;
t10 := event = reachSecondSpeed & _Drive.state Eirst & g2;
t11 := event = reachThirdSpeed & _Drive.state =Second& g2;
t12 := event = dropBelowThirdSpeed & _Drive.state =Third ;
g1 := warningRadius <= 3;
g2 := driveSelected;
ASSIGN
init ( state ) :=Transmission;
nexi( state ) :=case
t1|t4[t5]t3|t7|t12|t9|t8|t2|t6[t10]t11: Transmission;
TRUE : state;
esag
ASSIGN
init (event) := null;
next( event) :=case
stable : {selectDrive, selectNeutral, selectFirst, reachSecondSpeed
_autotransition_, selectSecond, reachThirdSpeed, selectReverse,
selectPark, dropBelowThirdSpeed };
TRUE : null;
esag
ASSIGN
init (warningRadius ) := 100;
ASSIGN
init ( driveSelected ) :=FALSE;

LISTING 33. THE ROOT STATE MACHINE OF TRANSMISSION SB-SYSTEM
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The example presentedkigure45 is a hierarchical state machine. It is structurally composed of

a root and Hree (3) subst at e machi nes. These include:
A$Par KAndNeutral o, and A$Driveodo; where ASMO i
machine, we define a corresponding module to model the relations among its states.

In Listing 33, we present the root state machine of the SSUA (i.e., the transmissieyssein).
This state machine encapsulates reusable entities for othetasebmachire of the SSUA.
Particularly, we intend to separate concerns and minimize coupling. For example, transition
macros (see lines 12b), variables (or attributéssee lines 7, 8) and events (see lin&) 4re

reusable entities across the SSUA; thereforegefime them within the root module.

On line 1 (i.e., Listing 33 modul e ASmo depends on ASTran
A$Par k AndNeutral o. These dependencies refer t
communicates with. The communications agied out by accessing and manipulating enclosed
state variabl es. For a root state machine (e.
descendants stdiate machines. But for nanot state machines, the composition of dependency

set differs Let us consider a nemwot state machinen $ Tr ans mi Ssi ono.

The fA$Tr an ssmie machire is an immediate descendant of the root state machine. Its
corresponding SMV module is presentedisting 34. For immediate descendants of the root state
machine, the dependency set is a singleton with the root machine as its element (see line 1). The
root state machine is necessary for the following reasons: (a@meés to reusable entities, such

as transitions are made within the module; (b) to determine the state at which control is transferred
to its parent st-atchddsiate of the root) forlthre aunpese of acsiviatigm o
default(seelind 1) . This i s achieved by accessing fAsta

operator.
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1 | MODULE $Transmission (_sm)
2 VAR
3 state : {ParkAndNeutral , Reversg Drive, null };
4 ASSIGN
5 init ( state ) :=null;
6 next( state ) :=case
7 _sm.t3 :null;
8 _sSm.t9 | _sm.t8| _sm.tl|_sm.t4 | _sm.t5: ParkAndNeutral ;
9 _sm.t2 :Reverse
10| _sm.t3|_sm.t7 | _sm.t12 | _sm.t6 | _sm.t10 | _sm.t11 : Drive;
11 _sm.state = Transmission & state =null : ParkAndNeutral ;
12 TRUE : state;
13 esagc
LISTING 34. TRANSMISSION MODULE
1 | MODULE $ParkAndNeutral (_sm,_smTransmission )
2 VAR
3 state : {Park, Neutral , null };
4 ASSIGN
5 init ( state ) :=null;
6 nexf( state ) :=case
7 _Sm.t3 | _sm.t7 | _sm.t1l | _sm.t2 | _sm.t6 | _sm.t10 | _sm.t12 : null;
8 _sm.t9 | _sm.tl| _sm.t4: Park;
9 _sm.t8 | _sm.t5 : Neutral ;
10 _smTransmission.state =ParkAndNeutral & state =null : Park;
11 TRUE : state;
12 esag

LISTING 35. PARKANDNEUTRAL MODULE

Another category of subtate machines of interest is Aimmmediate sutstate machines of the

root

For

exampl e,

et

u sistimg @9). IhHe dependency $etaof &k An d N

nonimmediate suistate machine of the root contains the root state machine and its immediate

ancestor (see line 1). Transitions are accessible within the correspondige nob the state

machine via the root state machine (see lin@3 dnd transfer of control to its parent state (i.e.,

for the purpose of activatidny-default) are done through the immediate ancestor (see line 10).

