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Graphical representations of scenarios, such as UML Sequence Diagrams, serve as a well-
accepted means for modeling the interactions among software systems and their environment
through the exchange of messages. The Combined Fragments of Sequence Diagram permit differ-
ent types of control flows, including interleaving, alternative, and loop, for representing complex
and concurrent behaviors. These fragments increase a Sequence Diagram’s expressiveness, yet
introduce a challenge to comprehend what behavior is possible in the traces that express system
executions. Furthermore, software practitioners tend to use a collection of Sequence Diagrams to
express multiple usages of a software system. It can be extremely difficult to determine manually
that multiple Sequence Diagrams constitute a consistent, correct specification.

This dissertation introduces an approach to codify the semantics of Sequence Diagrams with
Combined Fragments in terms of Linear Temporal Logic (LTL) templates. In each template, dif-
ferent semantic aspects are expressed as separate, yet simple LTL formulas that can be composed
to define the semantics of all the Combined Fragments. In addition, we develop an approach
to transform Sequence Diagrams with Combined Fragments into the input language of model
checker NuSMV. The analytical powers of model checking can be leveraged to automatically de-
termine if a collection of Sequence Diagrams is consistent. Another benefit of this approach is the
ability to specify certain safety properties of a system as intuitive Sequence Diagrams.

We have developed tools to translate Sequence Diagrams to both LTL and NuSMV’s input
language to demonstrate that they can be automatically verified. We validate our techniques by
analyzing two design examples taken from an insurance industry software application. We also
model Health Insurance Portability and Accountability Act of 1996 (HIPAA) Privacy Rule using

Sequence Diagrams to show that high-level policies can be described using Sequence Diagrams.

Vi
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Chapter 1: INTRODUCTION

The software development community is adopting models as a viable practice to improve the
productivity and quality of software systems. Models focus on the important features of a system
by abstracting away nonessential details, providing a foundation of detecting errors in the early
stages of software development. In particular, we are interested in scenario-based notations that
are well-accepted by software practitioners for graphically depicting interactions among software
systems and their environment.

The general acceptance of a scenario-based notation, in particular, Sequence Diagram of Uni-
fied Model Language (UML), can be attributed to its relatively intuitive nature and the ability to
describe partial behaviors (as opposed to model-based notations, such as statecharts and process
algebras, that often represent the complete behaviors of a system or its individual component).
However, the semantics of the Sequence Diagram and its control constructs, Combined Frag-
ments, is not formally defined compared to their precise syntax description, making it extremely
difficult to understand what execution traces can be derived from the Sequence Diagram. Even
with a formal semantics, subtle synchronization and communication errors introduced in the Se-
quence Diagrams would be difficult and time-consuming to detect manually.

The objective of this dissertation is to gain theoretical understanding of the Sequence Dia-
gram, so as to integrate formal analysis techniques with Sequence Diagrams, combining their
strengths and avoiding their weaknesses to increase the accessibility of formal methods to soft-
ware practitioners. We develop a formal framework to capture the semantic concerns of Sequence
Diagrams, including interaction among system components and environmental actors via mes-
sages, interleaving, Combined Fragments, and nesting Combined Fragments, as separate linear
temporal logic (LTL) definitions, respectively. The specifics of each Combined Fragments and
variants can be expressed as additional constraints. These smaller definitions can be composed
using logical conjunction to codify the complete semantics of a Sequence Diagram variant. One

of the key benefits of representing Sequence Diagrams in LTL is the ability to specify certain



system properties or policies as intuitive Sequence Diagrams.

1.1 Sequence Diagram with Combined Fragments

Sequence Diagrams focus on the message interchange among multiple entities. In UML 1, a Se-
quence Diagram is typically used to express a single scenario, which represents an usage using
a sequence of message exchange. UML 2 adds several major features to the Sequence Diagram,
such as Combined Fragments and Interaction Use, in order to allow multiple scenarios to aggre-
gate in a single Sequence Diagram. Combined Fragments permit different types of control flow
for presenting concurrent behaviors. For instance, a Combined Fragment can represent a choice of
multiple behaviors (Alternatives Combined Fragment), an interleaving composition among mul-
tiple behaviors (Parallel Combined Fragment), an atomic behavior (Critical Region Combined
Fragment), or iterations of a behavior (Loop Combined Fragment). One Sequence Diagram can
refer to another Sequence Diagram (copying the contents of the referred Sequence Diagram) via
Interaction Use.

Combined Fragments largely increase the expressiveness of Sequence Diagram. However,
precisely interpreting and analyzing Sequence Diagrams with Combined Fragments, is challeng-
ing. The semantics of Combined Fragments is described in terms of sets of valid and invalid traces
by OMG, but it is not formally defined how to derive the traces compared to their precise syntax
descriptions [55].

Further, Combined Fragments can be nested, providing more combinations of control flows.
For instance, if a Combined Fragment presenting branching behavior is nested within a Combined
Fragment presenting iteration behavior; different choices may be made in different iterations.
Some Combined Fragments need to be nested within others to make them more significant. For
instance, a Combined Fragment representing a critical region on each enclosing Lifeline may be
nested within a Parallel Combined Fragment representing interleaving control flows. The lack

of formal semantics of Sequence Diagrams makes it difficult to comprehend what behavior is



possible in the traces that express system executions.

1.2 Linear Temporal Logic and Model Checking

Temporal logics express dynamic behaviors which are changing in time [58]. LTL [37] is a tem-
poral logic, specifying the orders of events and states using temporal operators and logical con-
nectives. It models an execution path as an infinite sequence of states or events. As a decision
procedure for LTL, model checking [16] is an automatic technique for verifying reactive system,
which is represented as a finite model. It exhaustively explores all possible executions of the
model to determine if the model satisfies a desired property, which can be expressed using an LTL
formula. If the model satisfies the property, an answer ¢rue is shown. Otherwise, a counterexam-

ple is given to demonstrate an error execution.

1.3 Problem Statement

Specifying and analyzing the behaviors of a single system using multiple Sequence Diagrams with
Combined Fragments is a challenging task for several reasons. First, the semi-formal semantics of
Sequence Diagrams, especially of (nested) Combined Fragments, makes it difficult for practition-
ers to understand and use them to precisely model software systems. Next, software practitioners
can construct multiple Sequence Diagrams that represent complementary perspectives of a single
system. Determining that these Sequence Diagrams provide a consistent specification manually
can therefore be extremely difficult. Finally, although there exist automated verification tools,
which can verify whether a behavior model satisfies desired properties, there is a mismatch be-

tween Sequence Diagrams and input language of these tools.

1.4 Related Research Efforts

Many researches have proposed their approaches using different languages, including temporal

logic [40,42], automata [31,34,39], Petri nets (colored Petri nets) [27,29], PROMELA [47], and



template semantics [64], to provide a formal semantics for scenario-based notations. Micskei and
Waeselynck [51] survey and categorize 13 approaches of UML Sequence Diagram semantics. As
one of the earliest approach, Storrle [66] proposed a trace-based semantics of the UML 2 Sequence
Diagram, introducing the semantics of all 12 Combined Fragments. Motivated by analyzing sce-
narios based requirements, Kugler et al. [40] and Kumar et al. [42] have described the semantics
of LSC using temporal logic. Their approach focuses on synchronous communication among ob-
jects, which can be applied to UML Sequence Diagrams with synchronous Messages. To support
the Interaction Operators of Combined Fragments of UML 2, especially assert and negate, Harel
and Maoz [34] propose a Modal Sequence Diagram (MSD), which is an extension of the UML 2
Sequence Diagram based on the universal/existential concepts of LSC. Their approaches increase
the expressive power of the Sequence Diagram to specifying liveness and safety properties. They
mainly consider synchronous Messages and Interaction Fragments are combined using Strict Se-
quencing. Grosu and Smolka [31] propose a formal semantics of the UML 2 Sequence Diagrams
based on the observation of positive and negative Sequence Diagrams. The positive and negative
Sequence Diagrams represent liveness and safety properties respectively using Biichi automata.
Their refinement of Sequence Diagrams provides multiple control flows as Combined Fragments.
Haugen et al. present the formal semantics of the UML 2 Sequence Diagram through an approach
named STAIRS [35]. STAIRS provides a trace-based representation for a subset of Combined
Fragments, focusing on the specific definition of refinement for Interactions. To specify and for-
malize temporal logic properties, Autili et al. [8, 9] propose the Property Sequence Chart (PSC),
which is an extension of UML 2 Sequence Diagrams. Their approach eases software engineers’
efforts for defining properties. Most of the work does not cover the semantics of all the Com-
bined Fragments, in particular, nested Combined Fragments, Interaction Constraints, and both
synchronous and asynchronous messages.

Inconsistency among design models in UML notations, can be quite problematic on large soft-
ware development projects where many developers design the same software together. Finkelstein

et al. [30] define the Viewpoints Framework: an approach where each developer has her own view-

4



point composed only of models relevant to her. Blanc et al. [11] address the problem of safety
and consistency between multiple use case and requirements models by checking model construc-
tion operations against logical inconsistency rules. Egyed [23] proposes a method for identifying
model dependencies through trace analysis among distinct model elements that represent similar
concepts. Egyed et al. also develop approaches [24] [25] [26] to detect and repair inconsistencies
between Sequence, State, and Class Diagrams using a set of consistency rules to check for well-
formed syntax and coherence among the models. Their approach is based on UML 1.3 modeling
notation and does not include more complicated features like Combined Fragments.

Verification of scenario-based notation is well-accepted as an important and challenging prob-
lem. Lima et al. provide a tool to translate UML 2 Sequence Diagrams into PROMELA-based
models and verify using SPIN, with counterexample visualizations [47]. Their translation does
not support Critical Region, Strict Sequencing, Negative, Assertion, Consider, Ignore Combined
Fragments, synchronous Messages and Interaction Constraint. Van Amstel et al. present four
complementary approaches for analyzing UML 1.5 Sequence Diagrams, which do not support
Combined Fragments [69]. They model check Sequence Diagrams using SPIN. Alawneh et al.
introduce a unified paradigm to verify and validate prominent UML 2 diagrams, including Se-
quence Diagrams, using NuSMV [2]. Their approach supports Alternatives and Parallel Com-
bined Fragments. To model check MSCs, Alur et al. [6, 7] formalize MSC using automata. They
examine different cases of MSC verification of temporal properties and present techniques for
iteratively specifying requirements [S]. They focus on MSC Graph, which is an aggregation of
MSCs. We extend their work to encompass more complicated aggregations using Combined Frag-
ments. Peled et al. perform intensive research on the verification of MSCs [32, 54], in particular,
they present an extension of the High-Level MSC [57]. They specify MSC properties in temporal
logic and check for safety and liveness properties. Kugler et al. improve the technique of smart
play-out, which is used to model check LSCs to avoid violations over computations [41]. They
can detect deadlock of dependent moves while our technique can check for desired properties.

Most of the previous work does not cover the semantics of all the Combined Fragments.
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1.5 Approach

Thesis Statement: The main goal of this work is to provide a formal framework which for-
malizes Sequence Diagrams with Combined Fragments using LTL formulas and NuSMV model.
It enables users to automatically verify multiple Sequence Diagrams are consistent. It can also
express high-level properties and policies using Sequence Diagrams.

To help us use and analyze Sequence Diagram with Combined Fragments, we have developed
a formal framework to represent its semantics in LTL, as LTL is a natural choice for specifying
traces. We use LTL formulas to express the semantic aspects prescribed by Sequence Diagram
constructs, each of which defines the execution orders among events. We deconstruct Sequence
Diagrams and Combined Fragments to obtain fine-grained syntactic constructs, and provide a col-
lection of simple LTL definitions to represent the separate aspects of the semantics to conquer
the complexity of Combined Fragments. The semantics that is common to Sequence Diagrams
and the 12 Combined Fragments is captured as a template, which is a conjunction of those sim-
pler definitions. The specifics of Combined Fragments can be expressed as additional constraints,
conjuncted to the common template to form a complete semantic definition. Nested Combined
Fragments may also be represented as conjunctions of LTL definitions. Our technique supports
all Combined Fragments, the nested Combined Fragments, both asynchronous and synchronous
Messages, and Interaction Constraints. As UML leaves many semantic variation points to be
defined by the users, we believe the LTL definitions provided by our framework can be largely
reused to formalize customizable semantics. We provide the proofs of correctness for the LTL
templates, i.e., the LTL templates capture the semantic aspects of Sequence Diagram with Com-
bined Fragments.

Our approach bridges the gap between intuitive Sequence Diagrams and formal methods, in-
creasing the accessibility of formal verification techniques to practitioners. We choose a veri-
fication tool, NuSMV [15], which is a symbolic model checker and close to industrial systems

standards. We devise an approach to codify the semantics of Sequence Diagrams and Combined



Fragments in the input language of NuSMYV with the help of deconstruction. We formally describe
each Combined Fragment in terms of NuSMV modules. The generated NuSMV model preserves
the structure of the Sequence Diagram. We provide the proofs of correctness for the NuSMV
model, i.e., the NuSMV model captures the semantic aspects of Sequence Diagram with Com-
bined Fragments. To the best of our knowledge, our technique is the first to support all Combined
Fragments and the nested Combined Fragments.

The Assertion and Negative Combined Fragments of Sequence Diagram describe the manda-
tory and forbidden behaviors respectively. Using the LTL templates, we translate the Assertion
and Negative Combined Fragments into LTL specifications to express safety properties of a sys-
tem. The model checking mechanism can explore all possible traces specified in the Sequence
Diagram, verifying if these properties are satisfied. We wish to ensure the system is safe in the
sense that (1) all the valid traces of the system satisfy the mandatory properties represented using
Assertion Combined Fragments, and (2) none of the system traces satisfy the forbidden properties
represented using Negative Combined Fragments. Thus, we can verify that a set of Sequence Di-
agrams is safe against particular properties without requiring users to specify the LTL properties

directly.

__Trace Diagram for Counterexample

Software =
Engineers Sequence

Diagrams
——

Seq
Diagram
Translation

LTL
Transformation

Legend
D: external entity

@: data flow (internal) —>: data flow (external)

Figure 1.1: Architecture of tool suite



We have developed a proof-of-concept tool suite to implement all of the techniques. Figure
1.1 illustrates the architecture of the tool suite. We have validated our technique by analyzing
and discovering violations in two design examples taken from an insurance industry software
application. We have also created an Occurrence Specification Trace Diagram generator that au-
tomatically produces Sequence Diagram visualizations from NuSMV-produced counterexamples.
This automation will increase the accessibility of our approach by allowing software engineers to

remain focused in the realm of Sequence Diagrams.

1.6 Utility of Sequence Diagrams

As a graphical notation, Sequence Diagram is more intuitive, and easier to understand than logical
expressions or textual representations for users without expertise. In the previous section, we have
discussed that Sequence Diagrams can express safety properties to ease user’s effort for verifying
a software system. In this section, we demonstrate that Sequence Diagrams can be used to express
the security requirements, especially privacy policies.

Nowadays, the storage and transmission of personal information via large-scale networks such
as the Internet, may cause serious risks. Such as personal information can be used for identity
theft, stalking and luring vulnerable individuals, stealing financial assets, achieving political ad-
vantage, intimidation and blackmail. Privacy policy, which is a statement or a legal document,
regulates the use and disclosure of personal information. Understanding and specifying privacy
policies is difficult for users and organizational policy writers without enough experiences. Se-
quence Diagram, which models dynamic behaviors among system actors and their environment
through message passing, is an appropriate candidate for modeling privacy policies.

HIPAA (Health Insurance Portability and Accountability Act of 1996) [1] is the national stan-
dard for electronic health care transactions. It consists of general administrative requirements,
administrative requirements, security rule, and privacy rule. We are interested in HIPAA privacy

rule, which focuses on regulating the transmission and use of confidential health information,



referred as protected health information (PHI) among covered entities. Covered entities are the
organizations required to comply with HIPAA, including hospitals, insurance companies, doctors
and so on. DeYoung et al. have formalized portion of HIPAA privacy rule, which sets lim-
its and conditions on the use and disclosure of PHI using a privacy logic [21]. We model the
transmission-related HIPAA privacy policies using Sequence Diagrams, which can be translated
into LTL formulas via our tool suite. Our approach assists users to understand the HIPAA privacy
policies. We believe that it also helps the organizational policy writers and users to verify whether
their policies or the transmissions of electronic health information comply with HIPAA privacy

policies.

1.7 Contributions

The main contribution of our research is six-fold:

e This dissertation proposes a technique to represent the semantics of Sequence Diagrams
with Combined Fragments using LTL, including nested Combined Fragments, Interaction
Constraints, and both synchronous and asynchronous messages. It also can be used to

formalize the semantic variations of Sequence Diagrams [61, 64].

e The formal framework enables users to specify high-level objectives, including safety prop-

erties, and policies [59, 61].

e We also propose a technique for translating a Sequence Diagram with Combined Fragments
into a NuSMV model to verify whether the Sequence Diagram meets desired properties

[63].

e We develop a tool suite to implement above techniques and visualize the NuSMV coun-

terexamples with Sequence Diagrams to ease user efforts to locate the violations [63].

e We provide the proofs of the correctness that LTL representation and NuSMV model for a
Sequence Diagram correspond to the Sequence Diagram’s semantic rules respectively [61].
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e We model HIPAA privacy rule using Sequence Diagrams to help user gain a better under-

standing of privacy policies, and validate our techniques and tool suite [61,65].

1.8 Outline

The remaining chapters of this dissertation are structured as follows. Chapter 2 summarizes the
syntax and semantics of Sequence Diagrams, and presents the deconstructions of Sequence Di-
agram to facilitate the semantic definition. Chapters 3 discusses the trace semantics for LTL
formulas and NuSMV models. Chapter 4 describes the LTL templates to represent the semantics
of Sequence Diagrams with Combined Fragments. Chapter 5 discusses using Negative and As-
sertion Combined Fragments to express the LTL safety properties. Chapter 6 describes the formal
representation of Sequence Diagrams with Combined Fragments in terms of NuSMV modules.
Chapter 7 introduces our framework for automated analysis of Sequence Diagrams and describes
the implementation of our tool suite. Chapter 8 validates our approach via a case study of an
insurance industry software application and modeling HIPAA privacy policies using Sequence

Diagrams. Chapter 9 presents related work. and we conclude with chapter 10.
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Chapter 2: UML 2 SEQUENCE DIAGRAM DECONSTRUCTION

In this section, we outline the syntax and semantics of a Sequence Diagram with Combined Frag-
ments provided by OMG [55], and present the formal definitions of a Sequence Diagram. First,
we introduce the basic Sequence Diagram. Then, we discuss the structured control constructs,
including Combined Fragments and Interaction Use. Next, we give a textual representation of
a Sequence Diagram. Last, we deconstruct a Sequence Diagram and Combined Fragments into
fine-grained syntactic constructs to facilitate the semantic description of Sequence Diagram, in

particular, Weak Sequencing among Occurrence Specifications and Combined Fragments.

Interaction

1
1:ml ! .
---------- Constraint
[ | e :
------ T
i [ par ] - [cond 1]~ !
, .'/ critical [eond3]| T
s ' > 3: m3 ’ Combined
Combined; \ H Fragment
Fragment 4: m4 . ragmel
83 i \
5, A
. Interaction,/(\‘ [eprd2] 5:m3 \
Occurrence Message ~ OPend A % 6:m6
Specification T
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a. Basic Sequence Diagram Operator N

b. Sequence Diagram with Combined Fragment

Figure 2.1: Sequence Diagram syntax

2.1 Basic Sequence Diagram

We refer to a Sequence Diagram without Combined Fragments as a basic Sequence Diagram
(see figure 2.1a for an example with annotated syntactic constructs). A Lifeline is a vertical
line representing a participating object. A horizontal line between Lifelines is a Message. Each
Message is sent from its source Lifeline to its target Lifeline and has two endpoints, e.g., ml/ is
a Message sent from Lifeline L/ to Lifeline L2 in figure 2.1a. Each endpoint is an intersection
with a Lifeline and is called an Occurrence Specification (OS), denoting a sending or receiving
event within a certain context, i.e., a Sequence Diagram. OSs can also be the beginning or end of
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an Execution Specification, indicating the period during which a participant performs a behavior
within a Lifeline, which is represented as a thin rectangle on the Lifeline.

The semantics of a basic Sequence Diagram is defined by a set of traces. A trace is a sequence
of OSs expressing Message exchange among multiple Lifelines. We identify four orthogonal
semantic aspects, each of which is expressed in terms of the execution order of concerned OSs,

must be considered for the basic Sequence Diagram [51,55]

1. On each Lifeline, OSs execute in their graphical order.
2. Each OS can execute only once, i.e., each OS is unique within a Sequence Diagram.
3. For a single Message, the sending OS must take place before the receiving OS does.

4. In a Sequence Diagram, only one object can execute an OS at a time, i.e., OSs on different

Lifelines are interleaved.

Consider again figure 2.1a. OS r2 can not happen until OS r/ executes on Lifeline L2, which
is prescribed by semantic aspect 1. All six OSs are uniquely defined, which is prescribed by
semantic aspect 2. For Message m1, OS rI can not happen until OS s/ executes, which is imposed
by semantic aspect 3. OS s/ and s2 can not happen at the same time, which is imposed by semantic
aspect 4.

Messages are of two types: asynchronous and synchronous. The source Lifeline can continue
to send or receive other Messages after an asynchronous Message is sent. If a synchronous Mes-

sage is sent, the source Lifeline blocks until it receives a response from the target Lifeline [55].

2.2 Combined Fragments

Both Combined Fragments and Interaction Use are structured control constructs introduced in
UML 2. A Combined Fragment (CF) is a solid-outline rectangle, which consists of an Inter-

action Operator and one or more Interaction Operands. Figure 2.1b shows example CFs with
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annotated syntactic constructs. A CF can enclose all, or part of, Lifelines in a Sequence Diagram.
The Interaction Operands are separated by dashed horizontal lines. The Interaction Operator is
shown in a pentagon in the upper left corner of the rectangle. OSs, CFs, and Interaction Operands
are collectively called Interaction Fragments. An Interaction Operand may contain a boolean
expression which is called an Interaction Constraint or Constraint. An Interaction Constraint is
shown in a square bracket covering the Lifeline where the first OS will happen. The CFs can be
classified by the number of their Interaction Operands. Alternatives, Parallel, Weak Sequencing
and Strict Sequencing contain multiple Operands. Option, Break, Critical Region, Loop, As-
sertion, Negative, Consider, and Ignore contain a single Operand. The example in figure 2.1b
contains two CFs: a Parallel with two Operands and a Critical Region with a single Operand.

An Interaction Use construct allows one Sequence Diagram to refer to another Sequence Di-
agram. The referring Sequence Diagram copies the contents of the referenced Sequence Diagram.

The semantics of the seq Sequence Diagram with CFs is defined by two sets of traces, one con-
taining a set of valid traces, denoted as V'al(seq), and the other containing a set of invalid traces,
denoted as Inval(seq). The intersection of these two sets is empty, i.e., Val(seq)NInval(seq) = .
Traces specified by a Sequence Diagram without a Negative CF are considered as valid traces. An
empty trace is a valid trace. Invalid traces are defined by a Negative CF. Traces that are not speci-
fied as either valid or invalid are called inconclusive traces, denoted as Incon(seq). An Assertion
specifies the set of mandatory traces in the sense that any trace that is not consistent with the traces
of it is invalid, which is denoted as M and(seq).

Along a Lifeline, OSs that are not contained in the CFs, are ordered sequentially. The order
of OSs within a CF’s Operand which does not contain other CFs in it is retained if its Constraint
evaluates to True. A CF may alter the order of OSs in its different Operands. We first identify
three independent semantic rules general to all CFs, in the sense that, these rules do not constrain

each other.

1. OSs and CFs, are combined using Weak Sequencing (defined below). On a single Life-
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line, a CF’s preceding Interaction Fragment must complete the execution prior to the CF’s

execution, and the CF’s succeeding Interaction Fragment must execute subsequently.

2. Within a CF, the order of the OSs and CFs within each Operand is maintained if the Con-
straint of the Operand evaluates to T'rue; otherwise, (i.e., the Constraint evaluates to F'alse)

the Operand is excluded.

3. The CF does not execute when the Constraints of all the Operands evaluate to F'alse. Thus,
the CF’s preceding Interaction Fragment and succeeding Interaction Fragment are ordered

by Weak Sequencing.

The semantics of each CF Operator determines the execution order of all the Operands. Each
Operator has its specific semantic implications regarding the execution of the OSs enclosed by the

CF on the covered Lifelines as described in the next section.

2.3 Interaction Operator

The execution of OSs enclosed in a CF is determined by its Interaction Operator, which is sum-

marized as follows:

e Alternatives: one of the Operands whose Interaction Constraints evaluate to 7 'rue is non-

deterministically chosen to execute.
e Option: its sole Operand executes if the Interaction Constraint is 7'rue.

e Break: its sole Operand executes if the Interaction Constraint evaluates to 7'rue. Otherwise,

the remainder of the enclosing Interaction Fragment executes.

e Parallel: the OSs on a Lifeline within different Operands may be interleaved, but the order-

ing imposed by each Operand must be maintained separately.

e Critical Region: the OSs on a Lifeline within its sole Operand must not be interleaved with
any other OSs on the same Lifeline.
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e Loop: its sole Operand will execute for at least the minimum count (lower bound) and no

more than the maximum count (upper bound) as long as the Interaction Constraint is 7'rue.

e Assertion: the OSs on a Lifeline within its sole Operand must occur immediately after the

preceding OSs.
e Negative: its Operand represents forbidden traces.

e Strict Sequencing: in any Operand except the first one, OSs cannot execute until the pre-

vious Operand completes.

e Weak Sequencing: on a Lifeline, the OSs within an Operand cannot execute until the OSs
in the previous Operand complete, the OSs from different Operands on different Lifelines

may take place in any order (cf. Strict Sequencing).
e Consider: any message types other than what is specified within the CF is ignored.
e Ignore: the specified messages types are ignored within the CF.
e Coregion: the contained OSs and CFs on a Lifeline are interleaved.

e General Ordering imposes an order between two unrelated OSs on different Lifelines.

2.4 Definition of Syntactic Constructs

A Sequence Diagram consists of a set of Lifelines and a set of Messages. A Message is the
specification of an occurrence of a message type within the Sequence Diagram, while a message
type is the signature of communications from one Lifeline to another. Each Message is uniquely
defined by its sending OS and receiving OS, each of which is associated with a location of a
Lifeline. Within the Sequence Diagram, an OS represents an occurrence of an event. The textual

representation of a Sequence Diagram is formally defined as below.
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Definition 2.1. A Sequence Diagram is given by a three tuple ( L, MSG, FG ), in which L is a
non-empty set of Lifelines enclosed in the Sequence Diagram. MSG is a set of Messages directly
enclosed in the Sequence Diagram, 1.e., Messages that are not contained by any CF. FG is a set of
CFs directly enclosed in the Sequence Diagram, i.e., the top level CFs, denoted as C'F, CF, ...,
CF,,..

Messages that are directly enclosed in the top-level CFs will be defined in their respective CFs.
Similarly CFs that are directly enclosed in top-level CFs are defined in their enclosing CFs. In

this manner, a Sequence Diagram with CFs can be recursively defined.

Definition 2.2. A Message has the form ( name, mform, OS;, OS, ), where name is the Message
name, mform denotes it is either a synchronous or an asynchronous Message, OS; denotes its
sending OS and OS, denotes its receiving OS. Each OS has the form (l;, locy, type), where ;
denotes its associated Lifeline, locy, is the location where the OS takes places on Lifeline [;, and

type denotes it is either a sending or a receiving OS.

Each Lifeline /; € L has a set of finite locations LOC(l;) C N on it. The locations form a
finite sequence 1, 2, 3, ..., k, k € N. Each location is associated with an OS uniquely and vice
versa, i.e., the relation between set LOC(l;) and the set returned by function OSS(l;) is a one-
to-one correspondence. Function OSS(l;) returns the set of OSs on lifeline /;. For example, in
figure 2.1b, the set LOC(l) contains seven locations, each of which is associated with an OS, i.e.,
OSs rl, 2,73, s4,1r5,r6,r7. Message msgl is expressed by (my,asynch, s1,r1), and OS sy is

expressed by (1, 1, send), where [; represents a participating object of class L;.

Definition 2.3. A CF CF,, has the form { L, oper, OP ). L denotes the set of Lifelines enclosed
by C'F,,, including the Lifelines which may not intersect with the Messages of C'F},. oper denotes

the Interaction Operator of CF,,,. OP denotes the sequence of Interaction Operands within C'F,,,
i~e-) Opm_b Opm_Z»-nOpm_w

Each op,, € OP has the form ( L, MSG, FG, cond ), where L denotes the set of Lifelines
enclosed by op,,; MSG denotes the set of Messages directly enclosed in op,,; FG denotes the set
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of CFs directly enclosed in op,,; and cond denotes the Interaction Constraint of op,,, which is True
if there is no Interaction Constraint. Without loss of generality, cond is represented by a boolean
variable. Comparing the structure between a Sequence Diagram and an Operand, the Sequence
Diagram does not have an Interaction Constraint. In order for an Operand and a Sequence Dia-
gram to share the same form, we assign an Interaction Constraint (which evaluates to True) to a
Sequence Diagram.

Consider figure 2.1b as an example. Sequence Diagram seq is represented by ( {l1,ls, 13},
{msg1,msgz}, {CF1} ) , where the set of Lifelines enclosed by seq contains three Lifelines,
l1,1s,13, the set of Messages directly enclosed in seq contains two Messages, msgy, msgr, and
the set of CFs directly enclose in seq contains one CF, C'F;. msg,, C'F, and msg; are combined
using Weak Sequencing. C'F is represented by ( {l, 1,13}, par, {opy,0p2} ) , where [y, 5, I3 are
Lifelines enclosed by C'F, par is the Interaction Operator of C'F;, and op;, op, are the Interaction
Operands of C'F}. op; and op, preserve their execution order if their Interaction Constraints eval-
uate to True respectively, and the execution order between op; and op, are decided by Interaction
Operator par. If both Constraints of op; and op, evaluate to False, C'F} is excluded and Messages
msg, and msg; are ordered by Weak Sequencing. Operand op; expresses the Messages and CFs
directly enclosed in it, represented by ( {1, ls, 3}, {msga}, {CFs}, condl ), where cond; is op;’s

Interaction Constraint. In this way, the syntax of seq is described recursively.

2.5 Sequence Diagram Deconstruction

To facilitate codifying the semantics of Sequence Diagrams and nested CFs in LTL formulas, we
show how to deconstruct a Sequence Diagram and CFs to obtain fine-grained syntactic constructs.
Eichner et al. have defined the Maximal Independent Set in [27] to deconstruct a Sequence Dia-
gram into fragments, each of which covers multiple Lifelines. Their proposed semantics defines
that entering a Combined Fragment has to be done synchronously by all the Lifelines, i.e., each

Combined Fragment is connected with adjacent OSs and CFs using Strict Sequencing. Recall that
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CFs can be nested within other CFs. OSs and CFs directly enclosed in the same CF or Sequence
Diagram are combined using Weak Sequencing, constraining their orders with respect to each in-
dividual Lifeline only [55]. To express the semantics of Weak Sequencing, we further deconstruct
a Sequence Diagram into syntactic constructs on each Lifeline, which also helps us to define the
semantics of nested CFs.

We project every CF cf,, onto each of its covered Lifelines /; to obtain a compositional
execution unit (CEU), which is denoted by cf,,, T;,. (The large dotted rectangle on Lifeline L/ in

figure 2.2 shows an example).

Definition 2.4. A CEU is given by a three tuple { l;, oper, setEU ), where [; is the Lifeline, onto
which we project the CF, oper is the Interaction Operator of the CFE, and setEU is the set of

execution units, one for each Operand op,, enclosed in the CF on Lifeline ;.

Every Operand op,, of CF cf,, is projected onto each of its covered Lifelines /; to obtain an
execution unit (EU) while projecting cf,, onto /;, denoted by op,, T;. If the projected Inter-
action Operand contains a nested Combined Fragment, a hierarchical execution unit (HEU) is
obtained; otherwise a basic execution unit (BEU) is obtained, i.e., an EU is a BEU if it does not
contain any other EUs. (The small dotted rectangle on Lifeline L2 in figure 2.2 shows an example

of a BEU and the large dotted rectangle shows an example of an HEU).

Definition 2.5. A BEU u is given by a pair, (E,, cond ), in which E, is a finite set of OSs on
Lifeline [; enclosed in Operand op,, which are ordered by the locations associated with them,
and cond is the Interaction Constraint of the Operand. cond is True when there is no Interaction

Constraint.

Definition 2.6. An HEU is given by ( setCEU, setBEU, cond ), where setCEU is the set of CEUs
directly enclosed in the HEU, i.e., the CEUs nested within any element of setCEU are not consid-

ered. setBEU is the set of BEUs that are directly enclosed in the HEU.

Projecting a Sequence Diagram onto each enclosing Lifeline also obtains an EU whose Con-
straint is True. The EU is an HEU if the Sequence Diagram contains CFs, otherwise, it is a BEU.
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In an HEU, we also group the OSs between two adjacent CEUs or prior to the first CEU or after
the last CEU on the same level into BEUs, which inherit the parent HEU’s Constraint, cond. (The
dotted rectangle on Lifeline L/ in figure 2.1b shows an example). The constituent BEU(s) and

CEU(s) within an HEU execute sequentially, complying with their graphical order, as do the OSs

in the BEU.
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Figure 2.2: Sequence Diagram deconstruction

In the example of figure 2.1b, Lifeline L2 demonstrates the projections of the two CFs. The
Parallel is projected to obtain a CEU. The first Operand of the Parallel is projected to obtain
an HEU, containing the CEU projected from the Critical Region and the BEU composed of the
sending OS of m2. The second Operand of the Parallel is projected to obtain a BEU. The CEU
of the Critical Region contains a BEU projected from its single Operand. The OS prior to the
Parallel is grouped into a BEU.

We provide a metamodel to show the abstract syntax of relations among BEUs, HEUs, and
CEUs in figure 2.3. An EU can be a BEU or an HEU, and one or more EUs compose a CEU. An

HEU contains one or more CEUs.

19



EU 1 CEU

BEU HEU

Figure 2.3: Execution Unit metamodel

2.6 Nested Combined Fragments

The syntactical definitions and deconstruction enable us to express the semantics of Sequence
Diagram as a composition of nested CFs at different levels. We consider the OSs and CFs directly
enclosed in the Sequence Diagram as the highest-level Interaction Fragments, which are combined
using Weak Sequencing. These OSs are grouped into BEUs on each enclosing Lifeline, which
observe total order within each BEU. For each Message, its sending OS must occur before its
receiving OS. To enforce the interleaving semantics among Lifelines, at most one OS may execute
at a time within the Sequence Diagram. The semantics of the CFs are represented at a lower-
level. Each CF contains one or more Operands, which are composed using the CF’s Interaction
Operator. Each Interaction Operator determines its means of combining Operands without altering
the semantics of each Operand. The semantics of an Operand within each CF are described at the
next level. A Sequence Diagram can be considered as an Operand whose Constraint evaluates to
True. Therefore, the semantics of each Operand containing other CFs can be described in the same
way with that of a Sequence Diagram with nested CFs. An Operand containing no other CF is
considered as the bottom-level, which has a BEU on each enclosing Lifeline. The Operand whose
Constraint evaluates to False is excluded. In this way, the semantics of a Sequence Diagram with

CFs can be described recursively.
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Chapter 3: TRACE SEMANTICS

In this chapter, we discuss the relation between the trace semantics of Sequence Diagram and
the trace semantics of LTL formulas. We also build the system runs to enable the verification of

property traces against the system model.

3.1 Sequence Diagram Trace vs LTL Trace

The semantics of a Sequence Diagram is given by valid and invalid traces. Each trace is a sequence
of OSs (i.e., event occurrences within the context of the Sequence Diagram). For Sequence Dia-
gram seq, (3267 )* represents the set of traces derived from it based on its semantic rules, where

sem
25¢d is the set of OSs of seq. X3¢ C 3, where X is the universe of event occurrences. The
concatenation of trace v and traces o is represented as v - 0. A Sequence Diagram model spec-
ifies complete traces, each of which describes a possible execution of the system, whereas a CF
of the Sequence Diagram defines a collection of their subtraces. These subtraces may interleave
with other OSs appearing in the Sequence Diagram but outside the CF, connecting using Weak
Sequencing to make complete traces of the Sequence Diagram [60]. A trace derived from a Se-
quence Diagram can be finite, denoted as v[1..n] = vjvs...v,. The trace derived from a Sequence
Diagram can also be infinite if it expresses the behavior of infinite iterations in terms of Loop with
infinity upper bound, denoted as v = v1v;...U,....

This paper presents a framework to characterize the traces of Sequence Diagram in Linear
Temporal Logic (LTL). LTL is a formal language for specifying the orders of events and states
in terms of temporal operators and logical connectives. We use LTL formulas to express the
semantic rules prescribed by Sequence Diagram constructs, each of which defines the execution
orders among OSs. Note that an LTL formula represents infinite traces. In the case that a Sequence
Diagram expresses a set of finite traces, we need to handle the mismatch between an LTL formula

and a Sequence Diagram’s finite trace semantics. To bridge the gap, we adapt the finite traces of

Sequence Diagrams without altering their semantics by adding stuttering of 7 after the last OS v,
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of each trace [31], where 7 is an invisible event occurrence which does not occur in the Sequence
Diagram. For instance, for a given Sequence Diagram, seq, Vuv.v € (3¢ )* v is extended to v-7%

sem

without changing the meaning of seq, where 7 € (X \ 3¢ ). Then, LTL formulas can express

sem

these traces. For instance, (377, )* represents all infinite traces that satisfy the LTL representation

of seq, where X777, = ¥ U {7}.

A Sequence Diagram with Negative or Assertion CFs can specify desired properties as well
as possible system executions in terms of traces. The Sequence Diagram for specifying desired
properties only consider the OSs related to the properties. We represent the traces of properties
with partial traces semantics, which allows other OSs do not appear in the Sequence Diagram but
appear in the system executions to interleave the partial traces. Our framework supports partial
traces semantics to express certain safety properties with a Sequence Diagram.

We include a summary of temporal operators that are sufficient to understand our LTL tem-
plate. [Jp means that formula p will continuously hold in all future states. <>p means that formula
p holds in some future state. Op means formula p holds in the next state. ©p means that formula
p holds in the previous state. <&p means that formula p holds in some past state. Sp = SOp
means that formula p holds in some past state, excluding current state. p &/ ¢ means that formula

p holds until some future state where ¢ becomes true, and p can be either True or False at that

state. The macro p u q = pU(q N p) states that in the state when q becomes T'rue, p stays True.

3.2 System Run vs Trace

A Sequence Diagrams expresses only example event traces of system execution. The complete
behavior of a system is specified as a set of runs, each of which is a sequence of system states.
A run can be finite, denoted as p = pgp;...pn, Or infinite, denoted as p = pop;.... po is an initial
state, and p may end with a final state p,, if the run is finite. Each p; € Q“ is a system state.
R(pi,0i41, pit1) is a transition from state p; to p;.; upon taking event occurrence o;,1. Given

a sequence of event occurrences o € Y, where X is a set of event occurrences, we define the

22



run p induced by o as a sequence of states inductively if it exists. pg is the initial state of p and
R(po, 01, p1)- (¢ does not exist.) For each i € N, if R(p;, 011, pir1), then R(p; i1, 0ir2, pir2)-
To check if a system run is induced by a trace of a Sequence Diagram, we need to additionally
consider the evaluation of the Constraints of CFs. In Sequence Diagram seq, an OS o;, may take
place if the Constraints of the CFs enclosing o; evaluates to T'rue, denoted as a set of boolean
expressions cond(c;). Recall that CFs can be nested. cond(c;) contains not only the Constraints
of the immediate CF C'F}, but also all the CFs that enclose C'F;. Given a trace o and a run p, they
are compatible with respect to seq if and only if for each o; € %, where >.°* is the set of all

OS:s of seq, the Constraints of cond(o;) evaluate to Truein p;, ice., N\ [c], = True.
cecond(o;)

Definition 3.7. We define that o compatibly induces p if and only if o and p are compatible and p

is induced by o.

In order to verify a Sequence Diagram expressing possible system runs, we translate it into
NuSMV modules. Our LTL framework generates the possible system traces represented by the
Sequence Diagram. First, using model checking technique, we can check if the traces induce the
runs of the same Sequence Diagram. Second, we can verify the NuSMV modules against safety
properties represented by Negative and Assertion respectively. Finally, the NuSMV modules can

be checked against desired temporal properties provided by software engineers.
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Chapter 4: SPECIFYING SEQUENCE DIAGRAM IN LTL

In this section, we describe how to use LTL formulas to codify the semantic rules of Sequence
Diagrams as shown in section 2. Formalizing the semantics of a notation can be challenging, es-
pecially if we consider all semantic constraints at once. To reduce the complexity and to improve
the readability, we devise an LTL framework, comprised of simpler definitions, we call templates,
to represent each semantic aspect (i.e., the execution order of event occurrences imposed by in-
dividual constructs) as a separate concern. To capture the meanings of nested CFs, we provide a
recursively defined template, in which each individual CF’s semantics is preserved (e.g., the inner
CF’s semantics is not altered by other CFs containing it). These templates can then be composed
using temporal logic operators and logical connectives to form a complete specification of a Se-
quence Diagram. In this way, if the notation evolves, many of the changes can still be localized to
respective LTL templates.

To facilitate the representation of a Sequence Diagram in LTL, we define a collection of aux-
iliary functions (see table 4.1) to access information of a Sequence Diagram. We provide the
algorithms to calculate some auxiliary functions in Appendix A. These functions are grouped
into two categories. The functions within the first group return the syntactical constructs of a
Sequence Diagram. For instance, function SN D(j) returns the sending OS of Message j. The
functions within the second group return the constructs, either whose Constraints evaluate to True
or which are contained in the Constructs whose Constraints evaluate to True. For instance, for Par-
allel C'F'1 in figure 2.1b, function nested(C F'1) returns a singleton set containing Critical Region
C'F2 if the Operand of C'F'2 evaluates to True. Otherwise, nested(C F'1) returns an empty set,
and Critical Region C'F'2 is ignored to reflect the semantic rule 3 which is general to all CFs (see
section 2.2). Functions M SG(p), LN (p), AOS(q) are overloaded where p can be an Interaction

Operand, a CF, or a Sequence Diagram, and ¢ can be p, an EU, or a CEU.
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Table 4.1: Auxiliary functions

Function | Explantation

LN(p) return the set of all Lifelines in p.

MSG(p) | return the set of all Messages directly enclosed in p.

SND(j) | return the sending OS of Message j.

RCV (j) | return the receiving OS of Message j.

Reply(u) | return the reply Message of a synchronous Message containing OS w.

typeOS(u)| return the type of OS u, which is a sending OS or a receiving OS.

typeC F(u)| return the Interaction Operator of CF .

TOP(u) | return the set of Interaction Operands whose Constraints evaluate to 7'rue within
CF u, i.e., {oplop € OPND(u) N CND(op) = True}, where OPN D(u) re-
turns the set of all Interaction Operands in Combined Fragment u, and C'N D(op)
returns the boolean value representing the Interaction Constraint of Interaction
Operand op, which is lifted to a CF containing a sole Operand.

nested(u) | return the set of CFs, which are directly enclosed in CF u’s Interaction Operands
whose Constraints evaluate to T'rue. It can be overloaded to an Interaction
Operand or a Sequence Diagram.

TBEU(u) | for CEU or EU u, return a set of directly enclosed BEUs, whose Constrains
evaluate to True, ie., {beulbeu € ABEU(u) AN CND(beu) = True}, where
ABEU (u) returns the set of BEUs directly contained by CEU or EU w.

AOS(q) return the set of OSs which are enabled (i.e., the Constraints associated with it
evaluate to T'rue) and chosen to execute in q.

TOS(u) | return the set of OSs of the BEUs directly enclosed in CEU or EU u whose Con-
staints evaluates to T'rue, i.e.,

{os|bew € TBEU (u) A os € AOS(beu)}

pre(u) return the set of OSs which may happen right before CEU «. The set contains an
OS if a BEU whose Constraint evaluates to 7'rue prior to v on the same Lifeline.
If a CEU executes prior to u on the same Lifeline, the set may contain a single
or multiple OSs depending on the CEU’s Operator and nested CEUs (if there are
any nested CEUs). If an HEU executes prior to v on the same Lifeline, the set is
determined by the last CEU or BEU nested within the HEU.

post(u) return the set of OSs which may happen right after CEU u, which can be calcu-

lated in a similar way as pre(u).
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4.1 Basic Sequence Diagram

In this section, we provide an LTL template, and prove that it represents the semantics of a basic

Sequence Diagram.
4.1.1 LTL Template of Basic Sequence Diagram

We start with defining an LTL template, called Hf;‘;s“ (see figure 4.1), to represent the semantics of
basic Sequence Diagram. The semantic rules for basic Sequence Diagram seq defined in section
2.1 are codified separately using formulas ay, 3;, and €¢,.

a, focuses on the intra-lifeline behavior to enforce rules 1 and 2. Recall that when projecting
a Basic Sequence Diagram seq onto its covered Lifelines, LN (seq), we obtain BEU g for each
Lifeline i, denoted as seq 1;. Each BEU g contains a trace of OSs, o[r..(r + |[AOS(g)| — 1)],
where (r > 0) and o, is the first OS in BEU g, function AOS(g) returns the set of OSs within
g, and |[AOS(g)| has its usual meaning, returning the size of set AOS(g). The first conjunct of
o, enforces the total order of OSs in each BEU g, i.e., for all £ > r, O.S;, must happen (strictly)
before O.Sk1, ensured by OS54 U OSy. The second conjunct of «, enforces that every OS
in BEU g executes only once. The semantics enforced by each o, does not constrain each other.
Thus, the intra-lifeline semantics of seq is enforced by the conjunction of «, for each Lifeline.
Similarly, the semantics rule 3 is codified by a conjunction of 3; for each message j. Formula
B, enforces that, for message j, its receiving OS, RC'V (j), cannot happen until its sending OS,
SN D(j) happens. Formula ¢, enforces interleaving semantics of complete traces among all
the OSs of Sequence Diagram seq in the fourth rule, which denotes that only one OS of seq can
execute at once, and the traces should execute uninterrupted until all the OSs of seq have taken
place. The trace stutters at the end with 7 We define the logical operator “unique or” as “\7”, to
denote that exactly one of its OSs is chosen. A formula with logical connectives, /\ a; returns

a; €S
the conjunction of all the elements a; within the set S. It returns True if S is an empty set.
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Hi(;sic =( /\ ag) A ( /\ Bj) A €seq

ieLN(;‘Fzg) JEMSG(seq)

g=se 7

ay =( A (~OSea UOS) A\ (=08, U (0S. AOD=0S,))
ke[r.r+]AO0S(g)|—2] 0S.€A0S(g)

B; ==RCV (j) U SND(j)

—

eseg=0(C\/  0Sw) v (N (505w)

0SmeAOS (seq) 08, €AOS(seq)

Figure 4.1: LTL templates for basic Sequence Diagram

4.1.2 Proof for LTL Template of Basic Sequence Diagram

We wish to prove that the LTL templates for basic Sequence Diagram capture the semantics of
basic Sequence Diagram. Recall that the semantic rules of basic Sequence Diagrams have been

presented in section 2.1. We begin by rewriting the LTL template 1122 into 1275 (see figure

seq seq

4.2). We show I1575i ig equivalent to 1225 with slightly syntactical different form.

seq seq

ﬁsBel(l]SiC :( /\ dg) A ( /\ ﬂ]) A ( /\ ﬁj) A Eseq

ieLN(Sﬂ_@ JEMSG(seq) JEMSG(seq)

g=seql;
Qg = /\ (=OSk4+1 U OSy)
kelr..(r+]AO0S(g9)|—2)]
pj =(=SND(j)U (SND(j) N\OO-SND(j))) A (=RCV(j)U (RCV(j)AOO-RCV(j)))
B ==RCV (j) U SND(j)

—

5seq:D<( \/ OSn) Vv ( /\ (<:>OS7n)))

08S,,€A0S (seq) 08S,, A0S (seq)

Figure 4.2: Rewriting LTL templates for basic Sequence Diagram

In Hf;‘ffic, sub-formulas 3; and €,., keep unchanged from Hi‘fl‘”c. We can rewrite the sub-

formula )\ «, into a conjunction of /A &, and A pj (see figure 4.3). Sub-
i€LN(seq) i€LN(seq) JEMSG(seq)
g=seql; g=seql;
formula  /\ ¢, is equivalent to a conjunction of two sub-formulas (see line 1), where the
S
first sub-formulais A &, (see line 2), enforcing the total order of OSs in BEU g along each
i€ LN (seq)
g=seql;
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Lifeline of seq. Recall that an OS is an event occurrence within the certain context, i.e., seq. The

second sub-formula, A (A (=0S. U (0S. A OO-0S.))), enforcing that, for all
i€LN(seq) OS.€AOS(g)

g=seql;

Lifelines, every OS along each Lifeline executes once and only once. It is equivalent to enforcing
that, for each Message, its sending OS and receiving OS execute once and only once respectively

(see line 2), which can be captured using sub-formula A p; (see line 3).

JEMSG(seq)
Neg= AN« N (~OSk 1 UOS)A( /\  (~0S. U (0S. AOO—0S.))))
i€LN (seq) iELN(sea)  kE[r..(r+]AOS(g)[~2)] 08.€A0S5(g)
= A N\ CO0Seatdos)n N (N (R0S.U(0S. AOO-0S.))) (1)
i€LN(seq) ke[r..(r4]AO0S(g)|—2)] i€LN(seq) 0S.€AO0S(g)

g=seql; g=seql;

= N\ a)Al A ((=SND() U (SND(j) AOO~SND()))

iiife(;;-@ JEMSG(seq)
A (=RCV () U (RCV(j) A OO-RCV(5)))) (2)
= N a)nC A e (3)
iELN(seq) JEMSG (seq)

g=seql;

Figure 4.3: Rewriting 1595 into T1Basic

seq seq
For a given basic Sequence Diagram, seq, with j Messages and 2j event occurrences (each

Message has a sending event occurrence and a receiving event occurrence), 23l is the set of

event occurrences of seq. X540 C 3, where X is the universe of event occurrences. The set

of valid traces, (3¢9 )*, contains finite traces derived from seq based on the semantic rules of

sem

seq

Sequence Diagrams. >, is the set of event occurrences of LTL representation of seq, Hf;‘;m,

where X7, = X5 U {7}. 7 is an invisible event occurrence which does not occur in segq,

ie, T € (X\ X)), (X77,)” represents all infinite traces that satisfy II7%*. For each trace
o€ (2;3‘% 1 )¥, function pre; (o) returns the prefix of length i of trace o, i.e., o1..q. We lift function
prei(o) to PRE;((X74,)“) to apply to a set of traces. Function PRE;((X77,)”) returns the
set of the prefixes of the traces within (X77,)“, where the length of each prefix must be 1, i.e.,

PRE;(X77,)°) = {prei(o)lo € (S77.)“}-

Lemma 4.8. For a given Sequence Diagram, seq, with j Messages, if o € (X77,)“, then o must
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have the form, o = o[y 2 - T, where 07135 contains no 7.