The

state

vari ablies odas sii$gPraa k AmmduNlelud rfadrdst he | @

of its disabling transitions; whilis disabling transition set is given as follows:
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D($ParkAndNeutral) = { t2, t3, t6, t7, t10, t11, t12 }

In particular, whenever a transition intbiste x ecut es, t he modul e i s di

to its state variable.

MODULE ExampleSm_Machine

VAR

sm : Sm( transmission, parkAndNeutral , drive );
transmission : $Transmission( sm);

parkAndNeutral : $ParkAndNeutral ( sm, transmission );
drive : $Drive ( sm, transmission );

MODULE main
VAR
0 | exampleSm_Machine :ExampleSm_Machine;
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LISTING 36. WRAPPER ANDMAIN MODULES FOR INSTANTIATION PURPOSES

To facilitate modularity and analysis wiultiple SSUAs within an Umple file, we instantiated all
the modules corresponding to the root andstake machines of an SSUA in a wrapper module.
In particular, every SUA has a corresponding wrapper module and each wrapper module is
instantiated witm a main module. For the SSUA under consideration, its wrapper and main
modules are presentedLlirsting 36.

The complete SMV program (or model) of the SSUA presdmeel (i.e.Listing 31 or Figure45)

can be aut@enerated from our translato

7.8 Discovering Nondeterminism

In Section6.1, we introduce our approach to discovering nondeterminism in the SSUA whenever

simultaneous execution of any pair of @atially conflicting transitions results in nondeterminism.

We have deployed our matohaking algorithm (i.eListing 27) on the example presented in
Figure 45 (i.e., Listing 31) and found no potential threat of nrdaterminismin the model. A

modeling example with some threats (including real cases) of nondeterminism discovered by our
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algorithm can be obtained frof@6]. We defer the discussion of the system anddisied threats

of nondeterminism t€hapter (i.e., Verification and Validation).

7.9 Reachability Analysis of the SSUA

We consider reachability analysis of SSUA adrgegral part of our work because the presence
of an unreachable state in an SSUA is regarded as a design flaw. Hence, it is important to discover

such flaws and notify the analyst accordingly.

In this section, our goal is to present the resulting SM&tiigation generated based on the
constraint given in expression (4) for the SSUA presentefigare 45. We generate a CTL
specification for every state of the SSURe following is a generalized form of the generated

specification:

X EHF parentMachineReference.state = stateName )
Where: XN { CTLSPEG SPEC}

CTLSPEC EF exampleSm_Machine sm.state =Transmission )

CTLSPEC EF exampleSm_Machinetransmission.state =ParkAndNeutral )
CTLSPEC EFexampleSm_Machinetransmission.state =Reverse)
CTLSPEC EfexampleSm_Machinetransmission.state =Drive )
CTLSPEC EexampleSm_MachineparkAndNeutral.state = Park)
CTLSPEC EFexampleSm_MachineparkAndNeutral.state = Neutral )
CTLSPEC EFexampleSm_Machinedrive.state =First )

CTLSPEC EFexampleSm_Machinedrive.state =Second)

CTLSPEC EFexampleSm_Machinedrive.state =Third )

© 00 N o 0o b~ WN P

LISTING 37. REACHABILITY SPECIFICATION FOR TRANSMISSON SYSTEM

Listing 37is the code block corresponding to these constraints generated for the SSB#&(ire.,
45). This code block is placed in the main module of the SSUA.

7.10 Summary of State Machine Transformation

In this chapter, we presented our approach to encoding various Umple censtierxdnt to the
development of state machine systems (i.e., SSUA). In particular, for each construct in Umple, we
present a corresponding program in SMV.
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First, we overviewed formalization of SMV and disaashe transformations of simple modeling
elemants in Umple such as: attributes, transitions, states and events to their SMV equivalents. We
dealt with state machines (i.e., simple and hierarchical) as modular entities and discussed their

transformations.