Proof. If 0 = Hf;‘;m, then o |= €5, We can directly infer from sub-formula ¢,,, that, in o,

only one OS of seq can execute at a time, and o should execute uninterrupted until all the OSs of

seq have taken place. Similarly, we can infer from the assumption that o = A\ pj. From
JEMSG(seq)
sub-formula A p;,» we can infer that each OS within seq can execute once and only once
JEMSG(seq)
in 0. seq contains j Messages with 2j OSs, so o should have the form, o = oy 25 - 7. ]

The semantics of a basic Sequence Diagram is given by a set of valid, finite traces, while
LTL formulas describe infinite traces. To represent the semantics of a basic Sequence Diagram
using LTL formulas, we need to bridge the gap by adding stuttering of 7 after each finite trace of

the Sequence Diagram. For instance, for a given Sequence Diagram, seq, Vu.v € (23¢9 )* v is

sem

extended to v - 7% without changing the meaning of seq.
We wish to prove that for a given Sequence Diagram, seq, with 7 Messages, Yv.v €

(Bsea ) v - = 1B e, v- 79 € (X77F,)%. The semantic rule of seq defines that each

sem seq

OS occurs once and only once. Thus, Vv.v € (X5 )* |v| = 2. From lemma 4.8, we learn that

Vo.o € (X77.)°,0 = op.ay - 7%, where opy o contains no 7. op o) € PRE;((X77,)%). If
You € (E2)* v - 1¢ € (X77,)%, we can infer that, v € PREs;((X77,)%), i.e., (X54)* C
PREs;((8771)%)-

We also wish to prove that Vo.o € (X77,),0pn.25 € (X59)", i.e., PREy;((377.)°) €

sem

(Eseq )*

sSem

Theorem 4.9. For a given Sequence Diagram, seq, with j Messages, (X5°9)* and

sem

PRE,;((X74)¢) are equal.

We provide the proof of theorem 4.9 in appendix B.1.

4.2 Combined Fragments

A Combined Fragment (CF) can modify the sequential execution of its enclosed OSs on each
Lifeline. Moreover, a Sequence Diagram can contain multiple CFs that can be nested within
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each other. Though these features make a Sequence Diagram more expressive, they increase the

Basic
seq

complexity of representing all the traces of CFs. To capture these features, we generalize 11
to I, for expressing Sequence Diagram with CFs (see figure 4.4). We introduce a new template
PCF to assert the semantics of each CF directly enclosed in seq. Template II,., 1s a conjunction
of the formulas «,, 3;, ®“*" and &,.,, which is equivalent to the LTL template of basic Sequence
Diagram if seq does not contain any CF.

Hseq = /\ ( /\ O‘g) A /\ ﬂj A /\ T A Eseq

1€LN(seq) geTBEU (seql;) JEMSG(seq) CFéenested(seq)

Figure 4.4: LTL templates for Sequence Diagram with Combined Fragments

When multiple CFs and OSs present in a Sequence Diagram, they are combined using Weak
Sequencing — CFs and OSs on the same Lifeline execute sequentially, whereas CFs and OSs on
different Lifelines execute independently, except the pairs of OSs belonging to Messages. Thus,
we project Sequence Diagram seq with CFs onto Lifelines to obtain a collection of CEUs and
EUs, facilitating us to focus on OSs on each single Lifeline. The OSs directly enclosed in seq are
grouped into BEUs, whose semantics are enforced by a conjunction of o, for each BEU g. The
order of OSs within Messages directly enclosed in seq are enforced by a conjunction of (3; for
each Message j. €., enforces that at most one OS can execute at a time for all the OSs within
seq. One way to implement these formulas is provided in Appendix B. If seq contains a Loop, the
OSs of seq includes OSs in each iteration of the Loop.

Template ®F (see figure 4.5) considers three cases. Formula (1) asserts the case that the
C'F contains no Operand whose Constraint evaluates to 7'rue. Thus, the OSs within the C'F’ are
excluded from the traces. Semantics rule 3 for CFs states Weak Sequencing among the CF’s pre-
ceding Interaction Fragments and succeeding ones, which is enforce by formula . Functions
pre(CF 1;) and post(C'F 7;) return the set of OSs which may happen right before and after
CEU CF 1; respectively. The formula n“¥" enforces that the preceding set of OSs must happen

before the succeeding set of OS on each Lifeline i, which sets to T'rue if either pre(C'F 1;) or
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post(C'F' 1;) returning empty set. Formula (2) asserts the case that C'F’ contains at least one
Operand whose Constraint evaluates to T'rue, and C'F' is not an Alternatives or a Loop. The first
conjunct W defines the semantics of OSs directly enclosed in C'F'. The second conjunct states
the semantics of each C'F;, which are directly enclosed in the C'F' is enforced by each OCFi In

this way, ®¢F

can be defined recursively until it has no nested CFs.

Template WF' captures the semantics that is common to all CFs (except Alternatives and
Loop) (see figure 4.6). Sub-formula 7“¥" enforces semantic rule 1, which defines the sequential
execution on every Lifeline ¢. The first conjunct enforces that the preceding set of OSs must
happen before each OS in C'F on Lifeline 7, and the second conjunct enforces that the succeeding
set of OSs must take place afterwards. 0 states semantic rule 2, which defines the order among
OS:s directly enclosed in CF. 0¥ is a conjunction of ags and ;s. The ays is a conjunction of all
oy of each Lifeline, where g is a BEU whose condition evaluates to True. The (3;s is a conjunction
of 3; of each Message.

Formula (3) asserts the case for Alternatives and Loop, which contain at least one Operand
whose Constraint evaluates to True. For Alternatives, W& defines the semantics of OSs and
CFs directly enclosed in CF. WG and ®°Fi for C'F; nested in the Alternatives form an indirect
recursion (see figure 4.11). The semantics of Loop is defined in a similar way (see figure 4.16).

Semantic rule 4 varies for CFs with different Operators, which is enforced by adding different

semantics constraints on W for each individual CF respectively. The semantics specifics for

different types of CF Operators are defined as below.
4.2.1 Concurrency

The Parallel represents concurrency among its Operands. The OSs of different Operands within
Parallel can be interleaved as long as the ordering imposed by each Operand is preserved. Figure
2.1b is an example of Parallel with two Operands. The OSs within the same Operand respect the
order along a Lifeline or a Message, whereas the OSs from different Operands may execute in any

order even if they are on the same Lifeline. For instance, OS r5 (i.e., the receiving OS of Message
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nOF if [TOP(CF)|=0 (1)

TOF A A ®CF if (ITOP(CF)| > 0)A
CF;enested(CF)

- (typeCF(CF) # alt) A (typeCF(CF) # loop)  (2)
wor if (|JTOP(CF)|> 0)A

L ((typeCF(CF) = alt) V (typeCF(CF) = loop)) (3)

= A A (=OSpost)) U ( A (©OSpre)))

t€eLN(CF) OSpostcpost(CF1;) OSpre€pre(CF1;)

(I)CF

Figure 4.5: LTL template for nesting Combined Fragment

\IICF — QCF/\ /\ ,yzCF

iELN(CF)
= AN (N agn A B;
i€LN(CF) geTBEU(CF1;) JEMSG(TOP(CF))
W= N (oSU( N (©08y)) A(( A (0Sp0s)) U (©089)))
OSeTOS(CF1;) OSprecpre(CF1;) OSpost€post(CF1;)

Figure 4.6: LTL template for OSs directly enclosed in Combined Fragment
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m5) and OS r6 on Lifeline L2 maintain their order. OS r2 and OS s5 on Lifeline L/ many execute
in any order since they are in different Operands. Parallel does not add extra constraint to the

general semantic rules of CF. Thus, the semantics of Parallel can be formally defined (see figure

4.7).

CF CF CF
\ijar =0 VAN /\ Yi
1€ELN(CF)

Figure 4.7: LTL formula for Parallel

4.2.2 Branching

Collectively, we call Option, Alternatives and Break Branching constructs.

Representing Option

opt [cond1]

2: m2

F-4 &

(3

(=

)

B e
(5]

3:m3

-

4: m4

1

Figure 4.8: Example for OCF

The Option represents a choice of behaviors that either the (sole) Operand happens or nothing
happens. As Option does not add any extra constraint to the execution of its sole Operand, its

semantics can be formally defined as the template (see figure 4.9).

CF CF CF
\Ilopt =0 A /\ Vi
1€ELN(CF)

Figure 4.9: LTL formula for Option
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Figure 4.8 is an example of Option. The OSs within the Option execute if cond! evaluates to
True. Otherwise, the Option is excluded, and its semantics is defined by formula 7, i.e., Messages

ml and m4 are combined with Weak Sequencing.
Representing Alternatives

The Alternatives chooses at most one of its Operands to execute. Each Operand must have an
explicit or an implicit or an “else” Constraint. The chosen Operand’s Constraint must evaluate
to T'rue. An implicit Constraint always evaluates to T'rue. The “else” Constraint is the negation
of the disjunction of all other Constraints in the enclosing Alternatives. If none of the Operands
whose Constraints evaluate to True, the Alternatives is excluded. The translation of an Alterna-
tives into an LTL formula must enumerate all possible choices of executions in that only OSs of
one of the Operands, whose Constraints evaluate to T'rue, will happen. LTL formula S in fig-
ure 4.11 defines the semantics of Alternatives, which is a conjunction of ®7},. Each @7, represents
the semantics of Operand m, whose Constraint evaluates to 7T'rue, which is achieved by function
TOP(CF).

The semantics of the chosen Operand (if clause) is described by 05", 75 and ®“**, where
6CF defines the partial order of OSs within the chosen Operand and ®“** defines the semantics
of CFs directly enclosed in the chosen Operand. Functions ¥, and ®“/* invoke each other to
form indirect recursion. The sub-formula of the unchosen Operand (else clause) returns True,
i.e., the unchosen Operand does not add any constraint. The Weak Sequencing of the Alternatives
is represented by 7<% instead of ¥, which enforces Weak Sequencing between the chosen
Operand and the preceding/succeeding OSs of the Alternatives.

One way to implement the chosen Operand (if clause) is using a boolean variable exe for
each Operand whose Interaction Constraint evaluates to 7'rue. The variable exe should satisfy the

following assertion,

/\/\ezcei A /\ (exe; — cond;)

1€[l..m] i€[l..m]
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The first conjunct expresses that only one exe sets to 1rue, i.e., exactly one Operand is chosen.
The second conjunct enforces that the Interaction Constraint of Operand whose exe sets to True
must evaluate to T'rue. Figure 4.10 shows an example of an Alternatives with three Operands
enclosing three Lifelines. We assume the Constraints of the first and the third Operands evaluate
to T'rue, the one of the second Operand evaluates to Flalse. Only one between the first and the

third Operands is chosen by evaluating its variable exe to True.

T
|
1:ml .

alt

‘ :Illl ‘ ‘ (L2 ‘ ‘ :1;3 ‘
H l
i

[cond1] i

2:m2 —

[cond2]

Figure 4.10: Example for Alternatives

\I’gf = /\ alt
meTOP(CF)
0SEN N FCEA A PCF if mis the chosen Operand (1)
ZlLt = 1€LN(CF) ’ CFienested(m)
True else (2)
o= AN C N agn A 5
i€LN(m) geTBEU(m1;) JEMSG(TOP(m))
Ym= N\ (0sU N\ (©0Su)) A N (0Sp0s)) U (©08)))
OSeTOS(m1;) OSpre€pre(CF1;) OSpost€post(CF1;)

Figure 4.11: LTL formula for Alternatives

Representing Break

The Break states that if the Operand’s Constraint evaluates to T'rue, it executes instead of the

remainder of the enclosing Interaction Fragment. Otherwise, the Operand does not execute, and
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the remainder of the enclosing Interaction Fragment executes. A Break can be represented as an
Alternatives in a straightforward way. We rewrite the semantics interpretation of Break as an Al-
ternatives with two Operands, the Operand of Break and the Operand representing the remainder
of the enclosing Interaction Fragment. The Constraint of the second Operand is the negation of
the first Operand’s Constraint. For example, the Interaction Fragment enclosing the Break is the
first Operand of the Parallel rather than the Parallel (see figure 4.12). We rewrite the Sequence
Diagram, using Alternatives to replace Break (see figure 4.13). cond3 is the Constraint of Break
and cond4 is the negation of it. In this way, only one Operand can be chosen to execute. Thus,

the LTL representation of Break can be represented as the LTL formula for Alternatives with two

Operands.
[ u ] [ 2 ] [ L
[ ] 2 [ s S !
T T T
[ ] 0 ] ; Jpa.r [cond 1] 1:ml
par ) can 1:ml
alt
J [cond3]
break [cond3] 2: m2
2:m2 3:m3
3:m3
B Aot - — — — — 4
4: m4 Legnd4) 4: md
I C R | T T s sms ||| T
6: m6
6: m6 =

Figure 4.13: Representing Break using Alter-

Figure 4.12: Example for Break g
natives

4.2.3 Atomicity

The Critical Region represents that the execution of its OSs is in an atomic manner, i.e., restricting
OSs within its sole Operand from being interleaved with other OSs on the same Lifeline. In the

example of figure 2.1b, a Critical Region is nested in the first Operand of the Parallel. OSs s2, r5

CF
critical

and r6 can not interleave the execution of OSs r3 and s4. Formula ¥ presents the semantics
for Critical Region (see figure 4.14). 0°F and ¢ have their usual meanings. &y, s, enforces

that on each Lifeline, if any of the OSs within the CEU of Critical Region (representing as the set
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of M) occurs, no other OSs on that Lifeline (representing as the set of M) are allowed to occur
until all the OSs in M, finish. Thus, M, is guaranteed to execute as an atomic region. Function
“\” represents the removal of the set of OSs for Critical Region from the set of OSs for Sequence

Diagram seq on Lifeline :.

Ui =07 A N\ AT A N Soscrn). (408(seqtNAOS(CFL)))
i€LN(CF) iELN(CF)
Saan, =0\ 0S)—=(( N\ OS)HU( /\ ©O0S)))
OSkEM1 OSjeMQ OSkEMl

Figure 4.14: LTL formula for Critical Region

4.2.4 Iteration

The Loop represents the iterations of the sole Operand, which are connected by Weak Sequencing.
To restrict the number of iterations, the Operand’s Constraint may include a lower bound, minint,
and an upper bound, maxint, i.e., a Loop iterates at least the minint number of times and at most the
maxint number of times. If the Constraint evaluates to False after the minint number of iterations,
the Loop will terminate. Bounded Loop, whose maxint is given, can be formalized using LTL
formulas. First, we consider fixed Loop. Figure 4.15 is an example of fixed Loop which iterates

exactly three times.

loop (3,3)
[cpnd1] 1:ml

P-4 &
c

-1
B B
W

Figure 4.15: Example for Loop

Each OS is an instance of an event, which is unique within a Sequence Diagram. To keep

each OS within different iterations of a Loop unique, one way to implement an OS is defining an
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array to rename the OS of each iteration. We introduce R, representing the number of iterations
and n, representing the current iteration number on Lifeline :. The Loop in iteration n can be
represented as Loop([n]. For example, the Loop in figure 4.15 has three iterations, Loop [1], Loop
[2] and Loop [3]. Figure 4.16 shows an LTL formula for a Loop. é\R overloads #°¥', which asserts
the order of OSs during each iteration. 7; r enforces the Weak Sequencing among Loop iterations
and its preceding/following sets of OSs on each Lifeline ¢, i.e., the first Loop iteration execute
before the preceding set of OSs, and the last Loop iteration execute after the succeeding set of
OSs. An OS and the value of n together represent the OS in a specific iteration, (e.g., the element
(OSk[n]) expresses OSy, in the nth iteration). The OSs within nested CFs are renamed with the
same strategy. Template «; i 1s introduced to enforce Weak Sequencing among Loop iterations,

e.g., on the same Lifeline, OS;[n + 1] can not happen until OSj[n| finishes execution.

‘I’gf;;;,R =0r N\ /\ Yi,r N /\ Ki R N\ /\ dCilnl
1€LN(CF) tELN(CF) op gE[li-ldz](CF)
t neste
Or = /\ ( /\ 0g,R) N /\ Bj.r

i€LN(CF) geTBEU(CFT;) JEMSG(TOP(k))

agr= N (OSa[m)UOS D) A )\ (OSc[n] U (OS.[n] A OO-OS,[n]))
ke€[r..r+|AOS(g)|—2] 0SecAOS(g)
nell..R] ne[l..R]
Bir= [\ ((RCV(j)n])U (SND(j)[n]))
nell..R|
az}R = /\ (_‘OSZ/N{ ( /\ (@O‘Spre)))
OSeTOS(CF1]1:) OSpre€pre(CF[1]1;)
A /\ (( /\(—\OSpost>) z:[v (QOS))
OSETOS(CF[R]1:) OSpostEpost(CF[R]T:)
k= N\ (N COSm+1puC N\ (©0Sn)

ne[l..R—1] 0S,€A0S(CF1;) 08,€AOS(CF1;)

Figure 4.16: LTL formula for fixed Loop

If the Loop is not fixed and it does not have infinity upper bound, we need to evaluate the

Interaction Constraint of the its sole Operand during each iteration. Similarly to fixed Loop, the
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finite but not fixed Loop can be unfolded by repeating iterations. To keep the Constraint of each
iteration unique, an array is defined to rename the Constraint, e.g., the Constraint of iteration n is
represented as cond[n]. The order of OSs during each iteration is asserted as the fixed Loop. Two
adjacent iterations are connected using Weak Sequencing. If n < minint, cond[n] sets to True
and the Loop executes. If minint < n < maxint, the Loop executes only if cond[n] evaluates
to T'rue. Otherwise, the Loop terminates and the Constraints of remaining iterations (i.e., from
cond[n+1] to cond[maxint]) set to False. The Loop no longer executes when its iteration reaches

maxint.

4.2.5 Negation

F

Figure 4.17: Example for Negative

A Negative represents that the set of traces within a Negative are invalid. For example, there
are three traces defined by the Negative in figure 4.17 [s1, s2, rl, r2], [s2, si, rl, r2], and [s],
rl, s2, r2], which are invalid traces. Formula \IISEZ = §°F formally defines the semantics of
Negative CF, asserting the order of OSs directly enclosed in it. If the Interaction Constraint of

the Negative evaluates to F'alse, the traces within the Negative may be invalid traces or the

Operand is excluded.
4.2.6 Assertion

An Assertion representing, on each Lifeline, a set of mandatory traces, which are the only valid

CF

traces following the Assertion’s preceding OSs. Its semantics is formally defined as W, in

figure 4.19. 0°F and 7“F have their usual meanings. Function )\Z(';f:f(CFTiL A0s(CF1,)) Tepresents
that on Lifeline 7, if all the OSs in the set of pre happen, no other OSs in Sequence Diagram seq are
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agsdrt J

[eand3]

3:m3

[cang2]
5:m5

6 :m6

Figure 4.18: Example for Assertion

allowed to happen until all the OSs in assertion complete their execution. The function prevents
the Assertion and its preceding OSs from being interleaved by other OSs, which is required when
the Assertion is nested within other CFs, such as Parallel. For example (see figure 4.18), an
Assertion is nested within a Parallel. The OSs within the CEU of the Assertion execute right after
their preceding OSs finish execution. On Lifeline L3, after the execution of OS r2, OSs s3 and r4

must happen without being interleaved by OS s6.

CF _nCF CF i,8eq
\Passert =0 N /\ i A /\ )\(pre(CFTi),AOS(CFTZ‘))
1€ELN(CF) 1€ELN(CF)
Ao, =00 A\ (©08,) = (( A (FOS)HU( J\ (©085,))
OSpeN; 0S4€(AOS(seqli)\N2) 0S-EN2

Figure 4.19: LTL formula for Assertion

4.2.77 Weak Sequencing

The Weak Sequencing restricts the execution orders among its Operands along each Lifeline Fig-
ure 4.20 is an example of Weak Sequencing, where OS s4 can not happen until OS s3 execute,
whereas OS s4 and r3 may happen in any order as they are on different Lifelines. The LTL

definition of Weak Sequencing is given as below (see figure 4.21)..

QCF

Templates and 7“F have their usual meaning. ~ specifies the execution orders be-

tween adjacent Operands, as well as enforcing the Weak Sequencing between the CF and its

40



T
|
|
weak 1
[cond1] :
1:ml o
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[eond2] 4: m4

Figure 4.20: Example for Weak Sequencing

F F F
‘llgea,k :90 A /\ %’C A /\ ( /\ ’Yim)
i€LN(CF) i€LN(CF) meTOP(CF)

Figure 4.21: LTL formula for Weak Sequencing

preceding/succeeding Interaction Fragments (y“%). (The LTL formula keeps v“*" for clarity and

consistency.)
4.2.8 Strict Sequencing

The Strict Sequencing imposes an order among OSs within different Operands. For an Operand,
all OSs must take place before any OS of its following Operand. In other words, any OS of an
Operand can not execute until all OSs of the previous Operand finish execution. The Strict Se-
quencing enforces the synchronization among multiple Lifelines, i.e., any covered Lifeline needs
to wait other Lifelines to enter the second or subsequent Operand together. (Weak Sequencing
enforces the order among Operands on each Lifeline.) For example, OS s4 will not execute until
all OSs within the first Operand, including s/, rl, s2, r2, s3, and r3 complete execution.

Figure 4.23 presents the semantics of Strict Sequencing. Template 6" has its usual meaning.
The Strict Sequencing and its adjacent Interaction Fragments are connected using Weak Sequenc-
ing, which is expressed by template 7“¥" as usual. Function Y, asserts the order between each

Operand k and its preceding Operand whose Constraint evaluates to True. Function pre EU (u)
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[cond2]

Figure 4.22: Example for Strict Sequencing

returns the set of OSs within EU v which happen right before EU u, i.e., the Constraint of EU v
evaluates to True. Function NFTOP(CF) returns the set of Interaction Operands whose Con-

straints evaluate to True within CF, excluding the first one.

vGh, =0T A AN A
i€ELN(CF) EENFTOP(CF)
xe=0C N\ osyuc A ( A (©O0Spre))))
OS€AOS(k) iELN(CF) OSpre€preEU(K1;)

Figure 4.23: LTL formula for Strict Sequencing

4.2.9 Coregion

‘ (L2 ‘ ‘ :L3 ‘
T T
| |
| |
|
|

3:m3 l 1

Figure 4.24: Example for Coregion

A Coregion is an area of a single Lifeline, which is semantically equivalent to a Parallel that the
OSs are unordered. Figure 4.24 shows an example of Coregion, where OS r3 and r4 may execute
in any order. We represent the Coregion into an LTL formula in a similar way as a Parallel (see
figure 4.25). Each OS within the Coregion is considered as an Operand of the Parallel, no order
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of OSs within a BEU needs to be defined. Template % is excluded because a Coregion does not
contain any complete Messages. Complete messages are defined by the CF or Sequence Diagram
which directly encloses them. % describes the Weak Sequencing between Coregion and its
preceding/succeeding set of OSs. The LTL formula does not describe the Messages containing

the OSs of the Coregion.

CF CF
v =%

coregion

Figure 4.25: LTL formula for Coregion

4.3 Ignore and Consider

So far, all the CFs define a collection of partial traces, which only interleave the OSs appearing in
the Sequence Diagram to form a complete trace. The Ignore and Consider CFs allow other OSs
that are not considered or ignored extend the traces. Ignore and Consider take into consideration
the message types which do not appear in the Sequence Diagram. Generally, the interpretation of
a Sequence Diagram only considers the message types explicitly shown in it. An Ignore specifies
a list of message types which needs to be ignored within the CF. For instance, Messages whose
type is m3 are ignored in the Ignore CF (see figure 4.26). A Consider specifies a list of considered
message types, which is equivalent to specifying other possible message types to be ignored.
For instance, the Consider CF only considers Messages whose types are m2, m3 or mb (see
figure 4.27). To design well-formed Ignore or Consider, some syntactical constraints need to be
mentioned. For Consider, only Messages whose types specified by the list of considered Messages
can appear in the CF [60]. For Ignore, the ignored message types are suppressed in the CF [60].
Within the Ignore, the Messages appearing in the CF and the Messages which are explic-
itly ignored in the CF need to be constrained (see figure 4.28). 6" and y“F have their usual
meaning, which describe the semantics of Messages appearing in the Ignore. Each OS of the
ignored Messages executes only once, which is enforced by ;gnoreos(cr). We introduce func-
tion ignoreM sg(C'F') to return the set of Messages of the ignored message types which occur
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Figure 4.26: Example for Ignore
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consider {m2, m3, m5}

[cond1]

m2

“—1 |

Figure 4.27: Example for Consider

in C'F, which can be finite or infinite. Function ignoreOS(CF) returns the set of OSs associ-
ated with Messages of ignored message types, which can also be finite or infinite. Formula
enforces that, for each ignored Message k, its sending OS must happen before its receiving OS.
Formula v;7  o5crr,) extends 7", which enforces any OS of the set of the ignored OSs can

only happen within the CEU of the Ignore on each Lifeline, formally,

W= AN(osu N (©0SuNAN N\ (F0Su) U ($08)))

0SesS OSpre€pre(CF1;) OSpost€Epost(CF1;)

where S can be replaced using ignoreOS(CF 1;). Formula € seq,ignore0S(CF) €Xtends €44 tO

include the OSs of ignored Messages in the set of OSs of seq, formally,
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o —

Eseq,ignoreOS(CF) = D(( \/ OSP) \% ( /\ (@OSI))))

0Spe(AOS (seq)UignoreOS(CF)) 0Spe(AOS (seq)UignoreOS(CF))

Thus, function ¢,., of Sequence Diagram with Ignore enforces the interleaving semantics among
OSs appearing in seq and OSs of the ignored Messages.

As the dual Operator of ignore, the semantics of a CF with Operator consider is equivalent
to ignoring all possible Message types except the considered types. In this way, the LTL for-
mula of Ignore can be adapted to represent the semantics of Consider (see figure 4.29). Function
AllM sg(CF) \ consider M sg(CF) returns the Messages which are not considered but occur in
CF, where AllM sg(CF) returns all possible Messages, including Messages of considered types
and Messages of ignored types. consider M sg(CF) returns the Messages of considered types.
Function ¥ \ considerOS(CF') returns all possible OSs within C'F' except the OSs of consid-
ered Messages, where Y. is the set of all possible OSs including considered OSs and ignored OSs,
and considerOS(CF) returns the set of OSs of considered Messages. In this way, the Sequence

Diagram with Consider or Ignore no longer derive complete traces.

1€ELN(CF) keignoreMsg(CF) 1€LN(CF)
as= [\ (-0S.U(0S. AOO~0S.))
0SeeS

Figure 4.28: LTL formula for Ignore
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CF CF CF , ~
qjconsider =0 N /\ Vi A A3\ considerOS(CF) N /\ Bk
t€LN(CF) ke(AllM sg(CF)\consider Msg(CF))

CF
N /\ ’yi,(Zi\considerOS(CFTi))
i€LN(CF)

Figure 4.29: LTL formula for Consider

4.4 Semantic Variations

OMG provides the formal syntax and semi-formal semantics for UML Sequence Diagrams, leav-
ing semantic variation points for representing different applications. Micskei and Waeselynck
have collected and categorized the interpretations of the variants [51]. In the following subsec-
tions, we discuss how to user our LTL framework to formalize the variations of Negative, Strict

Sequencing, and Interaction Constraints.
4.4.1 Variations of Negative

Recall that the traces defined by a Negative are considered as invalid traces. For example, if the
Operand of Negative S, which does not contain any other Negative, defines a set of valid traces,
then the set of traces defined by S are invalid traces. In the case that the Constraint of the Operand
of S evaluates to False, the interpretation of the semantics of S may be varied, depending on the
requirement of applications. Formula \Ilgeg instantiates the template \Ifgef; (see subsection 4.2.5)
with S, defining the traces of .S, which can be invalid or inconclusive. For example, three traces
defined by the Negative (see figure 4.17), [s1, s2, rl, r2], [s2, s, rl, r2], and [s1, rl, s2, r2], can
be interpreted as invalid, or inconclusive traces if condl evaluates to F'alse.

In the case that, Negative S is enclosed in Sequence Diagram or non-Negative CF R, the
Messages which are not enclosed in S may interleave the sub-traces of S. If the sub-traces of S
are invalid, the traces of R can be interpreted as invalid or inconclusive traces. If the sub-traces of

S are inconclusive traces (i.e., the Constraint of the Operand of S evaluates to F'alse), the traces

of R are also inconclusive traces. For Sequence Diagram R, its traces are defined by formula I1g,
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which instantiates the template I, (see figure 4.4). For non-Negative CF R, its traces are defined
by formula ®% which instantiates the template DT (see figure 4.5). For example, trace [s/, s2,

r2, rl, s3, r3] in figure 4.30 is interpreted as an invalid or an inconclusive trace.

Ca] |

A
> ‘

1:ml

neg

%)
—_—— e N ] r‘

T
I
I
]
i
:
[co#ld 1]
: 2:m2

3:m3 J—‘

] ] ]

Figure 4.30: Example for variation of Negative Combined Fragment

For nested Negative CFs, i.e., Negative CF R encloses Negative CF 9, the traces of R are
defined by ®. These traces can be interpreted as valid, invalid, or inconclusive traces, depending
on the Constraint of 2’s Operand and the interpretation of the sub-traces of S. The sub-traces of S
are invalid or inconclusive depending on the value of its Constraint. Three different interpretations
for the traces of R are provided: (1) If the sub-traces of .S are invalid traces and the Constraint of
R’s Operand evaluates to T'rue, the traces of R can be valid, invalid, or inconclusive traces. (2)
If the sub-traces of S are invalid traces and the Constraint of R’s Operand evaluates to False, the
traces of R can be invalid or inconclusive traces. (3) If the sub-traces of .S are inconclusive, the
traces of R can be inconclusive traces in despite of the evaluation. Figure 4.31 shows an example
of nested Negative CFs. All the traces [s/, s2, rl, r2], [s2, sI, rl, r2], and [s1, r1, 52, r2] of R can

be valid, invalid, or inconclusive traces depending on the value of condl and cond?2.

i
28)" [eohdl]

neg ) |
[co‘nd2] 1:ml

(o] =] |
T
T
|
|
|
I
|
1

e
g

2:m2

Figure 4.31: Example for nested Negative Combined Fragments
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4.4.2 Variations of Strict Sequencing

Recall that a Strict Sequencing CF represents an order among its Operands that any OS in an
Operand can not execute until the previous Operand completes execution. However, the connec-
tion between the Strict Sequencing and its preceding/succeeding Interaction Fragments can be
varied. According to the semantic rules general to all CFs, the Strict Sequencing is connected
with its preceding/succeeding Interaction Fragments using Weak Sequencing. However, some
applications may require that the Strict Sequencing are connected with its preceding/succeeding
Interaction Fragments using Strict Sequencing. We modify the LTL formula of Strict Sequencing
to formalize the variation (see figure 4.32). The only change we need to make is to replace 7<%
that enforces Weak Sequencing between the Strict Sequencing and its preceding/succeeding Inter-
action Fragments with v“%'. Function v“* enforces the synchronization among multiple Lifelines
when entering or leaving the Strict Sequencing, i.e., any covered Lifeline needs to wait others to
enter or leave the Strict Sequencing together. The first conjunct enforces that the preceding set of
OSs must happen before each OS within the Strict Sequencing, and the second conjunct enforces
that the succeeding set of OSs must take place afterwards.

If an application requires Strict Sequencing to connect any CF with its preceding/succeeding
Interaction Fragments, we can use function v°%" to replace function 4" in the LTL formula of

the CF.

CF' _ pCF CF
Wtrict = 0 A /\ Xk A v
keNFTOP(CF)

= AN C N commuc AN (©05)

iELN(CF) OSETOS(CF1;) iELN(CF) OSpre€pre(CFT;)
(A A (~OSpsVU( N\ (/N (©09)
i1ELN(CF) OSpost€post(CF1;) iELN(CF) OSETOS(CF)

Figure 4.32: LTL formula for variation of Strict Sequencing
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4.4.3 Variations of Interaction Constraint

Recall that a CF consists of one or more Interaction Operands, each of which may contain an
Interaction Constraint. An Interaction Constraint is located on a Lifeline with the first OS occur-
ring within the Operand, i.e., an Interaction Constraint is positioned above the first OS occurring
within the Operand. For example, figure 2.1b contains a Parallel covering three Lifelines. In the
first Operand op! of the Parallel, either OS 52 or OS s3 may be the first OS to execute. As the
Interaction Constraint of op1, condl, located on Lifeline L2, OS 52 executes before OS s3.

However, if an Interaction Constraint of an Operand is located above a nested CF, it may not
restrict an OS to be the first one to execute. In the example of figure 4.36, Interaction Constraint
condl is located above a Parallel, which expresses that the first OS occurring within the Option’s
Operand is contained by the Parallel on Lifeline L2. However, OS s/ and OS s2, either of which
may be the first one to execute within the Parallel, are located on L/. To avoid the contradiction,
we assume an Interaction Constraint can restrict an OS to be the first one to execute only if it is
located above an OS, not a nested CF.

For each Operand whose Constraint evaluates to 7rue, the order between the first OS occurring
within the Operand and any other OSs which are directly enclosed in the Operand is captured by
an LTL formula (see figure 4.37). Function Init(m) returns the first OS occurring within Operand

m, which may return an empty set if the Interaction Constraint is located above a nested CF.

:L3 ‘

opt [con:dl]

‘ (L1 ‘ ‘ (L2 ‘ ‘
T
t
I
I
I

[par] | |
[co|nd2] 1:ml !

L
T
T
1
|
1
1
|
1
|

[cond3]
2:m2

3:m3

] ]

Figure 4.33: Example for CF with Interaction Constraints

Two different semantic interpretations of an Operand whose Interaction Constraint evaluates
to False are provided. 1. The traces expressed by the Operand are interpreted as invalid traces.
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n= N N\ (-0S,UOS)

meTOP(CF) OSp&lnit(m)
O0SqeTOS(m)

Figure 4.34: LTL formula for Constraint of the first occurring OS

2. The Operand is excluded. Our LTL template chooses the second interpretation but also can be

adapted to describe the first interpretation.

4.5 Other Control Constructs
4.5.1 General Ordering

General Ordering imposes order of two unorder OSs. We specify the two OSs of General Ordering
as a pair of ordered OSs. In the LTL formula of General Ordering, OS, and OS, are two OSs
connected by the General Ordering, which specifies that OS, can not execute until 0.5, completes

execution.

TGO = ~0S,U 08,

4.5.2 Interaction Use

Interaction Use embeds the content of the referred Interaction into the specified Interaction, thus
composing a single, larger Interaction. We consider Interaction Use as a type of CF whose In-
teraction Operator is ref. Formula \I/fef; represents the LTL representation of an Interaction Use.
In ‘1196? the first conjunct describes that the OSs directly enclosed in the referred Sequence Dia-

gram obeys their order. The second conjunct enforces that the referred Sequence Diagram and its

adjacent OSs are ordered by Weak Sequencing, which is represented by 7<%
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4.5.3 Discussion
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Figure 4.35: Example for Overlapped CFs

Our work does not address timed events, i.e., the events cannot represent the occurrence of
an absolute time. As the syntactic definition for OS, we do not handle the case that two OSs
are overlapped on a Lifeline, i.e., the relation between the set of OSs and the set of locations
is one-to-one correspondence. The Messages are disallowed to cross the boundaries of CFs and
their Operands [55]. Thereby, gates are not discussed in this paper. We only handle complete
Messages, each of which has both sending and receiving OSs. The lost and found Messages are
out of the scope of this paper.

For nested CFs, our syntactical constraints restrict that the borders of any two CFs can not
overlap each other, i.e., the inner CF can not cover more Lifelines than the outer CF. The example
in figure 4.35 has is ill-formed. In this way, Coregion can only contain OSs and Coregions, no
other CFs can be enclosed within a Coregion.

An Interaction Constraint is located on a Lifeline with the first OS occurring within the
Operand, i.e., an Interaction Constraint is positioned above the first OS occurring within the
Operand. For example, figure 2.1b contains a Parallel covering three Lifelines. In the first Operand
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opl1 of the Parallel, either OS 52 or OS s3 may be the first OS to execute. As the Interaction Con-
straint of op1, condl, located on Lifeline L2, OS s2 executes before OS s3.

However, if an Interaction Constraint of an Operand is located above a nested CF, it may not
restrict an OS to be the first one to execute. In the example of figure 4.36, Interaction Constraint
condl is located above a Parallel, which expresses that the first OS occurring within the Option’s
Operand is contained by the Parallel on Lifeline L2. However, OS s/ and OS s2, either of which
may be the first one to execute within the Parallel, are located on L/. To avoid the contradiction,
we assume an Interaction Constraint can restrict an OS to be the first one to execute only if it is
located above an OS, not a nested CF.

For each Operand whose Constraint evaluates to True, the order between the first OS occurring
within the Operand and any other OSs which are directly enclosed in the Operand is captured by
an LTL formula (see figure 4.37). Function Init(m) returns the first OS occurring within Operand

m, which may return an empty set if the Interaction Constraint is located above a nested CF.
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Figure 4.36: Example for CF with Interaction Constraints

= AN (N (-05,U08S,)
meTOP(CF) OSp&lnit(m)
0SqeTOS(m)

Figure 4.37: LTL formula for Constraint of the first occurring OS
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4.6 Proof for LTL Template of Sequence Diagram with Combined Frag-

ments

We wish to prove that the NuSMV model for a Sequence Diagram with CFs capture the semantics
of the Sequence Diagram. Recall the semantic rules general to all CFs have been presented in
section 2.2, and the semantics of each CF Operator is shown in section 2.3. The LTL template for

Sequence Diagram with CFs, 11,4, is shown in figure 4.4 (see section 4).

Mg = A a)nC A odAC A BInC N @) ey

i€LN(seq) e M e .
geTBEU(squTi) JEMSG(seq) JEMSG(seq) CFenested(seq)

Figure 4.38: Rewriting LTL templates for Sequence Diagram with Combined Fragments

HS@(I = /\ ( /\ Oég) A /\ Bj A /\ (I)CF A Eseq

i€LN(seq) geTBEU (seql;) JEMSG(seq) CFenested(seq)

= AN agnrC AN enC N B)AC A ) A eseq

i€LN (seq) ieMSG e MSG(se CF ted(:
GETBEU (sents) JjE (seq) JjE (seq) Enested(seq)

Figure 4.39: Rewriting I1,., into 1.,

We can write LTL template II,., into ﬁseq (see figure 4.38) by replacing the sub-formula

A o, using sub-formulas A &, and A pj. The procedure (see figure
i€LN (seq) i€LN (seq) jGMSG(Se(])
gETBEU (seq1;) geETBEU (seql;)

4.39) follows the one of rewriting LTL template 1225, We can rewrite sub-formula #°* into

seq

6or (see figure 4.40) to describe the semantics of C'F”’s Operands whose Constraints evaluate to
True (see figure 4.41). In sub-formula ¥, function TBEU(CF 1;) returns the set of BEUs,
whose Constraints evaluate to True, directly enclosed in the CEU of C'F' on Lifeline . It is
equivalent to the set of BEUs directly enclosed in the EUs, which are obtained by projecting C'F’s
Operands whose Constraints evaluate to True onto Lifeline i, i.e., TBEU(C'F 1;) = {beul|beu €

ABEU(op 1:) ANop € TOP(CF)} (see line 1). Sub-formula N ay is rewritten as the
iELN(CF)
gEABEU (opT;)

one of rewriting Hgg;ic (see line 4). We also rewrite sub-formula v“ into ¢ (see figure 4.40)
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to enforce the sequential execution Lifeline i (see figure 4.42). In sub-formula v

F_ function
TOS(CF 1;) returns the set of OSs of the BEUs, whose Constraints evaluate to True, directly
enclosed in the CEU of C'F' on Lifeline 7. It is equivalent to the set of OSs directly enclosed in
the Operands whose Constraints evaluate to True on Lifeline ¢, i.e., TOS(CF 1;) = {os|os €

AOS(ABEU (op 1)) A op € TOP(CF)}.

GCF — GCF A /\ FCF p oCF
i€LN(CF)

e AN (G A N7 WO G AN ) RAY G ANNC 1))

i€LN(CF) = ~
opeTOP(CF) s ABED o) JEMSG(op) JEMSG(op)

= AN N (oSU( N (©O0Su )AL N\ (F0Spes) U (©08))))

beu€ ABEU (op1;) e i pos E i
opeTOP(CF) g(quers(b:u) OSpre€pre(CF1;) OSpost€post(CFT;)

Figure 4.40: Rewriting LTL template for OSs directly enclosed in Combined Fragment

= N A ag)) A ( A B)

i€LN(CF) geTBEU(CF1;) JEMSG(TOP(CF))

=N C AN C AN aaaC A C A B (1)
t€ELN(CF) opeTOP(CF) ge ABEU (op1;) opeTOP(CF) jeMSG(op)

= A CAN C AN arCc A C A B (2)
opeTOP(CF) icLN(CF) ge ABEU (op1;) opeTOP(CF) jeMSG(op)

= AN A a)rC A B (3)
op€TOP(CF)  i€LN(CF) JEMSG(op)

gEABEU (op1;)

= A A aac A oAl N B (4)

i€LN(CF) i i
opeTOP(CF) seABBD ot ) JEMSG (op) JEMSG (op)

_ §CF

Figure 4.41: Rewriting A into §°F

Lemma 4.10. A given Sequence Diagram with CFs, seq, directly contains h Message. In the CFs,
p Messages are enclosed in Operands whose Interaction Constraints evaluate to True, i.e., if a
Message is enclosed in multiple nested Operands, all the Interaction Constraints of the Operands
evaluate to True. For other ¢ Messages within the CFs, each Message is enclosed in one Operand
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W= A\ ((~OSU( A (©0Spre))) A (( A (mO0Spost)) U (©0O8)))

OSETOS(CF1;) OSpre€pre(CFT;) OSpost€Epost(CFT;)

= AN N (0SU( N (©0Sud)A( N (m08es)) U (©0S))))
opeTOP(CF) be(’i;i?fgg((bvm)i) OSpre€pre(CFT;) OSpost€post(CF1;)

=3

Figure 4.42: Rewriting 7 into 77

or multiple nested Operands, where at least one Operand’s Interaction Constraint evaluate to
False. If o € (X77.)", then o must have the form, i.e., 0 = 01 op12p - T, Where oj1 op12)

contains no T.

Proof. If 0 |= Tl then o = A pjand o = A ( A pj). From sub-

JEMSG(seq) opeTOP(CF) jeMSG(op)
formula A p;>» we can infer that each OS of the Messages directly enclosed in seq can
JEMSG(seq)
execute once and only once in o. For each CF, we can infer from A ( A pjthat

opeTOP(CF) jeMSG(op)
each OS of the Messages directly enclosed in C'F’s Operands whose Constraints evaluate to True

can execute once and only once. Similarly, if o = II,.4, we can deduce that o = Eseq- It specifies
that only one enabled OS (i.e., the OS is not enclosed in an Operand whose Constraint evaluates
to False) can execute at a time, and o should execute uninterrupted until all the enabled OSs have
taken place. seq directly contains h Messages with 2/ OSs. In the CFs within seq, the Operands
whose Interaction Constraints evaluate to True contain p Messages with 2p OSs. Therefore, o

should have the form, o = o7[1.2n42p) - T, Where o7[1.21,42p) cONtains no 7. U]

A given Sequence Diagram, segq,, directly contains £ Lifelines, i Messages and r CFs, which
contain p + g Messages. Each CF does not contain other CFs. For the Messages within the CFs,
p Messages are enclosed in Operands whose Interaction Constraints evaluate to True, while ¢
Message are enclosed in Operands whose Interaction Constraints evaluate to False.

We wish to prove that Vo.v € (250)* v - 7% |= [yeq,, ie., v - 7% € (55 )<, The semantic
rules of seq, define that each OS which is directly enclosed in seq, or an Operand whose Con-
straint evaluates to True, occurs once and only once. Thus, Vu.v € (X5%)* |v| = 2h + 2p. From

sem
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lemma 4.10, we learn that Vo.o € (3777)%,0 = 0[1.2nt2p) - T, Where o1 2549y contains no
T. Of1.oht2p) € PREop49p((2777)%). If Vou € (85d)* v - 7% € (X777)“, we can infer that,

SEM

v € PREwp((X77)7), ivees (B50)" © PREon12p((X177)%)-

Sem

We also wish to prove that Yo.o € (X770)% 0pnonsey € (BX0)*, e,

PREwm2((Y177)%) € (358h)"

Sem

Theorem 4.11. (X5%)* and PREoyp12,((X777)") are equal.

sem

We provide the proof of theorem 4.11 in appendix B.2.

We consider the Sequence Diagram with nested CFs. A given Sequence Diagram, seqested.
directly contains k Lifelines, h Messages and r CFs, which contain p + ¢ Messages. Each CF
may contain other CFs. We use layer to define the location of the nested CFs. The Sequence
Diagram’s layer is 0, while the layer of a CF directly enclosed in the Sequence Diagram is 1. If
CF cf,,’s layer is m, then the layer of the CFs directly enclosed in cf,, is m + 1. We assume
the maximum layer of CF within seq,csteq 1S [. For the Messages within the CFs, p Messages
are enclosed in Operands whose Interaction Constraints evaluate to True, i.e., if a Message is
enclosed in multiple nested Operands, all the Interaction Constraints of the Operands evaluate to
True. For other ¢ Messages within the CFs, each Message is enclosed in one Operand or multiple
nested Operands, where at least one Operand’s Interaction Constraint evaluate to False. We wish
to prove that Vo.v € (S5elnested)* 4).7% |= Ty, e, v-7% € (L5%nested ) The semantic rules
of seqnesteq define that each OS which is directly enclosed in seq, or Operands whose Constraints
evaluate to True, occurs once and only once. Thus, Vu.v € (X5nested)* ' |y| = 2h + 2p. From

lemma 4.10, we learn that Vo.o € (X} nested

)¥,0 = O[1.2nt2p) - T, Where op1_op4 9y CONtains no
T. O[1..2h+2p) c PREQthQp((ESLeIg}LjSted)w). If Vou € (ngggﬁstﬁd)*,v ST € (Ezejgze“ed)w, we can
infer that, v € PREuypap((S50neste)) o, (S3¢nestca)s C PR Eayp g ((Sinested ).

We also wish to prove that Vo.o € (3777, 0pontop € (Xidnested)* je.,

PREop0p(S777°04)%) C (Egcdnested)*,

Theorem 4.12. (X5¢nested)* gnd PR Eop o, ((X777°°")*) are equall.
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We provide the proof of theorem 4.12 in appendix B.2.
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Chapter 5: EXPRESSING SAFETY PROPERTIES USING SEQUENCE
DIAGRAMS

Practitioners tend to construct multiple Sequence Diagrams to capture the requirements and de-
sign of a system. A Sequence Diagram may present a possible execution, describing how the
environment and system interact with each other, or specifies core requirements or a desired prop-
erty. For the former case, we consider (in the previous section) that all the traces derived from
a Sequence Diagram are complete traces. For the latter case, we adopt partial trace semantics
to define the Sequence Diagram since the OS traces derived from it can be interleaved by OSs
of Messages that do not appear in the property’s Sequence Diagram but appear in a model Se-
quence Diagram. In this section we present how to generate safety properties as LTL formulas

from Sequence Diagrams with Negative and Assertion respectively.

5.1 Safety Property with Negative Combined Fragment

While creating a collection of Sequence Diagrams to specify a system’s behavior, we wish to
ensure that the system is safe in the sense that none of the forbidden traces exist. Two types of
safety properties are provided: the strong safety property and the weak safety property. A system
is strong safe with respect to a Negative if any run of the system is not compatibly induced by
a trace which contains the OSs of the Negative and the OSs are ordered as an invalid trace. The
strong safety properties focus on the order of OSs of invalid traces, which can be specified as an

LTL template Q5NCF

seq

SNCF __ CF part
Qseq *_'((I) N Eseq )

e =0\ os)v(i A (-0Sw)
OSm€eAOS(seq) 0Sm€eAOS (seq)

where formula ®°F asserts the order of OSs enclosed in the Negative, and sgg;“t enforces the
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interleaving semantics of partial traces, i.e., at most one OS of a Sequence Diagram seq can
execute at once; other OSs may occur and interleave the partial traces.

If there is no run of the system, which is compatibly induced by a trace containing an invalid
trace of the Negative as a sub-trace, we consider the system is weak safe with respect to the
Negative. If a system is weak safe but not strong safe with respect to the Negative, we consider

the traces which violate strong safety properties as false positive traces. We define a temporal

QWNCF

logic template, (2 .,

, to characterize the weak safety property of Sequence Diagram seq with

respect to a Negative. Formally,

QUNCE = (®9F A elU A 5 A08(NCF),(AOS(se9)\ AOS(NCF))))

in which formula 6 40s5(NCF),(405(seq)\ A0S(NCF))) asserts that the traces enclosed in the Negative

WNCF
Qseq

are not interleaved by other OSs in Sequence Diagram seq. Formula asserts that Sequence
Diagram seq is not weak safe if 1. A trace of seq contains the OSs of an invalid trace and these
OSs are ordered as the invalid trace (first conjunct). 2. these OSs are not interleaved by other OSs

of seq (second conjunct).