Furthermore, we introduced the discovery ofaetierminism as a modeling flaw but deferred the
discussion of code corresponding to invariant specifications of the pairs of potentially conflicting
transitions to the next chapter. We also presented specifications generated for the determination of

reachaility of states of the SSUA.
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8 Verification and Validation

This chapter focuses on various approaches we adopted fquthese ofverification and
validation of ourwork. To verify our work, weperform simulationsand rigorous tesdriven

developmeninherited from Umple.

With simulation, our goal is to determine necessary constraints required to model the behavior or
structure under consideration. In particular, we are interestegstemshat are neitheander

constrainedhor overconstrained

We performtestdriven development (TDDgnsuring that our generator is free from buggs/ered
by a significant set ofest casethatwe developdand which cover the core Umple association,
attribute and state machine semantics

As a means of validatinguo work, we analyze some case studies to demonstrate applicability of
our approach to reavorld problems and illustrate its relevance in industry. The validation
conducted in this research can be broadly categorizedhatefdynamic and static propés.

We validatedynamicproperties ranging from discovering ndaterminism, assessing the impact

of abstraction via andross transitions, to asserting equivalence of sinsij@gtems We also
validatea systemcalled ESeat whose goal is to generagganination seating arrangemesitor

students

8.1 Verification

To ensure correctness of owork, we adoptsimulation and estdriven development (TDD)
While simulation helps prevent problems of underd overspecification, TDD helps us develop

code generatotthat produce working systenise., syntaxerrorfree).

8.1.1 Simulation

We simulate model examples and their requirements to \teatyour approach finds violations

of the requirements, and fails to find violations where none.exist
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To avoid problems ofove-specification (finding problems where none exisand under
specification(failing to find problem¥ we havegeneratedelevant constraintfor each objeet

oriented design patteconsidered in this thesiMore specifically, by un-d peci f i€ at i on
mean lackof sufficient constrairg, whil e.spgciifoiveati ono, we mean
model is generated afteimulationof the model.To avoid this, v infer the necessary set of
constraintdor eachpatternvia simulation ly leveraging theapabilitesof Alloy and its analyzer

for incremental specification and verification of software abstraction.

parents: 1 | | parson meents

(@)

;‘parents: 3 Person0

parents
\

Persont meems

(b)

sig Person{
parents : setPerson

}

factNumericBounds {
no person : Person|
#person.parents < 0 && #person.parents > 2

00 ~NO O WNPE

}

FIGURE48. ILLUSTRATING UNDER-SPECIFICATION IN PAREENT-CHILD ASSOCIATION

Theuse of simulation helped us prevent the problermmnaerspecificationin the development of
the set of constraints for a parafiild associationFor example, consider the Alloy model
presented irFigure 48 without the necycle constraintln the example,we simulate the model

using Alloy analyzeand it results are presentedHigure48(a & b). In Figure48(a), simulation
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reveals that the model allows a person to be the parent of him/heusigdf Figure48(b) shows
that a person can be a parent of his/her paksrice, we introduced the foycle constraint and

result is presented iRigure49.

parents: 1 Person1

parents

Person0

Zowx UDPOUWEOE]T WEOOEOWPOwW»DT UUT wKA wod ¢
factNoCyclicRelation {

noperson : Person|

person in person.”"parents

}

a b wOwNBRE

FIGURE 49. SMULATION RESULT AFTER INTRODUCING NGCYCLE CONSTRAINT

We applieda similar technique in the verification of SMV codath the nuXmv analysis engine.

A generaldescription ofour steps to realizing a consistent and desired formal specifications is
given inFigure50. We began by specifying the pattern under consideration in the target language
(i.e., SMV or Alloy). Then we specify known (predeterminedconstraints. The fusion of the

pattern and constraints, expressed in the target language becomes an input to the simulator. For
analysis of static properties (i.e., classes and associatithes)Alloy analyzer is the target
simulator.However, for the malysis of dynamic propertiethe nuXmv analysis engine is the target

simulator.
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