Figure 5.1 shows an example of a Negative, which we want to verify against the Sequence

SNCF
seq

Diagram, seq, shown in figure 2.1a. Our techniques define a strong safety property (2 and a

WNCF
Qseq

weak safety property with respect to the example Negative, which can verify the model
translated from seq. The strong safety property is violated because seq contains a trace [s/, rl, s2,
r2, s3, r3], which orders OSs s/, rl, s3 and r3 as the Negative. The weak safe property is satisfied

in that invalid traces [s/, rl, s3, r3] and [s, s3, rl, r3] are not shown as sub-traces in the example

Sequence Diagram.
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Figure 5.1: Example for Negative representing safety property

5.2 Safety Property with Assertion Combined Fragment

We define that a collection of Sequence Diagrams is safe with respect to a Sequence Diagram with
an Assertion only if any trace in the Assertion on a Lifeline always follows OSs, which may hap-

;“E(SJCF in figure 5.3 represents the

pen right before the Assertion on the same Lifeline. Formula €2
safety property of seq with respect to an Assertion. On Lifeline i, two conditions should be satis-
fied if all the OSs in the set of pre happen. (1) No other OSs in Sequence Diagram seq are allowed
to happen until all the OSs in the Assertion complete their execution. (2) The order among OSs
within the Assertion, the Weak Sequencing between the Assertion and its preceding/succeeding
Interaction Fragments, and the interleaving semantics of the Assertion’s partial traces should be
preserved. If an Assertion contains other CFs, the order of OSs within each nested CF C'F; on
each Lifeline i is represented by ®“7 1,, which is the restriction of ®“% on Lifeline i. Generally,
®CFi 1, is a conjunction of sub-formulas «, 7, and additional sub-formulas (optional and various

for different CFs) on Lifeline i. To obtain ®“*7 1;, we need to project the syntactic constructs of

C'Fj on Lifeline i, and then keep the sub-formulas of ®“*7 which are related to these constructs.

|assert] [cdnd 1]

2:m2

Figure 5.2: Example for Assertion representing safety property

Based on this safety definition, we can verify if a Sequence Diagram, seq, satisfies the safety
constraints set by another Sequence Diagram with an Assertion. For example, we can verify
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QU= N\ @ A\ (008 = ((( A (—05))
iELN(CF)  OSpepre(CF1;) 0S,€(A0S(seql)\AOS(CF1;))
U ( A ©osAC A ag) A A (@75 10)))) A ebea’
0S,€A0S(CF1;) geETBEU(CFT;) CFjenested(CF)

Figure 5.3: Safety property for Assertion

QASCF

seq

for the Sequence Diagram in figure 5.2 against the model for seq, in figure 2.1a. The
safety property is violated, and a counterexample trace [s/, rl, s5, r5, s2, s3, r3, s4, r4, r2, 56, r6]

is provided, where mandatory trace [s/, rl, s2, r2] is not always strictly included as a sub-trace.

5.3 Deadlock Property with Synchronous Messages

The deadlock-free property can be verified in a Sequence Diagram with synchronous Messages,
where each synchronous Message must have an explicit reply Message (see example in figure

5.4). Deadlock can occur if multiple Lifelines are blocked, waiting on each other for a reply.

I ‘ 12 ‘ ‘ 13 ‘
5 5 :

1: sync_ml

L

[
|

2:sync_m2

|

3: sync_m

4: reply_ml
5:reply m2

6: reply_mB

Figure 5.4: Example for deadlock in basic Sequence Diagram with synchronous Messages

Figure 5.5 represents the LTL formula of a basic Sequence Diagram with synchronous Mes-
sages, which conjuncts a constraint £:¥7 with the LTL formula of a basic Sequence Diagram with

seq

asynchronous Messages. £:%' describes that if a Lifeline sends a synchronous Message, it can
not send or receive any other synchronous Message until it receives a reply Message. We define
some helper functions, where typeOS(0OS,) returns that OS,, is a sending OS or a receiving OS,

and Reply(OS,) returns the reply Message of a synchronous Message containing O.5,. In the ex-
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ample of figure 5.4, all of the Lifelines eventually deadlock since they all send Messages and are
all awaiting replies. The LTL formula is not satisfied when verifying against the NuSMV module,

which will be discussed in section 6.3.1.

sync __ sync
Hseq *Hseq A gseq

we=0 N ( A (08, — (N (708,)) U RCV (Reply(0Sy)))))

ieLN(seq) OSpeAOS(seqly) 0SqeAOS(seqly)
typeOS(OSp)=send OSp#0Sq

Figure 5.5: LTL formula for Sequence Diagram with synchronous Messages

5.4 Ignore and Consider within Properties

A property Sequence Diagram may consist of an Ignore or Consider CF. The Messages that are
ignored in such a CF may interleave not only the subtraces of the CF (as we define in section 4),
but also interleave the (partial) property trace. We need to define an LTL formula to address this

issue.

CF CF CF
\Ijignore =0 N /\ i
1€LN(CF)

Figure 5.6: LTL formula for Ignore in property

CF CF CF
\Ilconsider =0 N /\ Vi A CconsiderOS(CF)\AOS(CF)
i€LN(CF)

(s =0( /\ (=05,)

OSneS

Figure 5.7: LTL formula for Consider in property

The LTL formula of Ignore within properties constrains the semantics of Messages appearing
in the Ignore with formulas #°F and y* (see figure 5.6). For Consider, the OSs of consid-
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ered Messages which do not appear in the Consider can not occur to interleave the partial sub-
traces of the CF, which is captured by formula (.onsideros(cryaos(cr) (see figure 5.7). Function
considerOS(CF) \ AOS(CF) returns the OSs of the considered Message which do not appear

in C'F, where considerOS(CF) returns the set of Messages of the considered message types.
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Chapter 6: MAPPING SEQUENCE DIAGRAM TO NUSMV MODEL

In the previous sections, we presented a formal framework to formalize the semantics of Sequence
Diagrams with CFs as LTL formulas. This formalization enables a user to express certain prop-
erties using Sequence Diagrams. We hypothesize that such a framework also forms the basis
for a practitioner to use a decision procedure including model checking as a means to verify her
Sequence Diagrams. In this section, we examine this hypothesis by developing techniques and
tools to translate Sequence Diagrams into the input language of NuSMV (a model checking tool),
allowing us to verify properties specified using Negative and Assertion CFs.

In practice, software engineers often construct a collection of Sequence Diagrams that com-
plement each other for specifying system requirements. In many cases, some Sequence Diagrams
for a single system are intended to express valid traces, while others are to express that cer-
tain traces are invalid (using Negative CFs) or mandatory (using Assertion CFs). We translate
Sequence Diagrams for modeling valid behavior into NuSMV modules and others into LTL for-
mulas respectively. Then, the analytical power of NuSMV can be leveraged to determine whether
the collection of Sequence Diagrams is safe (i.e., the set of “intended” valid traces and the set of
invalid traces are disjoint) and consistent (i.e., the set of valid traces is a subset of the mandatory
traces).

This section first provides an overview of NuSMV features that are sufficient for a reader to
understand our approach, followed by an overall mapping strategy from Sequence Diagram to the
input language of NuSMV. Then, we use examples to illustrate how to translate a basic Sequence
Diagram (or a CF’s operand that does not contain other CFs) into NuSMV modules. Finally, we

show how to translate all types of CFs and nested CFs into NuSMV modules.

6.1 NuSMY Overview

NuSMYV is a model checking tool, which exhaustively explores all execution traces of a finite

model to determine if a temporal logic property holds. For a property that does not hold, a coun-

64



terexample is produced showing an error trace. A NuSMV model consists of one main module
without formal parameters and may include other modules with formal parameters. An instance
of a module can be created using the VAR declaration within another module to create a modular
hierarchy. To access variables of instance modules, the instance name with . (DOT) can be used
followed by the variable name. The composition of multiple modules can be parallel or interleav-
ing. If the modules are indicated as process modules, they are interleaved in the sense that exactly
one of the modules (including main) executes in each step.

NuSMV modules are finite state machines (FSMs). Variables must be of finite types or module
instances, declared inside each module. The initial states are defined by using an init statement of
the form init(x) := EXP, which defines the value or set of values x can assume initially. Transitions
are represented by using the next statements of the form next(x) := EXP, which defines the value
or set of values that x can assume in the following state. All the transitions in a module execute
concurrently in each step. Derived variables (i.e., macros) are defined by using assignment state-
ments of the form x ;= EXP and they are replaced by EXP in each state. The system’s invariant is

represented with the INVAR statement, which is a boolean expression satisfied by each state.

6.2 Mapping Overview

We base the mapping of a Sequence Diagram to the input language of NuSMV on syntactic
deconstruction and the formal semantics given by our formal framework. A Sequence Diagram is
represented as the main module. We map the Lifelines into respective NuSMV modules, which
are instantiated and declared in the main module. Recall that a CF is projected onto each of its
covered Lifelines to obtain a CEU. Accordingly, its Operand on each of the covered Lifelines
forms an EU. Both CEUs and EUs are represented as NuSMV modules.

Each CEU is declared as a module instance, which we call a submodule in its Lifeline mod-
ule. To enforce that multiple CEUs at the same level on each Lifeline adhere to their graphical

order, we define a derived variable, flag_final, for each CEU module, to indicate whether the CEU
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completes its execution. A CEU is composed of one or more EUs, each of which is instantiated
as a submodule inside the CEU module. The execution order of multiple EUs (i.e., the transfer of
control among them) is determined by the Interaction Operator that composes them into the CEU
(the translation of each Operator is discussed later in this section). In the case that a Sequence
Diagram contains nested CFs (i.e., a CEU consisting of an EU that encloses other CEUs), we map
each enclosed CEU as a submodule of the containing EU’s module. This procedure is recursively
applied until all CEUs and EUs are mapped accordingly.

Within Lifeline or EU modules, a directly enclosed OS is represented as a boolean variable,
which initializes to False (note that a CEU module does not contain OS variables). Once an OS
occurs, its value is set to True and then to False in the following states. This value transition ex-
presses the fact that an OS can occur only once in the Sequence Diagram. To record the execution
of OSs, we introduce an enumerated variable, state, in each Lifeline or EU module. state assumes
an enumeration element to express that respective OSs have taken place and an initial value, sinit,
to express that no OSs have occurred yet. A CEU module contains one boolean variable, cond,
for each of its EUs to represent the Interaction Constraint of the EU.

To express the interleaving semantics among Lifelines, we introduce an INVAR statement in
the main module to assert that at most one OS on one of the Lifelines can take place in each step.
A boolean variable chosen is used for each Lifeline to restrict that: (1) a Lifeline is chosen only
if it is enabled, i.e., there is an OS that is ready to take place on the Lifeline, represented by the
derived variable enabled; (2) either only one Lifeline can be chosen to execute an OS in each
step if Lifelines are enabled (i.e., before all OSs on the Lifelines have occurred); or no Lifeline
can be chosen when all Lifelines are not enabled and all chosen variables remain False thereafter.
A sending OS is enabled to execute if and only if the OSs prior to it on the same Lifeline have
already occurred. A receiving OS is enabled for execution if and only if the OSs prior to it on
the same Lifeline and the sending OS of the same Message have already occurred. To execute the
OSs enclosed in CFs, the variable chosen for each Lifeline is passed to the CEU and EU modules

on that Lifeline as a parameter.
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6.3 Basic Sequence Diagram

In this section, we provide a mapping strategy, and prove that it represents the semantics of a basic

Sequence Diagram.
6.3.1 Basic Sequence Diagram with Asynchronous Messages

In this subsection, we illustrate our mapping strategy with an example basic Sequence Diagram as
shown in figure 2.1a. Figure 6.1 shows the NuSMV description of the example, which contains a
main module for the Sequence Diagram. We map the three Lifelines to three modules, which are
instantiated as submodules /_L1, [_L2, and /_L3 in the main module. We show the implementation
of module L2 here. Module L2 takes modules L/, L3 as parameters. Three OSs on Lifeline L2
are defined as boolean variables OS_rI, OS_r2, and OS_r3 in the VAR section. We define each
OS as OS_sx or OS_rx, where s and r denote they are sending or receiving OSs, and x is the
corresponding Message name. The enumerated variable state has four values, including a initial
value sinit and three values to record the execution of the three respective OSs. A derived variable
enabled for each OS represents the enabling condition of the OS by using the variable stafe in the
DEFINE section. For instance, r3_enabled for OS OS_r3 is True if and only if the sending OS of
Message m3 and the preceding OS, OS_r2, on Lifeline L2 have taken place, i.e., state on Lifeline
L2 sets to r2 and state on Lifeline L3 sets to s3. The Lifeline L2 can be enabled if and only if
one of rl, r2, and r3 is enabled. The variable flag_final checks whether the last OS r3 on L2
takes place (i.e., state sets to r3. If so, all OSs in module L2 have occurred. The ASSIGN section
defines the transition relation of module L2. For example, OS_r3 is set to False initially. When
it is chosen and enabled, it is set to True. It is set to False in the subsequent states to represent
that an OS can execute exactly once. Variable state is set to r1 in the same state in which OS_rl

occurs.
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MODULE main

VAR
1. .L1: L1(1_L2, 1_L3);
1_L2: L2(l1_L1, 1_L3);
1_L3: L3(1_L1, 1_L2);

INVAR
(((1_Ll.chosen -> 1 _Ll.enabled)
& (1 _L2.chosen —> 1 12.enabled)
& (1_L3.chosen -> 1 _L3.enabled))
&
((1_Ll.chosen & !1_L2.chosen & !1_L3.chosen)
'l I.l.chosen & 1 L2.chosen & !1 _L3.chosen)
'l IL.l.chosen & !1_L2.chosen & 1_L3.chosen)

(
(
(
('l Ll.enabled & !1 L2.enabled & !1 _L3.enabled)))

MODULE L2 (L1, L3)
VAR
OS_rl : boolean;
0OS_r2 : boolean;
OS_r3 : boolean;

state : {sinit, rl, r2, r3};
chosen : boolean;
DEFINE
rl_enabled := state = sinit & Ll.state = sl;
r2_enabled := state = rl & (L3.state = s2
| L3.state = s3);
r3_enabled := state = r2 & L3.state = s3;
enabled := rl_enabled | r2_enabled | r3_enabled;
flag_final := state = r3;
ASSIGN
init (state) := sinit;
next (state) =
case
state = sinit & next (0S_rl) :rl;
state = rl & next (0OS_r2) 1r2;
state = r2 & next (0S_r3) :r3;
1 :state;
esac;
init (OS_r1l) = FALSE;
next (OS_rl) =
case
chosen & rl_enabled :TRUE;
0S rl :FALSE;
1 :0S_rl;
esac;
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init (OS_r2) := FALSE;

next (0S_r2) :=
case
chosen & r2_enabled :TRUE;
0S_r2 :FALSE;
1 :0S_r2;
esac;
init (OS_r3) := FALSE;
next (0S_r3) =
case
chosen & r3_enabled :TRUE;
0S_r3 :FALSE;
1 :0S_1r3;
esac;

Figure 6.1: Basic Sequence Diagram with asynchronous Messages to NuSMV

6.3.2 Basic Sequence Diagram with Synchronous Messages

The translation of a Sequence Diagram with synchronous Messages is similar to the translation of
a Sequence Diagram with asynchronous Messages, except that the sending Lifeline blocks until a
reply Message is received. We introduce a boolean variable, isBlock, for each Lifeline to capture
this semantic aspect. All OSs on a Lifeline include isBlock as part of their enabling conditions,
thus preventing the OSs from occurring while isBlock is True.

Figure 6.2 represents the NuSMV description of a Sequence Diagram with synchronous Mes-
sages (see figure 5.4), containing a module for Lifeline L/. Each OS name is prefixed with either
sync for a synchronous Message, or reply for a reply Message. Each OS has an enabling condition
lisblock indicating that the OS can not be enabled when the Lifeline is blocked. isBlock initializes
to Flalse and is set to T'rue when the sending OS sync_s1 executes. It is set to F'alse when the OS
reply_rl of a reply Message arrives and the execution of other OSs resumes. Note that portions
of the module definition have been excluded that are redundant with the module definition for a

basic Sequence Diagram with asynchronous Messages.
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MODULE L1 (L2, L3)

VAR
OS_sync_sl:boolean;
OS_sync_r3:boolean;
OS_reply_rl:boolean;
OS_reply_s3:boolean;
state: {sinit, sync_sl, sync_r3, reply_rl, reply_s3};
chosen :boolean;
isblock:boolean;

DEFINE

sync_sl_enabled := state = sinit & !isblock ;
sync_r3_enabled sync_sl & !isblock &
(L3.state = sync_s3 | L3.state = reply_s2 |
L3.state = reply_r3);

state

ASSIGN
init (OS_sync_sl) := FALSE;
next (OS_sync_sl) := case
chosen & sync_sl_enabled : TRUE;
0S_sync_sl :FALSE;
1 :0S_sync_sl1;
esac;
init (OS_sync_r3) := FALSE;
next (OS_sync_r3) := case
chosen & sync_r3_enabled : TRUE;
OS_sync_r3 :FALSE;
1 :0S_sync_r3;
esac;

init (isblock) :=FALSE;
next (isblock) := case
next (OS_sync_sl) & !next (0S_reply_rl) :TRUE;
next (OS_reply_rl) :FALSE;
1 :isblock;
esac;

Figure 6.2: Basic Sequence Diagram with synchronous Messages to NuSMV
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6.3.3 Proof for NuSMYV Model of Basic Sequence Diagram

We wish to prove that the NuSMV model for basic Sequence Diagram capture the semantics of
basic Sequence Diagram. Recall the semantic aspects of basic Sequence Diagrams have been
represented in section 2.1. Section 6.3.1 describes the mapping strategy for a basic Sequence
Diagram, where an example of NuSMV model for basic Sequence Diagram is shown in figure
6.1.

We can generate all possible execution traces from a NuSMV model. Each execution trace
consists of a sequence of states, each of which is an assignment of variable values. In the initial
state, all the variables for OSs are initialized. In each following state, the value of the executing
OS is changed, triggering the transition from the previous state to the current state. The value of
state of the Lifeline where the executing OS locates on is also changed to record the execution.
Thus, an execution trace can be considered as a sequence of OSs. Each execution trace is infinite
by stuttering at the final state if there is no more state change (i.e., no more OS executes). We wish
to prove that the finite prefix (without stuttering) of each trace generated from a NuSMV model
represents a trace derived from the corresponding Sequence Diagram.

For a given basic Sequence Diagram, seq, with j Messages and 2j event occurrences, >.5¢4 C

SEM

¥ is the set of event occurrences of seq. The set of valid traces, (X5¢2 )*, contains finite traces
derived from seq based on the semantics of Sequence Diagrams. For the NuSMV model of seq,
Mseqs ENEor 1s the set of event occurrences of Mg, where Yo, ., = X% U {7}. 7 is

Sem

e : : . seq seq w
an invisible event occurrence which does not occur in seq, i.e., 7 € (X \ 5. (SN av)

represents all infinite traces that can be generated from M,,.

seq

Lemma 6.13. For a given Sequence Diagram, seq, with j Messages, if 0 € (X )" then o

must have the form, o = o[y 2j) - T, where o1y 2 contains no T.

Proof. seq contains 7 Messages with 25 OSs. In the NuSMV model for seq, M., the INVAR
statement asserts that one enabled OS on one Lifeline can take place in each step until no more
OSs are enabled. Therefore, no 7 occurs between two OSs in o. The variables of OSs in the
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Lifeline modules define that each OS can execute once and only once. Thus, we can infer that o

have the form, o = o7y 95 - 7, where o|;.25 does not contain 7. O

We wish to prove that for a given Sequence Diagram, seq, with 7 Messages, Yv.v €
(Zga )y v -1 € (ENisan)?. The semantic rule of seq defines that each OS occurs once

sem

and only once. Thus, Yv.v € (3¢ )* |v| = 2j. From lemma 6.13, we learn that Vo.o €
(Enagmv),0 = op.aj - T¢, where op o5 contains no 7. op.2j € PRE((ENigum)Y)-
If Voo € (Z59) 0 - 7% € (ENigu)”s we can infer that, v € PREy;((XN2gu)%)s ie.,

SemMm

(355eh)" € PRES (Enusay)®)-

Sem

We also wish to prove that Voo € (E5lqyv)? o) € (E3X0) e,

PREQJ'((E?;ZSMV)M) - (Eseq )*

sem

Theorem 6.14. For a given Sequence Diagram, seq, with j Messages, (X9 )* and

sem

PRE>;(ENEgan)?) are equal.

We provide the proof of theorem 6.14 in appendix B.3.

6.4 Combined Fragments

A CF enclosing multiple Lifelines is projected onto all the Lifelines to obtain a collection of
CEUs, one for each Lifeline. A CEU contains a collection of EUs, one for each Operand on the
same Lifeline. To preserve the structure of the Sequence Diagram during translation, we map a CF
to NuSMV submodules, one for each Lifeline module, while the EUs are mapped to NuSMV sub-
submodules of their parent CEU submodule separately. We implement the Interaction Constraint
for each Operand with a boolean variable cond. We do not control the value of cond until the
Operand is ready to enter, representing the fact that a condition may change during the execution of
the Sequence Diagram. If cond evaluates to True, the Operand is entered, otherwise, the Operand
is skipped. Afterwards, the value of cond stays the same. While there is no Constraint in an
Operand, cond is defined as constant True. Thus, the NuSMV implementation of Interaction
Constraints is consistent with the LTL semantics of the Constraints. An extra variable op_eva
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for each Operand indicates its respective execution status, including “not ready” (the OSs that
may happen prior to the Operand on the Lifeline have taken place) by enumeration element -/,
“ready but not enabled” (the Constraint evaluates to False) by enumeration element 0, and “start”
(Constraint evaluates to True) by enumeration element /. cond is evaluated when the Operand
is ready to be entered, i.e., op_eva evaluates to either O or /. Both cond and op_eva for each
Operand are instantiated and declared in the CEU module on the Lifeline where the Interaction
Constraint of the Operand is located. The value of op_eva is passed to other CEUs of the same CF
as parameters, which is further passed to all the EUs of the same operand to coordinate multiple
EUs. From the deconstruction of Sequence diagrams and CFs (see section 3), we define the OSs
as boolean variables in the respective EUs that directly enclose them, instead of the CEUs; OSs

that are not enclosed in any CF are declared as boolean variables in their Lifeline module.

6.4.1 Concurrency

In a Parallel CF, the Operands are interleaved, which is captured using a strategy similar to the
implementation of interleaved Lifelines modules. We introduce a boolean variable chosen for
each EU module to indicate whether the EU is chosen to execute. We add an INVAR statement
for each CEU to assert that (1) either only one EU module is chosen to execute or no EUs are
enabled (i.e., all EUs have completed execution or their Constraints evaluate to False), and (2) an
EU module can be chosen only if it is enabled (i.e., an OS within the EU is enabled to execute).
All INVAR statements are combined using logical conjunctions to form a global invariant in the
main module. An example to illustrate the translation rules is shown and explained in section

6.4.2.

6.4.2 Atomic execution

A Ceritical Region has a sole Operand with each CEU module having a single EU submodule. We
use a boolean variable, isCritical, for each EU of the Critical Region’s Operand, to restrict the

OSs within the EU from interleaving with other OSs on the same Lifeline. Variable isCritical is
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initialized to False in each EU module of the Critical Region’s Operand. It is set to True if the
EU starts to execute OSs and stays True until the EU finishes execution. Once the EU completes,
isCritical is set to False. The negation of isCritical of an EU is considered as an enabling condition
for each variable of other OSs, which may interleave the EU, on the same Lifeline. See figure 2.1b
for an example. On Lifeline L3, the sending OS of Message m6 takes the negation of isCritical
for the EU on Lifeline L3 as an enabling condition.

Figure 2.1b shows an example Sequence Diagram with nested CFs, i.e., a Parallel containing
a Critical Region. The implementation of its main module and the modules of Lifeline L2 and its
CEUs and EUs are shown in figure 6.3. In the module of Lifeline L2, the Paralle]’s CEU module is
initialized as a module instance. Two EUs of the Parallel’s Operands are initialized as two module
instances within its CEU module. The CEU module of the Critical Region is initialized in the
Parallel’s EU module as a module instance and it is declared separately, which contains a module
instance for the EU of the Critical Region’s Operand.

In the Parallel, the Interaction Constraint of its Operand, opl, is located on L2. Thus, condl
for op1 is initialized and declared in the Parallel’s CEU module on L2. It is set to the value of the
evaluation step and remains that value in the following steps. Variable opl_eva is initialized to -1,
and then is set depending on the value of condl when entering the CEU, i.e., it is set to [ if condl
evaluates to True or 0 otherwise. In each EU module of the Parallel, a variable chosen is used to
denoted whether the EU is chosen to execute OSs.

In the EU module of the Critical Region’s Operand, variable isCritical is initialized to False
and is set to True if OS r3 has executed, i.e., the EU of the Critical Region’s Operand on Lifeline
L2 starts to execute. It remains 7True until the EU finishes execution, and then is set to False to
allow other OSs on the same Lifeline to execute. On Lifeline L2, each of the OSs which may
interleave the execution of Critical Region’s EU, e.g., OS r5 and OS r6, takes !isCritical as an
enabling condition, denoting that these OSs may execute only if the control is not in the EU of the

Critical Region.
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MODULE main

VAR
1. .L1: L1(1_L2, 1_L3);
1_L2: L2(l1_L1, 1_L3);
1_L3: L3(1_L1, 1_L2);

(1_Ll.chosen & !'1_L2.chosen & !1_L3.chosen)

('l I.1.chosen & 1 L2.chosen & !1 L3.chosen)
(!1_Ll.chosen & !1_L2.chosen & 1_L3.chosen)

('1 _Ll.enabled & !1 L2.enabled & !1 _L3.enabled))
(1_Ll.chosen -> 1_L1l.enabled)

(1_L2.chosen —-> 1 L2.enabled)

(1_L3.chosen —-> 1 _L3.enabled))

((( 1_Ll1.CFl.opl.chosen & !1_L1.CFl.op2.chosen)
('1_L1.CFl.opl.chosen & 1_L1.CFl.op2.chosen)
(!1_T1.CFl.opl.enabled & !'1_L1.CFl.op2.enabled))
(1_L1.CFl.opl.chosen —> 1_L1.CFl.opl.enabled)
(1_L1.CFl.op2.chosen -> 1_L1.CFl.op2.enabled))
INVAR

((( 1_L2.CFl.opl.chosen & !1_L2.CFl.op2.chosen)

| (!'1_L2.CFl.opl.chosen & 1_L2.CFl.op2.chosen)

| (!'1_L2.CFl.opl.enabled & !1_L2.CFl.op2.enabled))
& (1_L2.CFl.opl.chosen —> 1_L2.CFl.opl.enabled)

& (1_L2.CFl.op2.chosen —> 1_L2.CFl.op2.enabled))
INVAR

((( 1_L3.CFl.opl.chosen & !1_L3.CFl.op2.chosen)
| (!1_L3.CFl.opl.chosen & 1_L3.CFl.op2.chosen)
| (!'1_L3.CFl.opl.enabled & !1_L3.CFl.op2.enabled))
& (1_L3.CFl.opl.chosen -> 1_L3.CFl.opl.enabled)
& (1_L3.CFl.op2.chosen —-> 1_L3.CFl.op2.enabled))
MODULE L2 (L1, L3)
VAR

OS_rl : boolean;

OS_r7 : boolean;

state : {sinit, rl, r7};

CFl : par_L2(state, chosen, L1.CFl, L3.CF1l);

chosen : boolean;

DEFINE
rl enabled := state = sinit & (Ll.state = sl
| Ll.state = s7);
r7_enabled := state = rl & CFl.flag final
& Ll.state = s7;
enabled := rl_enabled | r7_enabled | CFl.enabled;
flag_final := state = r7;
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ASSIGN

init (state) := sinit;
next (state) = case
state = sinit & next (0OS_rl) :rl;
state = rl & next (0S_xr7) :r7;
1 :state;
esac;
init (OS_rl) = FALSE;
next (OS_rl) = case
chosen & rl enabled : TRUE;
0S_rl :FALSE;
1 :0S_r1;
esac;
init (OS_xr7) = FALSE;
next (0OS_r7) = case
chosen & r7_enabled : TRUE;
0S_r7 :FALSE;
1 :0S_r7;
esac;

MODULE par_L2 (state, L2_chosen, par_L1l, par_L3)
VAR
opl : par_opl_L2(L2_chosen, par_Ll.opl, par_L3.opl,
opl_eva);
op2 : par_op2_L2(L2_chosen, par_Ll.op2, par_L3.op2,
par_Ll.op2_eva, state, opl.CF2.opl.isCritical);
condl : boolean;

opl_eva : —-1..1;
DEFINE
enabled := opl.enabled | op2.enabled;
flag_final := opl.flag_final & op2.flag finalj;
ASSIGN
init (opl_eva) = -1;
next (opl_eva) := case
opl_eva=-1 & next (state)=rl & !next (condl) :0;
opl_eva=-1 & next (state)=rl & next(condl) :1;
1 :opl_eva;
esac;
init (condl) = {TRUE, FALSE};
next (condl) := case
opl_eva = -1 : {TRUE, FALSE};
opl_eva != -1 : condl;
1 : condl;
esac;

Figure 6.3: NuSMV module for Parallel
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MODULE par_opl_L2(L2_chosen, par_L1_opl, par_L3_opl,

opl_eva)
VAR
0S_s2 : boolean;
state : {sinit, s2};

CF2 : critical_L2 (state, chosen, L2_chosen,
par_L3_opl.CF2);

chosen : boolean;

DEFINE
s2_enabled := state=sinit & opl_eva=1l;
enabled := s2_enabled | CF2.enabled;
flag_final := (state=s2 & CF2.flag_final & opl_eva=1)
| opl_eva=0;
ASSIGN
init (state) := sinit;
next (state) = case
state = sinit & next (0S_s2) :s82;
1 :state;
esac;
init (OS_s2) = FALSE;
next (0S_s2) = case
chosen & L2_chosen & s2_enabled :TRUE;
0S_s2 :FALSE;
1 :0S_s2;
esac;

MODULE critical_L2 (state, chosen, L2_chosen, critical_L3)
VAR
opl : critical_opl_L2(chosen, L2_chosen,
critical_L3.opl, critical_L3.op3_eva, state);
DEFINE
enabled := opl.enabled;
flag_final := opl.flag_final;
MODULE critical_opl_L2 (chosen, L2_chosen,
critical_L3_opl, op3_eva, pre_state)
VAR
0OS_r3 : boolean;
0OS_s4 : boolean;

state : {sinit, r3, s4};
isCritical : boolean;
DEFINE

r3_enabled := state=sinit & op3_eva=l & pre_state=s2 &
(critical_L3_opl.state=s3 | critical_ L3_opl.state=r4);

s4_enabled := state = r3;

enabled := r3_enabled | s4_enabled;

flag_final := (state = s4 & op3_eva=1l) | op3_eva=0;
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ASSIGN

init (state) := sinit;
next (state) = case
state = sinit & next (0S_r3) :r3;
state = r3 & next (0S_s4) :s4;
1 :state;
esac;
init (OS_r3) := FALSE;

next (0S_r3) case
chosen & L2_chosen & r3_enabled :TRUE;

0S_r3 :FALSE;
1 :0S_r3;
esac;
init (OS_s4) = FALSE;

next (0OS_s4) case
chosen & L2_chosen & s4_enabled :TRUE;

0S_s4 :FALSE;

1 :0S_s4;
esac;
init (isCritical) = FALSE;
next (isCritical) = case

next (state) = r3 : TRUE;

next (state) = s4 :FALSE;

1 :1sCritical;

esac;

Figure 6.4: NuSMV module for Critical Region
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6.4.3 Branching

Representing Alternatives

The Alternatives maps to CEU modules, one for each Lifeline, containing EU submodules, one
for each Operand. For each Operand, a boolean variable exe indicates the execution status of
the applicable Operand, i.e., exe is set to True if the Operand is chosen to execute. The variable
exe for each Operand is initialized and declared in the CEU module on the Lifeline where the
Operand’s Constraint is located. The Constraint under INVAR restricts that an Operand’s exe
can be set to True only if the Operand’s cond evaluates to True. It also restricts that at most one
Operand can be chosen to execute, i.e., at most one exe can be set to True at a time, or all Operand
Constraints evaluate to False. The use of exe guarantees that all the enclosed Lifelines choose the
same Operand’s EU module to execute to avoid inconsistent choices (e.g., Lifeline LI chooses
Operand I’s EU whereas Lifeline L2 chooses Operand 2’s EU). The cond of the chosen Operand
stays True and those of the unchosen Operands are set to False and stay False.

Figure 4.10 is an example of an Alternatives with three Operands enclosing three Lifelines.
Figure 6.5 shows the Alternatives’s CEU module on Lifeline L2. Three modules are instantiated
to represent three EUs respectively. All the Interaction Constraints for the three Operands are
located on Lifeline L2. Thus, the variables op_eva, cond, and exe for the three Operands are
instantiated and declared in the CEU module on Lifeline L2. For example, variable opI_eva for
Operand op/ initially is set to -/, and then is set depending on the values of exe of opl, i.e., it is
set to [ if exe evaluates to True, denoting op! is chosen. Otherwise, opl_eva is set to 0 to denote
opl is unchosen. condl stays True if opl is chosen, or it is set to False and stays False if opl is
unchosen. exel stays to the value of evaluation in the following steps. The variables of the other
two Operands are defined in the same way as the ones of op/. The INVAR statement in the main

module expresses the strategy of choosing at most one Operand to execute as we described.

79



MODULE main
INVAR
((1_L2.CFl.exel—->1 L2.CFl.condl)
&(1_L2.CFl.exe2->1_12.CFl.cond?2)
&(1_L2.CFl.exe3->1_L2.CFl.cond3))
& ((1_L2.CFl.exel & !1_L2.CFl.exe2
'1_12.CFl.exe3)
[ ('1_TL2.CFl.exel & 1_L2.CFl.exe2 &
'1_I12.CFl.exe3)
| ('1_L2.CFl.exel & !1 L2.CFl.exe2 &
1_12.CFl.exe3)

| ('l _L2.CFl.condl & !1 1.2.CFl.cond2 &
'1_1L2.CFl.cond3))

&

MODULE alt_L2 (state, chosen, alt_L3)

VAR
opl : alt_opl_L2(opl_eva, chosen, alt_L3.opl);
op2 : alt_op2_L2(op2_eva, chosen, alt_L3.op2);
op3 : alt_op3_L2(op3_eva, chosen, alt_L3.op3);

opl_eva : -1..1;
op2_eva : -1..1;
op3_eva : -1..1;
condl : boolean;
cond?2 : boolean;
cond3 : boolean;
exel : boolean;
exe?2 : boolean;
exe3 : boolean;
DEFINE
enabled := opl.enabled | op2.enabled | op3.enabled;
flag_final := opl.flag_final & op2.flag_final
& op3.flag _finalj;
ASSIGN
init (opl_eva) = -1;
next (opl_eva) := case
opl_eva = -1 & next(state) = rl & !next (exel) :0;
opl_eva = -1 & next (state) = rl & next (exel) :1;
1 :opl_eva;
esac;
init (condl) = {TRUE, FALSE};
next (condl) := case
opl_eva = -1 : {TRUE, FALSE};
opl_eva = 0 : FALSE;
opl_eva =1 : TRUE;
1 : condl;
esac;
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init (exel) := {TRUE, FALSE};

next (exel) 1= case
opl_eva = -1 : {TRUE, FALSE} ;
opl_eva != -1 : exel;
1 : exel;

esac;

Figure 6.5: NuSMV module for Alternatives

Representing Option

For each Lifeline, The Option CF is mapped to a CEU module and its sole Operand is mapped
to an EU module, using a similar but simpler strategy than the Alternatives. An enumerated
variable, opI_eva, is used to describe the execution status of a single EU module. The variable is
initialized to -/ in the CEU module as is explained in section 6.4. We demonstrate an example of
an Option in figure 4.8. Figure 6.6 represents the implementation of the Option’s CEU module and
its Operand’s EU module on Lifeline L2. If condl evaluates to True, opl_eva is set to I to allow
the EU module to execute OSs. Otherwise, opl_eva is set to 0 to skip the EU module. Variable
opl_eva is passed to the EU module as an enabling condition of the first OS, s2, in the EU. A
derived variable flag_final of an EU module that evaluates to True represents that the OSs within
the EU will not execute in the following steps, i.e., the OSs have executed or the EU is skipped.
The rest of the EU module is the same as the Lifeline module for a basic Sequence Diagram with

asynchronous Messages.

Representing Break

The Break has been rewritten to an Alternatives with two Operands as we describe in section

4.2.2. Therefore, the Break can be mapped to NuSMV modules as an Alternatives.
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MODULE opt_L2 (state, chosen, opt_L1l, opt_L3)
VAR
flag_opt -1..1;
opl opt_opl_L2 (chosen, opt_Ll.opl, opt_L3.opl,
opl_eva);
condl boolean;
opl_eva -1..1;
DEFINE
flag_final := opl.flag finalj;
ASSIGN
init (opl_eva) = -1;
next (opl_eva) 1= case
opl_eva=-1 & next (state)=rl & !next (condl) :0;
opl_eva=-1 & next (state)=rl & next(condl) :1;
1 :opl_eva;
esac;
init (condl) = {TRUE, FALSE};
next (condl) := case
opl_eva = -1 {TRUE, FALSE};
opl_eva != -1 condl;
1 condl;
esac;

MODULE opt_opl_L2 (chosen,

opt_L1 opl, opt_L3_opl,

opl_eva)

VAR

0S_s2 boolean;

state {sinit, s2};
DEFINE

s2_enabled := state = sinit & opl_eva = 1;

enabled := s2_enabled;

flag_final := (state=s2 & opl_eva=l) | opl_eva=0;
ASSIGN

init (state)
next (state) :=

= sinit;

case

state = sinit & next (0S_s2) 1s82;
1 :state;
esac;
init (OS_s2) := FALSE;
next (OS_s2) := case
chosen & s2_enabled : TRUE;
0S_s2 :FALSE;
1 :0S_s2;
esac;

Figure 6.6: NuSMV module for Option
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6.4.4 Iteration

We represent a fixed, bounded Loop with NuSMV modules, where the Loop body iterations are
composed using Weak Sequencing. To unfold the Loop, each OS is mapped to an array of boolean
variables, whose length is the number of iterations. The graphical order of the OSs within the same
iteration is maintained, and the OSs among iterations execute sequentially along a Lifeline, i.e.,
OSs in iteration n take place before OSs in iteration n+1.

For example, the NuSMV module in figure 6.7 implements the EU of the Loop’s Operand on
Lifeline L/ in figure 4.15, with three iterations. OSs s/ and r3 are mapped to two arrays of three
boolean variables, i.e., the unfolded EU contains six OSs. The variable state has a value for each
OS to record its execution, e.g., the value of state is set to s/_2, representing OS s/ in the second
iteration has taken place. Between two iterations, the first OS of the succeeding interaction takes
the last OS of the preceding iteration as an enabling condition, e.g., OS_s1[3] representing s/ in
the third iteration, which is enabled only if 73 in the second iteration (OS_r3/2]) has executed.

We also translate the bounded Loop, whose maxint is given, to NuSMV model. To keep each
OS and Constraint within different iterations of a Loop unique, one way to implement an OS or
a Constraint is defining an array to rename the OS or the Constraint of each iteration. For each
Lifeline, We use n to represent the current iteration number. In this way, an OS within the Loop’s
Operand, OS_r1, and Constraint cond in iteration n can be represented as O.S_r1[n]| and cond|n]
respectively. For example, if a Loop iterates at most three iterations, O.S_r1 in different iterations
are defined as OS_r1[1], OS_r1[2] and OS_r1][3].

We need to evaluate the Interaction Constraint of its sole Operand after minimum number of
iterations. If n < manint, the Loop executes. If minint < n < maxint, the Loop executes only
if cond|n| evaluates to T'rue. Otherwise, the Loop terminates and the values of the Constraint of
remaining iterations (i.e., from cond[n + 1] to cond[mazint]) set to False. The Loop no longer

executes when its iteration reaches mazint.
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MODULE loop_opl_L1l (chosen, opl_L2, opl_L3, opl_eva)
VAR
OS_sl:array 1..3 of boolean;
OS_r3:array 1..3 of boolean;
state:{sinit, s1_1, r3_1, sl1_2, r3_2, sl1_3, r3_3};
DEFINE
sl_1_enabled:= state = sinit & opl_eva=1l;
r3_1 enabled: state = sl_1&(opl_L3.state = s3_1
lopl_L3.state = r2_2|opl_L3.state = s3_2
lopl_L3.state = r2_3|opl_L3.state = s3_3);
sl_2 enabled:= state = r3_1;
r3_2_enabled:= state = sl_2&(opl_L3.state = s3_2
lopl_L3.state = r2_3|opl_L3.state = s3_3);
sl_3_enabled:= state = r3_2;
r3_3_enabled:= state = sl_3&(opl_L3.state = s3_3);
enabled:=sl_1 enabled|r3_1_enabled|sl_2 enabled
|r3_2_ enabled|sl_3_enabled|r3_3_enabled;

flag_final:= (state = r3_3 & opl_eva=1l) | opl_eva=0;
ASSIGN
init (state) := sinit;
next (state) = case
state = sinit & next (0S_sl1[1]) :sl_1;
state = s1_1 & next (0S_r3[1]) :r3_1;
state = r3 1 & next (0S_sl1[2]) :sl_2;
state = s1_2 & next (0S_r3[2]) :r3_2;
state = r3 2 & next (0S_sl1[3]) :sl_3;
state = s1_3 & next (0S_r3[3]) :r3_3;
1 :state;
esac;
init (OS_s1[11) = FALSE;
next (0S_s1[1]) = case
chosen & sl1_1 enabled : TRUE;
0S _s1[1] :FALSE;
1 :0S_s1[11;
esac;
init (OS_r3([1]) = FALSE;
next (0OS_r3[1]) = case
chosen & r3_1 enabled : TRUE;
O0S_r3[1] :FALSE;
1 :0S_r3[17;
esac;
init (OS_s1[2]) := FALSE;
next (0S_s1[2]) = case
chosen & sl _2 enabled : TRUE;
0S_sll2] :FALSE;
1 :0S_s1[27;

esac;
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init (OS_r3[2]) := FALSE;

next (0OS_r3[2]) := case
chosen & r3_2 enabled : TRUE;
0S_r3[2] :FALSE;
1 :0S_r3[2];
esac;
init (OS_s1[3]) := FALSE;
next (0OS_sl1[3]) := case
chosen & sl 3 enabled : TRUE;
0S_s1[3] :FALSE;
1 :0S_s1[3];
esac;
init (OS_r3[3]) := FALSE;
next (OS_r3[3]) := case
chosen & r3 3 enabled : TRUE;
0S_r3[3] :FALSE;
1 :0S_r3[31;
esac;

Figure 6.7: NuSMV module for Loop

6.4.5 Weak Sequencing and Strict Sequencing

Mapping a Weak Sequencing or a Strict Sequencing to the input language of NuSMV obtains a
CEU module for each Lifeline, which contains an EU module for each Operand. The semantics
of the Weak Sequencing enforces the total order among EUs of Operands on the same Lifeline.
To describe the semantics, any EU module (except the first one) takes variable flag_final of the
preceding EU on the same Lifeline as an enabling condition, i.e., the EU can not execute before
the preceding one completes.

Figure 4.20 is an example of a Weak Sequencing, whose EU of the second Operand on Lifeline
L2 is mapped into a NuSMV module (see figure 6.8). In the EU module, the first OS, r4, has an
enabling condition , which is the variable flag_final of the EU occurring immediately before this
EU (the EU of the first Operand). In this way, the order between these two modules on Lifeline
L2 can be enforced.

The semantics of the Strict Sequencing enforces the total order between adjacent Operands.

An EU module of an Operand (other than the first one) within a Strict Sequencing takes the
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MODULE weak_op2_L2 (chosen, weak_Ll1_op2, weak_ L3_op2,
weak_L2_opl, op2_eva)

VAR
0OS_r4d4 : boolean;
state : {sinit, réd};
DEFINE
r4_enabled := state = sinit & op2_eva = 1
& weak_Ll_op2.state = s4
& weak_L2_opl.flag finalj;
enabled := r4_enabled;
flag_final := (state=r4d & op2_eva=1l) | op2_eva=0;
ASSIGN
init (state) := sinit;
next (state) := case
state = sinit & next (0S_r4) :rd;
1 :state;
esac;
init (OS_r4) = FALSE;
next (0OS_r4) = case
chosen & r4_enabled : TRUE;
0S_r4 :FALSE;
1 :0S_r4;
esac;

Figure 6.8: NuSMV module for Weak Sequencing
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variables flag_final of every EU module within the previous Operand as enabling conditions of
respective OSs. It asserts that all EUs can not execute until its previous Operand completes exe-
cution.

Figure 4.22 is an example of a Strict Sequencing and figure 6.9 shows the EU module of the
second Operand on Lifeline L2. The OS r4 takes the variables flag_final, one for each EU of the
first Operand as enabling conditions to enforce the total order among Operands.

MODULE strict_op2_L2 (chosen, strict_L1_op2,
strict_L3_op2, strict_L1_opl,
strict_L2_opl, strict_L3_opl, op2_eva)

VAR
OS_r4d4 : boolean;
state : {sinit, réd};
DEFINE
r4_enabled := state = sinit & op2_eva=l
& strict_Ll _op2.state = s4
& strict_Ll1 opl.flag_final
& strict_L2_opl.flag_final
& strict_L3_opl.flag_final;
enabled := r4_enabled;
flag_final := (state=r4d & op2_eva=1l) | op2_eva=0;
ASSIGN
init (state) := sinit;
next (state) = case
state = sinit & next (0S_r4) :r4;
1 :state;
esac;
init (OS_r4) := FALSE;
next (OS_r4) := case
chosen & r4_enabled : TRUE;
0S_r4 :FALSE;
1 :0S8_r4;
esac;

Figure 6.9: NuSMV module for Strict Sequencing
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6.4.6 Ignore and Consider

Ignore and Consider make it possible to execute the Messages not explicitly appear in the CF. An
Ignore specifies a list of types of Messages which do not appear in the Ignore. The Messages of
ignored types can occur and interleave the traces of the Ignore. A Consider specifies a list of types
of Messages which should be considered within the Consider. It is equivalent to ignore other
Message types, i.e., the Message types not in the list do not appear in the Consider, but they may
occur. If a Message type is considered but does not appear in the Consider, then the Messages of
the type can not occur within the Consider. For example, the Consider in figure 4.27 considers
Messages m2, m3, and m5, but only m2 and m3 appear in the Consider. Thus, Message m5 can
not occur within the Consider. To map an Ignore (Consider) into NuSMV modules, we assume
the signature of any Message of ignored (considered) types is given, i.e., the Lifelines where the
sending OS and receiving OS of a Message occur are known.

In a Sequence Diagram with an ICF, each OS of any ignored Message is mapped to a boolean
variable in the EU module of the Ignore on the Lifeline where it is located. An OS of any ignored
Message can be enabled if it has not executed and the control is in the EU module. To record the
status of each ignored Message’s OS, an enumeration type variable os_chosen is introduced, which
is initially -7. It is set to O if the OS is chosen to execute and is set to and stays / in the following
steps. In each EU module of the ICF, the OSs of ignored Messages and other OSs are interleaved,
which is captured by INVAR statements using the same strategy as the implementation of Parallel.

Figure 4.26 illustrates an example with an Ignore. In the example, the EU of the Ignore on
Lifeline L3 is mapped to an EU module (see figure 6.10). The Message m3 is ignored, whose
receiving OS r3 is mapped to a boolean variable. A boolean variable r3_chosen is used to record
the status of OS r3. OS r3 can be enabled if and only if it has not executed before and the sending
OS of m3 has taken place.

In a Sequence Diagram with a CCF, each OS of the considered type Messages can be defined

as a boolean variable in the EU module of the Consider on the Lifeline where it is located. If the
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MODULE ignore_opl_L3(L3_chosen,

VAR

0S_r2 boolean;

state {sinit, r2};

chosen boolean;

0S_r3 boolean;

r3 _chosen {-1, 0, 1%};
DEFINE

r2_ enabled = state =

enabled := r2_enabled;

flag_final := (state = r2 &

r3_enabled = r3 _chosen !=
ASSIGN

init (state)
next (state)

= sinit;

case

sinit & opl_L2.state

opl_L2, opl_eva)

s2
& opl_eva=1;

opl_eva=1l) | opl_eva=0;
1 & opl_L2.s3_chosen 1
& opl_eva=l;

state = sinit & next (0S_r2) tr2;

1 :state;
esac;
init (OS_r2) = FALSE;
next (OS_r2) := case

chosen & L3_chosen & r2_enabled

0S_xr2

1
esac;
init (OS_r3)
next (0OS_r3)

r3 chosen=0 & L3 chosen & r3 enabled

0S_r3
1

esac;

init (r3_chosen)

next (r3_chosen)
r3_chosen
next (0S_r3)
1

esac;

FALSE;
case

{_11
case

0};

-1

Figure 6.10

: TRUE;
:FALSE;
:0S_r2;
: TRUE;
:FALSE;
:0S_1r3;

: { -1 14 0 } 7

:1;

:r3_chosen;

: NuSMV module for Ignore
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OS does not appear in the Consider, it is defined as a derived variable, whose value is False to
indicate the OS will never occur. For other known but not considered Messages, their OSs are
defined in the same way as the OSs of ignored Messages in an Ignore. For example, figure 6.11
shows an EU module on Lifeline L2 for the Consider in figure 4.27. Message m5 is considered
but does not appear in the Consider, so its sending OS s5 is mapped to a derived boolean variable
OS_s5 whose value set to Flalse. Message m6 is not considered in the Consider, its sending OS 56
is mapped to a boolean variable OS_s6, whose status is recorded by boolean variable s6_chosen.
In each EU module of the CCEF, each OS of the Messages not considered by Consider and other

OSs are interleaved, which is represented by INVAR statements.

6.4.7 Coregion

We represent a Coregion in a similar way as the translation of Parallel. Each OS in a Coregion is
considered as a Parallel Operand on a single Lifeline, and is mapped to an EU module with an OS

variable, a state variable, and variable chosen.

6.4.8 General Ordering

A General Ordering enforces the order between two unordered OSs, which describes that one OS
must occur before the other OS. General Ordering adds the preceding OS as part of the enabling
condition of the succeeding OS, i.e., the succeeding OS can execute only if the preceding OS has

executed.

6.5 Interaction Use

The specified Sequence Diagram of an Interaction Use can be considered as a CF, whose Inter-
action Operator is ref. The CF and the interaction fragments, which are directly enclosed by the
referring Sequence Diagram, are combined using Weak Sequencing. On each Lifeline, the Inter-

action Use CF is mapped to a NuSMV module, which is initialized in the module of the specified
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MODULE consider_opl_L2 (L2_chosen, opl_L3, opl_eva)
VAR

0S_s2 : boolean;

0S_s3 : boolean;

state : {sinit, s2, s3};

chosen : boolean;

0S_s6 : boolean;

s6_chosen : {-1, 0, 1};

DEFINE
s2_enabled = state = sinit & opl_eva = 1;
s3 _enabled = state = s2;
enabled := s2_enabled | s3_enabled;
flag_final := (state = s3 & opl_eva=1l) | opl_eva = 0;
s6_enabled := s6_chosen != 1 & ((opl_eva != 1) |
(opl_eva = 1 & flag final & opl_L3.flag_final));
0S_s5 := FALSE;
ASSIGN
init (state) := sinit;
next (state) := case
state = sinit & next (0S_s2) :82;
state = s2 & next (0S_s3) :s3;
1 :state;
esac;
init (OS_s2) = FALSE;
next (0S_s2) = case
chosen & L2 chosen & s2_enabled : TRUE;
0S_s2 :FALSE;
1 :0S_s2;
esac;
init (OS_s3) := FALSE;
next (0S_s3) = case
chosen & L2_chosen & s3_enabled : TRUE;
0S_s3 :FALSE;
1 :0S_s3;
esac;
init (OS_s6) = FALSE;
next (0OS_s6) = case

s6_chosen = 0 & L2_chosen & s6_enabled :TRUE;
0S_sb6 :FALSE;
1 :0S_s6;
esac;
init (s6_chosen) {=1, 0};
next (s6_chosen) case
s6_chosen = -1 :{=-1, 0};
next (0OS_so6) :1;
1 :s6_chosen;

esac;
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Interaction. If the Interaction contains CFs, each of its CEUs is mapped to a CEU module and
the EUs within each CEU are mapped as per the strategy of that particular CF. In this way, the

Interaction Use CF can be mapped to NuSMV modules recursively.

6.6 Proof for NuSMYV Model of Sequence Diagram with Combined Frag-

ments

We wish to prove that the NuSMV model for a Sequence Diagram with CFs capture the semantics
of the Sequence Diagram. Recall that the semantic rules general to all CFs are shown in section
2.2. The semantics of each CF Operator is shown in section 2.3. Section 6.4 describes the mapping
strategy for Sequence Diagram with CFs, where an example of NuSMV model for a Sequence

Diagram with CFs is shown in figure 6.3.

Lemma 6.15. A given Sequence Diagram with CFs, seq, directly contains h Message. In the CFs,
p Messages are enclosed in Operands whose Interaction Constraints evaluate to True, i.e., if a
Message is enclosed in multiple nested Operands, all the Interaction Constraints of the Operands
evaluate to True. For other q Messages within the CFs, each Message is enclosed in one Operand
or multiple nested Operands, where at least one Operand’s Interaction Constraint evaluate to
False. If o € (ENigay ) then o must have the form, 0 = o[ opiop) - T, Where oj1 ap2p)

contains no T.

Proof. In the NuSMV model for seq, M., the INVAR statement asserts that one enabled OS on
one Lifeline can take place in each step until no more OSs are enabled. Therefore, no 7 occurs
between two OSs in o. In the Lifeline modules, the variables of OSs define that each OS directly
enclosed in seq can execute once and only once. In the CEU modules, variables op_eva of the
EUs whose Constraints evaluate to True set to 1, indicating that the OSs within the EUs can be
enabled to execute. Otherwise, variable op_eva sets to 0, indicating that the OSs within the EUs
whose Constraints evaluate to False cannot be enabled to execute. The variables of OSs in the EU
modules define that each enabled OS can execute once and only once. Therefore, we can infer
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that o have the form, o = o[y 242, - 7%, Where o7[1.21,42,) does not contain 7. L]

A given Sequence Diagram, segq,, directly contains k Lifelines, h Messages and r CFs, which
contain p + g Messages. Each CF does not contain other CFs. For the Messages within the CFs,
p Messages are enclosed in Operands whose Interaction Constraints evaluate to True, while ¢
Message are enclosed in Operands whose Interaction Constraints evaluate to False.

We wish to prove that, Vo.v € (X59)* v - 7% € (ENY5,)¢. The semantic rules of seg,
define that each OS which is directly enclosed in segq, or an Operand whose Constraint evaluates
to True, occurs once and only once. Thus, Vv.v € (33¢4)* |u| = 2h + 2p. From lemma 6.15, we
learn that Vo.o € (E37,1)%, 0 = Op.ontop) - T, Where oy _op42p CONtAiNs N0 7. 01 opy2y €
PREop10,(ENT0 1)), I Voo € (350)* v - 79 € (E30v)Ys we can infer that, v €
PREgnsap(S558ary)*)s i (S8)° € PREgyap(S56%5010)%).

We also wish to prove that Vo.o € (S30sn)”s0nontoy € (B3&), e,

sem

PREy 2 ((Snysary)”) € (3585)"

sem

Theorem 6.16. (X7 )* and PRFEop 1 2,(XN5sav)”) are equal.

sem

We provide the proof of theorem 6.16 in appendix B.4.
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Chapter 7: TOOL SUITE IMPLEMENTATION

As a proof-of-concept, we have developed a tool suite, implementing the techniques described in

this dissertation. Recall figure 7.1 illustrates the architecture of the software framework.

_Trace Diagram for Counterexample

Software <
Engineers Sequence

Diagrams
—_—

Seq
Diagram
Translation

Sequence
Diagrams

LTL
Transformation

Counterexample

Legend
D: external entity Q : process

@: data flow (internal) ——>: data flow (external)

Figure 7.1: Architecture of tool suite

The software engineer uses MagicDraw to create a Sequence Diagram, which can be converted
to a textual representation in terms of XML using our MagicDraw plugin. The Sequence Diagram
Translation tool and the LTL Transformation Tool take the XML representation as input, parses
it into a syntax tree, and transforms it into a NuSMV model and a LTL formula respectively.
NuSMYV model checker takes as input the generated NuSMV model and a temporal logic formula
that is translated automatically from a Sequence Diagram or specified by the software engineer.
If there are no property violations, the software engineer receives a positive response. If property
violations exist, NuSMV generates a counterexample which is then passed to our Occurrence
Specification Trace Diagram Generator (OSTDG) tool. The output from the OSTDG is an easy-to-
read Sequence Diagram visualization of the counterexample to help the software engineer locate
the property violation faster. Thus, the software engineer may transparently verify a Sequence
Diagrams using NuSMYV, staying solely within the notation realm of Sequence Diagrams.

Our tool suite consists of four components, which include an automated tool translating Se-
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quence Diagrams with CFs into LTL formulas, an automated tool translating Sequence Diagrams
with CFs into NuSMV modules, an OSTDG tool, and a user interface. Our tool suite are imple-

mented using Java as described in the following sections.

7.1 Translating Sequence Diagram into LTL Formulas

The LTL Transformation Tool is a tool for translation Sequence Diagrams with CFs into LTL
formulas. It is typically used to generate the LTL properties which are described using Sequence
Diagrams by user. It is designed for users who do not have strong background of temporal logic
to ease their efforts for analyzing their requirements. The tool supports all 12 CFs, nested CFs,
and Interaction Use. The scope of the tool is defined in chapter 4.5.3, e.g., the tool only supports
complete Messages.

This tool accepts the XML representation of a Sequence Diagram, which is converted by our
MagicDraw plugin. We write a parser (i.e., class parseXMLFile) to parse the XML representation
and create the syntax tree of the Sequence Diagram. We define multiple classes to indicate the

structure of a Sequence Diagram, which consists of:

e (Class SD: defines the structure of a Sequence Diagram, which contains a set of Lifelines

and a set of CFs.

e Class Lifeline: defines the structure of a Lifeline, which contains a set of OSs not enclosed

in any CEUs and a set of CEUs not enclosed in other CEUSs.

e Class CF: defines the structure of a Combined Fragment, which contains its Interaction

Operator, a set of Lifelines enclosed in the CF, and a set of Interaction Operands.
e Class Operand: defines the structure of an Interaction Operand.
e Class OS: defines the structure of an Occurrence Specification.

e Class CEU: defines the structure of a CEU.
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e Class EU: defines the structure of an EU.
e Class Cond: defines the structure of a condition.

e (Class Elements: the OSs and CEUs on a Lifeline are called elements of the Lifeline. This

class helps to create the list of OSs and CEUs on the same Lifeline.

We implement class Translate2LTL to translate the syntax tree of the Sequence Diagrams into
LTL formulas. The translation strategy is based on our LTL templates in chapter 4. In our LTL
templates, we evaluate the Interaction Constraints of each Interaction Operand using auxiliary
functions. To implement these auxiliary functions, we need to determine when to evaluate the In-
teraction Constraints. However, for a Sequence Diagram, the value of the Interaction Constraints
in it can be modified by other Sequence Diagrams of the same system. Thus, we need to evaluate
the Interaction Constraint of an Interaction Operand right before entering the Combined Frag-
ment which contains the Interaction Operand, i.e., the Interaction Operand is ready to execute.
The value of the Interaction Constraint is maintained after evaluation to keep the execution of
the Operand is consistent. We have implemented the auxiliary functions which are related to the
Interaction Constraints, e.g., TOP(u), TBEU (u), etc.. We demonstrate and explain the modified
LTL templates in appendix C.

We start with relating each OS with Interaction Constraints. For an Operand, its Interaction
Constraint is associated with all the OSs within it. If an OS is enclosed in multiple nested CFs, the
Interaction Constraints of all the Operands enclosing the OS are associated with the OS. The In-
teraction Constraint of the OS which are directly enclosed in the Sequence Diagram is considered
as evaluating to T'rue.

We translate the structure of the Sequence Diagram into the sub-formulas of our modified LTL
templates. First, we consider the sub-formulas for BEUs which are directly enclosed in a Sequence
Diagram with CFs. These sub-formulas can also be applied to translate basic Sequence Diagrams.
To obtain sub-formula o, for BEU g, we need to represent (1) the order of each pair of adjacent
OSs in g; (2) each OS in g must happen once and only once. To obtain sub-formula 3; for Message
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j, we represent the order between its sending and receiving OSs. For the Sequence Diagram segq,
we need to obtain all the OSs from its enclosing Lifelines and translate the interleaving semantics
as the definition of sub-formula £,.,. £,¢, also enforces that each OS must happen if the Interaction
Constraints associated with it evaluate to True.

Then, we consider the sub-formulas which are general to all CFs. In the modified sub-formula
®CF  each Operand is translated into a conjunct, which represents the evaluation of the Operand’s
Interaction Constraint, and the order of OSs within the Operand. We evaluate the Interaction Con-
straint of an Operand when the OSs locate before the CF have executed, where these OS should
locate on the Lifeline where the Interaction Constraint locates on. If the Constraint evaluates to
False, the Constraint keeps False and the Constraints of the nested set to False. Otherwise, the
Constraint keeps True and the order of OSs directly enclosed in the Operand are enforced using
sub-formula §™. The nested CFs are translated into ®“¥ recursively. 8™ defines the order of OSs
within m using modified &, and /3;, which specify the OSs order for every state. The order of OSs
in BEU g is translated into &, and the order of OSs of Message 7 is translated into Bj. For each
CF, the order between the preceding/succeeding set of OSs and the OSs within the CF is translated
into ¥“¥. We implement the algorithm (see appendix A) to calculate the preceding/succeeding
set OSs of the CF. The order between the preceding set of OS and the succeeding set of OSs is
translated into 7. We have discussed the first OS occurring with an Operand in chapter 4.5.3.
For each Operand of a CF, the order between the first OS occurring the Operand and other OSs is
translated into 1¢F.

Finally, we consider the sub-formulas which are specific for each CF. We rewrite the sub-
formula ®“ using ®F" and égon for representing the semantics of Alternatives and Loop re-
spectively. An Alternatives is translated into ®¢F" as a general CF with an additional sub-formula
YF . For each Operand, ¥ relates its Constraint and its exe, which indicates that if the Operand

1s chosen to execute. Each OS within Alternatives is also associated with the exe to indicate its

CF

loop> Where these iterations are connected us-

execution. We translate all iterations of Loop into ®

ing Weak Sequencing. Operand m of a Critical Region is translated into §,,, .. which conjuncts

97



sub-formula 71 pr2 With ™. 871 072 enforces that the execution of the OSs within the Critical
Region’s EU on each Lifeline cannot be interrupted by other OSs on the same Lifeline. Similarly,

the Operand of Assertion is translated into 6"

™ ort» Whose sub-formula \}71% /. asserts that, for each

Lifeline, the execution of the preceding set of OSs and the OSs within EU of the Assertion cannot
interleaved by other OSs. We translate other CFs into LTL sub-formulas as our LTL templates.

The LTL formulas are printed into a file using Class printOut.

7.2 Translating Sequence Diagram into NuSMV Model

The aim of Sequence Diagram Translation tool is translating UML Sequence Diagrams into the
input language of NuSMV. This tool is used to transform a Sequence Diagram which needs to
be analyzed into a NuSMV model. It helps software engineers to analyze their requirements
automatically. The scope of this tool is the same as the LTL Transformation Tool. The tool accepts
the XML representation of a Sequence Diagram too. To preprocessing the Sequence Diagram, we
can use the parser we developed before to create the syntax tree, which contains OSs, CFs and
other components as we defined.

The translation from the syntax tree of a Sequence Diagram into NuSMV models is imple-
mented using class Translate2SMV. We have presented the translation strategy in chapter 6. We
preserve the structure of a Sequence Diagram when we map it into NuSMV models. First, we
describe the Sequence Diagram using a main module, where the Lifelines within the Sequence
Diagram are instantiated and declared as module instances. Each Lifeline module instance takes
other Lifeline module instances as parameters. We represent the interleaving semantics among
Lifeline using INVAR statements as defined in our mapping strategy. It takes all Lifeline modules
instances of the Sequence Diagram and describes that only one Lifeline is chosen to execute until
the Sequence Diagram finishes execution. In the main module, we also express the interleaving
semantics among EUs in Parallel or OSs in Consider/Ignore using INVAR statements, which will

be discussed when we translate the CFs into NuSMV modules. We map the OSs as boolean vari-
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ables in the Lifeline/EU module which directly encloses them. To access the OS variable, we need
to append the name of every Lifeline/EU which encloses the OS with .(DOT) before the variable
name. In the main module, we define each OS variable using a derived variable to indicate the
access of the variable. For example, we define s; of Lifeline module L1 as s1 := [;1.s1; in the
main module. This procedure makes the OS variable names in the NuSMV model and the ones in
the LTL formulas are consistent.

Then, we translate each Lifeline into a NuSMYV module. In VAR section, the NuSMV module
takes the directly enclosed OSs, the directly enclosed CEUs, state, and chosen as variables. Each
directly enclosed OS is mapped to a boolean variable. Each directly enclosed CEU is instantiated
and declared as a module instance, which carries related CEUs, state and chosen as parameters.
state 1s an enumerated type variable, which has an initial value an a value for each OS to record the
execution status. chosen is a boolean variable, which is used to specify the interleaving semantics
in main module. If the Interaction Operator of any directly enclose CEU is critical or assert,
the Lifeline module contains variable isCritical or isAssertion for the CEU. We will discuss it
when translating the CFs into NuSMV modules. In DEFINE section, a derived variable, enabled,
is defined for each OS to indicate the OS is ready to execute. Another enabled is defined for the
Lifeline to indicate the Lifeline module is ready to execute. A derived variable, final, is defined for
the Lifeline to indicate the Lifeline module reaches final state. In ASSIGN section, the execution
of the Lifeline module is mapped to the transition relation of variable state. The execution of each
OS is mapped to the transition relation of its variable.

Next, we map each CEU directly enclosed in the Lifelines into a NuSMV module. A CEU
consists of one or more EUs and an Interaction Operator. In VAR section, each EU is instantiated
and declared as a module instance, which carries the related EU instances, chosen, and op_eva
as parameters. For the EU’s Interaction Constraints which locate on the Lifeline, each Constraint
1s mapped to boolean variables cond and op_eva. cond records the value of the Constraint, and
op_eva records the execution status of the Operand. If the CEU’s Operator is alt, each Constraint

is also mapped to boolean variable exe to indicate the Operand is chosen to execute. In DEFINE
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section, a derived variable, enabled, is defined to indicate the CEU is ready to execute. Variable
final is defined to indicate the CEU reaches its final state. In ASSIGN section, cond shows the
evaluation of the Constraint. The transition relation of op_eva captures the status that the EU is
ready to execute, the EU will not execute, or the EU states to execute.

Finally, we map each EU of the CEUs into a NuSMV module. The EU module is quite similar
to the Lifeline module. We can reuse some methods for Lifeline modules to translates each EU
into an EU module. Additional variables may be introduced for EU modules with different Inter-
action Operators. For EU whose Operator is par, a variable, chosen is defined for the EU module
to indicate that the EU can be chosen to execute. We have mapped the interleaving semantics of
Parallel to INVAR statements in the main module. For EU whose Operator is critical, the transi-
tion relation of variable isCritical is defined in ASSIGN section. isCritical constraints the CEU of
Critical Region cannot be interleaved by other OSs on the same Lifeline. For EU whose Operand
is loop, each OS or Constraint is defined as an array. The state and derived variables are changed
correspondingly. For EU whose Operand is assert, the transition relation of variable isAssertion is
defined in ASSIGN section. For EU whose Operand is weak or strict, variable enabled for the first
OS takes extra enabling condition to represent the order between EUs. For EU whose Operand
is consider or ignore, each ignored OS is mapped to a boolean variable. We also introduce an
enumerated type variable, chosen, for each ignored OS. The interleaving semantics between the
ignored OSs and other OSs is represented by INVAR statement in main module. The nested
CEUs and EUs are mapped into NuSMV modules recursively by following the same procedure.

The generated NuSMV modules are printed to file using Class printOut.

7.3 Occurrence Specification Trace Diagram Generator (OSTDG) Tool

We develop the OSTDG to generate trace diagram visualizations of counterexamples produced
by the NuSMV model checker. Trace diagram is similar to basic Sequence Diagram with asyn-

chronous Message. It contains one or more Lifelines, which are communicated using Message.
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For the counterexample, we can get the information of Lifelines from the first state, and generate
the Lifeline in the trace diagram. Every state change is triggered by the execution of an OS until
all OSs have executed. We can find the executing OS and the chosen Lifeline for each state, and
generate the OS on the corresponding Lifeline in the trace diagram. Each OS should locate below
its preceding OS. Later, we connect the OSs of the same Message using arrow from the sending

OS to the receiving OS, and add the Message name near the arrow. An example of trace diagram

is shown in figure 7.2.

7.4 User Interface
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Figure 7.2: Screenshot of the tool suite (Case Study 1).

In previous sections, we have introduced the components of our tool suite. We build a user
interface to integrate these components and ease users’ effort to utilize our tool suite. Figure
7.2 shows a screenshot of the user interface, which contains of three columns. The left col-
umn shows the Sequence Diagram to be checked, which is translated to a NuSMV model. The

user can load a Sequence Diagram by choosing the item LoadM odel Sequence Diagram in the
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menu of F'ile, and translate it into a NuSMV model by clicking the button Translate M odel or
choosing the item T'ranslate M odel in the menu of Translation. The middle column shows the
properties, which can be derived from a Sequence Diagram (the upper box), or specified by the
software engineer (the lower box). The user can load a Sequence Diagram by choosing the item
LoadPropertySequence Diagram in the menu of Flile, and translate it into LTL formulas by
clicking the button T'ranslate Property or choosing the item Translate Property in the menu of
Translation. If the user would like to input some properties as LTL formulas, he can choose the
item AddProperty in the menu of File and type the formulas. With the NuSMV model and LTL
properties, the user can click the button RunAnalysis to verify the model against the properties.
The result of verification is shown in the right column. If the model does not satisfy a property, a
counterexample is generated by the NuSMV model checker. To read the counterexample, the user
can click the item GenerateOST D in the menu of Translation. The trace diagram of the coun-
terexample will be shown in the right column. Our user interface demonstrates the trace diagram
for one counterexample at a time. If multiple properties are checked together, the user needs to
click GenerateOST D again to see the trace diagram for the counterexample of the next property.
Figure 7.2 is a screenshot of the user interface when we run the case study example 1, while figure

7.3 is a screenshot of the user interface when we run the case study example 2.
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Figure 7.3: Screenshot of the tool suite (Case Study 2).
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Chapter 8: EVALUATION

In this section, we validate our technique and tool suite with two case studies. First, we evaluate
the tool suite with an insurance industry software application. Second, we evaluate the usability

of our technique by modeling HIPAA privacy policies.

8.1 Verify Insurance Software Application Using Tool Suite

We evaluate our technique with a case study of ISIS (Insurance Services Information System),
a web application currently used by the specialty insurance industry. Our evaluation uses two

Sequence Diagram examples from the design documentation of ISIS.
8.1.1 Case Study Example 1: Adding Location Coverage

The first example addresses adding insurance coverage to a new location. Location type and tier
(a hurricane exposure rating factor) asynchronously determine the coverage premium rate. The
location’s tier is asynchronously determined by zip code. In order to charge the correct premium
for a location’s windstorm coverage, the correct tier value must be determined before the rate is

fetched. The Sequence Diagram of this example is shown in figure 8.1.
8.1.2 Case Study Example 2: End-of-month

The second example concerns an administrative procedure known as “end-of-month" which seals
that month’s billing data and generates end-of-month reports for the insurance carrier. End-of-
month can take several days and involve multiple users. During this time the client must remain
free to continue to use ISIS. However, if end-of-month reporting occurs before the billing data is
sealed, the reports may contain inaccurate data and create inconsistencies in future reports. The
Sequence Diagram of this example contains 3 Lifelines, 16 Messages and a Parallel Combined

Fragment with 2 Operands. The Sequence Diagram of this example is shown in figure 8.3.
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8.1.3 Empirical Result

In our first case study example, we ascertain the possibility of obtaining an incorrect rate from
the server (the safety property, which is translated from an NCF shown in figure 8.2). An invalid
trace was discovered in the model by NuSMYV, indicating that there is a possibility of incorrect
rate determination. Using a counterexample visualization from the OSTDG (see 8.5), we easily
located the messages involved in the property violation. In reality, locating this bug manually
without our automatic technique involved a great deal more time and effort. Model checking the
safety property of a Sequence Diagram with ASCF (see [62] for the diagram) against example 2’s
model returned true, indicating that end-of-month processing is always followed by end-of-month
reporting.

We used NuSMV to check the two examples on a Linux machine with a 3.00GHz CPU and
32GB of RAM. Case Study example 1 executed in 19 minutes 49 seconds with 3,825 reachable
states out of total 3.71e+012 states. Case Study example 2 executed in 18 minutes 14 seconds

with 192 reachable states out of total 4.95e+012 states.
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Figure 8.5: Visualization for the counterexample of case study 1
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8.2 Modeling HIPAA Policy Using Sequence Diagrams

We evaluate our technique by modeling HIPAA regulations using Sequence Diagrams. Our eval-

uation focuses on the transmission-related privacy polices.
8.2.1 HIPAA Overview

Nowadays, the widespread use of electronic information, makes the information management for
organizations, such hospital, bank, and academic institution, become more convenient. How-
ever, the storage and transmission of personal information via networks may cause serious risks.
For instance, hackers in Eastern Europe stole personal information on more than 181, 000 peo-
ple from Department of Technology Services server in Utah [50]. Thus, privacy has become an
important concern for organizations to ensure the use and transmission of personal information
in compliance with the privacy regulations, such as Payment Card Industry (PCI) Data Security
Standard [17] and Health Insurance Portability and Accountability Act of 1996 (HIPAA) [1].
HIPAA provides national standards for insurance portability, fraud enforcement and admin-
istrative simplification of the healthcare industry [10]. It regulates the transmission and use of
confidential health information, which are referred as protected health information (PHI) among
covered entities. Covered entities are the organizations required to comply with HIPAA, including
hospitals, insurance companies, doctors and so on. Covered entities who violate HIPAA regula-
tions may face civil and severe criminal penalties [10]. For instance, a former UCLA Health
System employee was sentenced to prison and fined for unauthorized access to organizational
electronic health record system and to view the medical record [22]. The organizational policies
of the covered entities should comply with the HIPAA policies. Failure to comply with HIPAA
regulations may cause severe loss. For instance, Rite Aid Corporation paid $1 million for vio-
lations of the HIPAA privacy rule, and agreed to improve their policies to safeguard the privacy
of their customers [56]. One goal of HIPAA regulations is to prevent the disclosure of PHI of

individual to unauthorized people or organizations.
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However, as laws are written in legal languages, HIPA A regulations are too complex and dense
for policy writers and users of regulated organization to regulate their organizational policies and
the transmissions of electronic information. DeYoung et al. have formalized the transmission-
related portion of HIPAA privacy rule using a privacy logic, PrivacyLFP, to enforce privacy regu-
lations [20,21]. Understanding the logical representation is much more complicated and difficult
for users without expertise. As a graphical notation, Sequence Diagram is more intuitive and
user-friendly. It is deployed to model dynamic behaviors among system actors and their environ-
ment through message passing. Thus, Sequence Diagram is an appropriate candidate to model
HIPAA regulations. HIPAA regulations consist of general administrative requirement, adminis-
trative requirements, security rule, and privacy rule. We are interested in HIPAA privacy rule,
which focuses on protecting the privacy of individually identifiable health information during in-

formation transmission.
8.2.2 Mapping Strategy

In HIPAA regulations, subpart E of part 164, which defines policies for privacy of individually
identifiable health information, consists of 17 sections. We are interested in the sections which are
related to information transmission and communication using Sequence Diagrams on the basis of
the formal semantics given by our formal framework. Each section contains multiple paragraphs.
We consider that each paragraph expresses a privacy policy. We categorize the of HIPAA privacy
policies into sufficient policies, necessary policies and exceptional policies. Sufficient policies
provide possible means to regulate the behaviors, i.e., each policy may be satisfied if the trans-
mission’s purpose meets the policy’s purpose. For instance, §164.512(a)(1) expresses a sufficient
policy, which regulates that “a covered entity may use or disclose protected health information to
the extent that such use or disclosure is required by law...”. Necessary policies provide mandatory
means to regulate the behaviors, i.e., each policy must be satisfied if the transmission’s purpose
meets the policy’s purpose. For instance, §164.508(a)(2) expresses a necessary policy, which reg-

ulates that “a cover entity must obtain an authorization for any use or disclosure of psychotherapy
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notes, except...”. §164.508(a)(2) also defines its exceptions, which enumerate the cases that do
not need to meet the policy. We consider that these exceptions express exceptional policies, which
can be either sufficient policies or necessary policies. To combine the policies, each transmission
should satisfy at least one sufficient policy and all the necessary policies. For a policy with excep-
tions, each transmission should satisfy the policy or one of its exceptional policies. A policy may
refer to other policies.

We map each section as a Sequence Diagram with a Parallel CF, where the Parallel contains
two Operands. One Operand contains an Alternatives CF for all the sufficient policies, each of
which is mapped to an Operand of the Alternatives. The other Operand contains a Parallel CF for
all the necessary policies, each of which is mapped to an Operand of the Parallel. Each Operand
of a policy refers to a Sequence Diagram illustrating the detail of the policy using the Interaction
Use.

We model each policy using a Sequence Diagram with Constraints, where the Constraints
represent the purposes of the policy and the predicates in the policy. A predicate represents a
condition which needs to be evaluated by external actors. Each actor is modeled using a Lifeline,
where the actor’s role is modeled using the instance’s class. For instance, a Lifeline’s head can be
pl : coveredEntity, which represents that the role of actor pl is a covered entity. The roles of
actors are hierarchial. For a paragraph, the roles in it can be detailed in other paragraphs it refers
to. Each message transmitted among actors is modeled using an asynchronous Message, where the
message name may indicate the information it carries, i.e., the attributes of an actor. To evaluate
the predicates, we add Messages between Lifelines for actors and an external Lifeline representing
the evaluator of the predicates. An actor sends a request of a predicate to the evaluator and the
evaluator replies the result of the evaluation. If the policy has exceptions, the policy is mapped
to a Sequence Diagram with an Alternatives CF, where each exceptional policy is mapped to an

Operand of the Alternatives.
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T 164.502(a)(2)(ii)
reff
1 164.512(a)
ref
— 164.512(d)
ref
] 164.512(g)(1)
ref
— 164.512()(1)
[else]
obtainAuthorizatign (q, psychotherapyNotes)
send ValidAuthorizatipn(q, psychotherapyNotes)
disclose(q.psychothera
pyNotes)

Figure 8.6: Sequence Diagram for paragraph 164.508(a)(2)
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8.2.3 Sequence Diagram Examples for HIPAA Policy

We illustrate our mapping strategies using two examples. Paragraph 164.508(a)(2) represents
that the use and disclosure of psychotherapy notes requires authorization, and the exceptions.
We map the paragraph into a Sequence Diagram with an Alternatives CF (see figure 8.6). The
Operand whose Constraint is else expresses the necessary policy, i.e., the authorization is manda-
tory. pl requests the authorization for use and disclosure of ¢’s psychotherapy notes from ¢, and
q replies with the authorization. Then, pl can disclose to p2 ¢’s psychotherapy notes. pl’s role
is covered-entity, while p2 and ¢’s role are not defined explicitly. We use HIPAA role to repre-
sent the most general role in HIPAA privacy policies, which can be detailed in the paragraphs
it refers to. Other Operands of the Alternatives enumerate the exceptions, each of which has its
purpose. The first three Operands express the cases for treatment, counseling training programs,
or defense in legal proceeding. The rest Operands express the cases using Interaction Uses, each
of which refers to another Sequence Diagram. One case refers to paragraph 164.512(a), which is
mapped into a Sequence Diagram with an Alternatives CF (see figure 8.7). To represent paragraph
164.512(a), DeYoung et al. only include the necessary policies defined in paragraphs 164.512(c),
164.512(e), and 164.512(f) [21]. Actually, we consider that paragraph 164.512(a) discusses both
sufficient and necessary policies in paragraphs 164.512(c), 164.512(e), and 164.512(f). Para-
graph 164.512(a) defines a sufficient policy, which regulates that a covered entity can use or
disclose PHI, including psychotherapy notes, if it is required by law. In the Sequence Diagram, a
covered entity, pl, requests the external evaluator to evaluate the predicate, i.e., whether the use or
disclosure is required by law, and the evaluator replies the result. If the predicate evaluates to true,
the covered entity should meet the requirements in 164.512(c), 164.512(e), or 164.512(f) to use
or disclose the PHI, which is expressed using the Alternatives CF. The paragraphs of 164.512(c),
164.512(e), and 164.512( f) define sufficient policies, at least one of which should be satisfied.
Operands of a CF may contain different Lifelines, expressing that different actors are involved in

different policies or an actor belongs to different roles in different policies. For instance, ¢ is a
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victim of abuse in 164.512(c), while it is a victim of crime in 164.512( f).

Q" 164.512()

‘pl:Covered-entity‘ ‘ p2: HIPAA-role ‘
T T

| | |
AL A A
requestToEvaluate(pred1)

returnEvaluationResult(pred1)

alt

| raf q: Victim-of-abuse
164.512(c) D

reg . : Administrative-
p3: Court p3
1641512(e) \—,—‘ tribunal
0 O

=)

|
K’—h

] ‘ q: HIPAA-role ‘ ‘q: Victim-of—crime‘
T T

164.512(f)
[ i

predl = is-required-by-law

Figure 8.7: Sequence Diagram for paragraph 164.512(a)

8.2.4 Benefit and Limitation

Modeling HIPAA privacy policies using Sequence Diagrams help user to gain a better under-
standing of the policies, avoiding the penalty and loss of the violations. The Sequence Diagrams
expressing privacy policies can also be translated into logical formulas using our tool suite. The
users and organizational policy writers can model their transmissions of electronic health infor-
mation and organizational policies using Sequence Diagrams, which can be verified against the
HIPAA privacy policies with our tool suite. We believe that it helps the the organizational policy
writers and users to verify whether their policies or the transmissions of electronic health infor-
mation comply with HIPAA privacy policies.

Sequence Diagram is used to model the dynamic interaction among actors. Therefore, we

cannot model the static, abstract requirements in HIPAA privacy poicies, such as “a valid autho-
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rization must contain at least the following element.” using Sequence Diagrams.
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Chapter 9: RELATED WORK

This chapter provides a literature review of the works in related fields. We start by discussing other
formalizations of scenario-based modeling languages. Then, we describe related works which
synthesize state-based models from scenario-based models. Finally, we discuss the approaches

verifying the scenario-based notations.

9.1 Semantics of Scenario-Based Models

To the best of our knowledge, our technique is the first to support all CFs and the nested CFs.
Micskei and Waeselynck survey comprehensively formal semantics proposed for Sequence Dia-
grams by 13 groups and present the different options taken in [51]. In these groups, [39] presents
an operational semantics for a translation of an Interaction into automata, which is used to model
check the communication produced by UML state machines with SPIN or UPPAAL. Similarly,
our approach provides safety and liveness properties. Work towards the similar goal, Cavarra
and Filipe propose an approach to express liveness properties using Sequence Diagrams with the
concepts from LSC [3]. They also provide a semantics for these Sequence Diagrams using ab-
stract state machines [4]. On the basis of a denotational semantics of Interactions [13], Cengarle
and Knapp define an operational semantics of Sequence Diagram [14]. The semantics differen-
tiates positive fragments and negative fragments, concentrating on the overspecialized negative
fragments. Eichner et al. introduce a compositional formal semantics of UML 2 Sequence Dia-
gram using colored high-level Petri Nets [27]. The semantics represents a subset of the CFs of
Sequence Diagrams. They also deconstruct a Sequence Diagram into fragments, each of which
covers multiple Lifelines while each of our fragments covers one Lifeline. Fernandes et al. also
formalize UML use case and Sequence Diagram using colored Petri Nets [29]. Their approach
only supports several Operators, including Alternatives, Option, Parallel, Loop, and Interaction
Use. Filipe provides a formal semantics for several Interaction Operators, including Alterna-
tives, Parallel, Weak Sequencing and Interaction Use [43]. To capture the mandatory and possible

114



behaviors, The semantics adopts the hot and cold Messages from LSC. Hammal defines a deno-
tational semantics, which also formalizes the time constraints of Sequence Diagram [33] . Dan et
al. present a trace semantics to express multi-threaded objects using Sequence Diagram, where
each Lifeline can capture multiple threads. Only the Messages of the same thread are ordered as
their graphical order. Previously, we also provide a formal semantics of Sequence Diagram using
template semantics [19]. We support most of the Interaction Operators, except for Ignore and
Consider.

Lamsweerde et al. [70] develop an approach for inferring goal specifications, in terms of tem-
poral logic, which covers positive scenarios and excludes negative ones. But, they only con-
sider simple scenarios without control constructs, such as CFs. More recently, Letier and Lam-
sweerde [44] provide a pattern to infer compositional pieces of incremental operational specifica-
tion from declarative temporal property specifications. Whittle presents a three-level notation with
formal syntax and semantics for specifying use cases in [72]. Each use case is defined by a set of
UML Interactions in level-2 and the details of each Interaction are defined in level-3. With this
three-level notation, Whittle and Jayaraman present an algorithm for synthesizing well-structured
hierarchical state machines from scenarios [73]. The generated hierarchical state machines are
used to simulate scenarios and improve readability. Our work focuses on Sequence Diagrams
in level-3. Balancing flexibility and simplicity in expressing temporal properties, Mitchell [52]
demonstrates that there is a unique minimal generalization of a race-free partial-order scenario
even if it is iterative. Mitchell [53] also extends the Mauw and Reniers’ algebraic semantics for
formalizing the MSC to describe the UML 2 Sequence Diagram, whose deadlock property is

defined differently from ours.

9.2 Synthesis of Scenario-Based Models

To analyze multiple scenario-based models of a system, many approaches synthesize state-based

models from scenario-based models, where a state-based model is often to represent the behavior

115



of the entire system. Uchitel et al. [68] synthesize a behavioral specification in the form of a
Finite Sequential Process, which can be checked using their labeled transition system analyzer.
They define the semantics of MSC in terms of labeled transition systems and parallel composition,
and translate scenarios into a behavioral specification, which can be analyzed. Working towards
similar goals, Damas et al. synthesize a labeled transition system model from both positive and
negative scenarios, expressed in MSC [18]. They adopt the semantics definitions from [68]. In
addition, they generate temporal properties from scenarios. Whittle and Schumann [74] develop
an approach to compose UML 1 Sequence Diagrams into UML statecharts. Messages are anno-
tated with pre-conditions and post-conditions in terms of the UML Object Constraint Language
(OCL) to refine their meanings. Similarly, Uchitel et al. synthesize behavior models in terms of
Modal Transition System from a combination of safety properties and scenarios [67]. They would
like to differentiate the required, possible, and proscribed behavior. Our work formalizes all the
CFs in LTL, which helps us to synthesize a collection of Sequence Diagrams.

A comprehensive survey of these synthesis approaches and others” work can be found in [46],
where the authors survey 21 synthesis approaches. 7 approaches select Sequence Diagram as
the source notation. Makinen and Systa define an interactive algorithm, Minimally Adequate
Synthesizer, to synthesize UML statechart from Sequence Diagrams [49]. They check the com-
pleteness of the Sequence Diagrams and try to detect the implied scenarios. To evaluate MAS,
they implement it and integrate with a software development tool, the Nokia TED. Towards the
similar goal, Maier and Zundorf provide automated tool support to derive statecharts from Se-
quence Diagram [48]. The tool iteratively refines the system, from textual scenario to Java code.
Ziadi et al. start to consider the Interaction Operators of UML 2 Sequence Diagram for syn-
thesis. They provide an algebraic framework to synthesize statecharts from Sequence Diagrams
with Alternatives, Weak Sequencing, or Loop [75]. Nicolas and Martinez use Sequence Diagram
and use case diagram to present the service model [36]. They provide patterns to illustrate the
dependencies between Sequence Diagrams using use case diagram. With the dependencies, they

synthesize state machine from Sequence Diagram and detect the inconsistencies among Sequence

116



Diagrams. In order to generates a user interface prototype from scenarios, Elkoutbi and Keller
translate Sequence Diagrams into Colored Petri Nets [28]. Similarly, Kloul and Kuster-Filipe
translate Sequence Diagram into a process algebra, PEPA [38]. Their approach covers several

CFs, including Alternatives, Parallel, and Loop.

9.3 Analysis of Scenario-Based Models

Approaches which formalize scenario-based models or synthesize state-based models from
scenario-based models have a common use: analysis. In previous sections, we have listed the
approaches which analyze scenario-based models. In addition to these approaches, Alur et al.
present a formal semantics of MSCs based on automata theory [7] to model check MSCs. They
synthesize state machines from MSCs and detect safe realizability to infer missing scenarios for
realizing deadlock-free implementation [6]. They also examine different cases of MSC verifi-
cation of temporal properties and present techniques for iteratively specifying requirements [5].
They focus on MSC Graphs (an aggregation of MSCs) and techniques for determining if a par-
ticular MSC is realized in an MSC Graph. Peled presents an efficient model checking algorithm,
which is an extension to SPIN model checking system, for analyzing MSC [57]. They also spec-
ify safety and liveness properties of MSC in temporal logic. Our technique can be extend to
accommodate their approach as UML 2 Sequence Diagrams have similar expressive features. The
provide an algorithm to validate if some execution traces represented using MSC do not con-
sistent with system specification [54]. Their group also extends the MSC standard to represent
unmatch Message, intending to model asynchronous Message protocols automatically [32]. Leue
et al. translate the MSC specification, especially branching and iteration of High-Level MSC,
into PROMELA to verify MSCs using the XSPIN tool [45]. As Sequence Diagrams have similar
expressive features, our technique can be extended to work with their approach. To relate state-
based behaviors with scenario-based descriptions, Bontemps et al. formally study the problem of

scenario checking, synthesis, and verification of the LSC in [12]. Their work focuses on provid-
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ing an algorithm and proving the complexity for each problem. Walkinshaw and Bogdanov [71]
detail an inference technique to constrain a finite-state model with LTL. These constraints reduce
the number of traces required as input to a model checker for discovery of safety counter exam-
ples. Our work can automatically model check each Sequence Diagram of a system against LTL

properties separately, which helps to alleviate the state explosion problem.
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Chapter 10: CONCLUSION AND FUTURE WORK

As a well-accepted scenario-based notation, Sequence Diagram is widely used to model the in-
teractions among multiple actors and the environment in reactive system at the requirement and
design stages. The lack of formal semantics of Sequence Diagram with CFs makes it difficult to
comprehend and analyze the behavior of the system. Model checking, as a common verification
technique, automatically and exhaustively enumerates all possible executions of a finite model,
and verify whether the executions satisfy desired properties. The gap between graphical notations
and input language of model checking tool prevents us to reason about the Sequence Diagrams
using verification techniques.

In this dissertation, we present a novel formal framework to formalize the semantics of Se-
quence Diagrams and all 12 CFs with LTL formulas. To facilitate codifying the semantics of
Sequence Diagrams, We deconstruct Sequence Diagrams and CFs to obtain fine-grained syntactic
constructs. We provide a collection of simple LTL definitions to represent each semantic aspect
of Sequence Diagram as a separate concern. This enable us to conquer the complexity of CFs.
The semantic aspects common to Sequence Diagrams and all CFs are captured as a conjunction
of the separate simpler LTL definitions. To capture the specific semantic aspect of each CF, we
introduce additional constraints, which can be conjuncted with the LTL definition of common
semantics. Similarly, the semantics of nested CFs can be captured using conjunctions of LTL
definition. To our best knowledge, our formal framework is the first one to support all CFs, the
nested CFs, both asynchronous and synchronous Messages, and Interaction Constraints. We also
prove that the LTL templates capture the semantic aspects of Sequence Diagram with CFs. We
believe our approach can be extended to define the semantics of variants of Sequence Diagram
and even other scenario-based languages.

Our approach enables software practitioners to verify if a Sequence Diagram satisfies specified
properties and if a set of Sequence Diagrams are consistent. We present a Sequence Diagram

with CFs using NuSMV modules. With the help of deconstruction, we codify the semantics of
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Sequence Diagrams and CFs in the input language of NuSMV. We also prove that the NuSMV
model captures the semantic aspects of Sequence Diagram with CFs. Our approach is also the
first to support all CFs and the nested CFs.

One of the key benefit of our formal framework is expressing high-level objectives. We trans-
late the Assertion CFs, which describe the mandatory behaviors, and the Negative CFs, which
describe the forbidden behaviors, into LTL formulas to express safety properties. We can check
the model against the safety properties without specifying the properties directly. If the proper-
ties are not satisfied, counterexamples are visualized as Sequence Diagrams to help practitioners
locate violations. We supplement our technique with a proof-of-concept tool suite.

To validate our technique and tool suite, we provide two case studies. First, we perform a
case study of an industry web application to evaluate our tool suite. Second, we model the HIPAA
privacy policies using Sequence Diagram with CFs. This helps users to gain a better understanding
of the HIPAA regulations, avoiding penalty and loss of violations. We believe our technique and
tool suite can assist users and organizational policy writers to verify whether the transmissions of
electronic health information and organizational policies comply with HIPAA regulations.

Our future work includes two tasks. First, we plan to extend our approach to define the seman-
tics of variants of Sequence Diagrams. We also plan to define the cases discussed in 4.5.3 using
our formal framework. Second, we plan to finish modeling all HIPAA privacy policies which
are related to information transmissions. To represent the policies specifying universal/existential
behaviors, our formal framework may be extended with additional templates. These templates are
composed with existing templates to express the semantics of the Sequence Diagram with uni-
versal/existential constructs. We intend to verify a model for electronic information transmission
or organizational policy using our tool suite to verify whether the model is in compliance with

HIPAA privacy policies.
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Appendix A: AUXILIARY FUNCTIONS

Our formal framework formalizes the Sequence Diagrams with CFs as LTL formulas, which eval-
uates the Interaction Constraints of Operands using auxiliary functions, e.g., function AOS(CF)
is defined to represent a set of OSs which are enabled and chosen to execute in C'F’, which can be

represented as:

TOS(CF)U  |J  AOS(CE) if(typeCF(CF)+ alt) (1)
CF;enested(CF)

TOS(m) U U AOS(CF;)  if(typeCF(CF) =alt) (2)
CF;enested(CF)

AOS(CF) =

where function 70OS(u) is overload to Combined Fragment or Interaction Operand u, m is the
chosen Operand if C'F' is an Alternatives.
Functions TOP(u), TBEU (u), TOS(u) and nested(u) are introduced to make the templates

succinct. For instance, T'BEU (u) can be represented as

N o= A\ (CND(h) Aan)V (=CND(h))).
geTBEU (k1;) heABEU (k1;)

We introduce functions pre(u) and post(u) to return the set OSs which happen right before or
right after CEU w in section 4. The functions pre(u) and post(u) take the CEU u and (by default)
the Sequence Diagram as arguments. To calculate the pre(u) of CEU u, we focus on the CEU or

EU v prior to u on the same Lifeline:

e Casel: If v is a BEU whose condition evaluates to True, pre(u) returns a singleton set
containing the last OS within v.
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e Case2: If v is a CEU with a single BEU whose condition evaluates to True and contains no

nested CEUs, pre(u) returns a singleton set containing the last OS of the BEU.

e Case3: If v is a CEU with multiple BEUs whose conditions evaluate to True and contains

no nested CEU,

— Case3.1: v with Operator “par” obliges pre(u) to return a set containing the last OS of

each BEU;

— Case3.2: v with Operator*“alt” forces pre(u) to return a singleton set containing the last
OS of the chosen BEU; (We introduce a variable “exe” for BEU of each Operand to
indicate the chosen BEU /\/\exei A N\ (exe; — cond;), where m is the number

i€[l..m] i€[l..m]

of BEUs.);

— Case3.3: v with Operator “weak” or “strict” makes pre(u) return a singleton set con-

taining the last OS of the last BEU.

e Case4: If vis a CEU with EUs whose conditions evaluate to False or a BEU whose condition
evaluates to False, we check the BEU or CEU prior to v until a BEU or a CEU with at least
one EU whose condition evaluates to True is found. pre(u) returns an empty set while there

is no such BEU or CEU.
e Case5: If vis a CEU containing nested CEUs,
— CaseS5.1: If v directly contains EU ¢, which is the only EU whose condition evaluates

to T'rue, we focus on EU g and the last CEU w which is directly enclosed in g,

* Case5.1.1: If there is a BEU after w, which is directly enclosed in g, pre(u) returns

the last OS of the BEU.

* Case5.1.2: If there is no BEU after w within g, we recursively apply cases 2 to 5

by replacing v with w.
— Case5.2: If v directly contains multiple EUs whose conditions evaluate to T'rue,
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* Case5.2.1:v with Operator “par” makes we recursively apply case 1 or case 5.1 to

each EU whose conditions evaluate to T'rue

x Case5.2.2:v with Operator‘‘alt” makes we recursively apply case 5.1 to the chosen

EU. (/\/\exei A N\ (exe; — cond;), where m is the number of BEUs.)
i€[l..m] i€[l..m]

* Case5.2.3: v with Operator “weak” or “strict” makes we recursively apply case

5.1 to the last EU.

post(u) can be calculated in a similar way.
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Appendix B: PROOFS

In this appendix, we provide the proofs for theorem 4.9, theorem 4.11 and theorem 4.12 in chapter

4. We also provide the proofs for theorem 6.14 and theorem 6.16 in chapter 6.

B.1 Proof of Theorem 4.9

Theorem 4.9. For a given Sequence Diagram, seq, with j Messages, (X% )* and

sem

PRE,;((X57%,)¢) are equal.

Proof. We use mathematical induction, which is based on the number of Messages, j, within seq.

Base step. Basic Sequence Diagram seq; contains only one Message, my. (7 = 1)

e Case 1. Sending OS s;, and receiving OS r; of Message m; locate on two Lifelines L1, Lo

respectively (see figure B.1).

Figure B.1: Case 1 for basic Sequence Diagram with single Message

Yea = {sy, 7}, where X5¢9 C 3. The semantic aspects of seq; define that, for m4, r; can

only happen after s;. Only one trace, v =< s1,7; > of size 2, can be derived from seq;,

Le, (X) = {< 51,1 >}

sem
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We wish to prove that < sy,7y > -7¢ |= IIZ%5_in which 1% for seq; is shown as below.

r1Basic __ ~
Hseq1 =CQseqlr, A Pmy A Bm1 N Eseqy

Py =(—s1 U (51 A OO=s1)) A (=r1 U (ry A OO—r1))

ﬁml =-r;1 U s;

—~

Eseq =0((ms1 A1) V (51 A=) V ((S51) A (S11)))

Sub-formula cv,.q7, returns true because Lifeline L contains only one OS, s;. < 51,71 >
1

-7% satisfies sub-formula p,,,, because s; and 7 only occur once. It satisfies sub-formula 3,,,,

because s; happens before r; does. It also satisfies sub-formula e,.,, because only one OS

happens at a time and < sq,7; > executes uninterrupted. Thus, < s, > -7¢ |= Hf;‘;jic,

We wish to prove that Vo.o € ¥¥,if o € (X777 )%, then opy_o € (8362 )*.

sem

o satisfies sub-formula p, which constrains that s; and r; can occur once and only once
respectively. Therefore, oy 9 can be < 51,71 > or < 11,51 >. Sub-formula 3,,, represents
that 7y cannot occur until s; does. Therefore, oy;.5 can only be < sy,7; >, which is an

element of (X2¢%)*. In this way, we can prove oy, 9 € (3362 )*.

sem sem

e Case 2. Sending OS s, and receiving OS r; of Message m; locate on a single Lifeline L,

(see figure B.2).

ILl

S1

I

Figure B.2: Case 2 for basic Sequence Diagram with single Message

Besides the semantic aspects discussed in case 1, the OSs on L; respect their graphical
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order, i.e., s; occurs before r1. Trace v =< s1,7r; > of size 2 can be derived from seqy, i.e.,

(Eseq1>* = {< S1,T1 >}

sem

11525 is reduced to IT5%5 for seq; as below.

TTBasic __ ~
Hseq1 _O-/seqlTLl A Bml A Pma A Eseqr

&8€Q1TL1 =71 stl
Py =(—s1 U (s1 A OO=s1)) A (=ri U (11 A OCI-r1))

ﬁml =11 U s;

—~

Eseqr =L1((m81 A1)V (51 A=11) V ((S51) A (1))

Comparing to IIZ%*¢ in case 1, only sub-formula Gseq, ., 18 changed. Qeqy1,, represents

that s; happen before 1, which enforces the same order as sub-formula [3,,,. Trace <

s1,71 > -7 can be generated from 1152, i.e., (X777, )” = {< 51,71 > -7},

Similarly, we wish to prove that Vu.v € X%, if v € (£5941)* then v - 7 = I1B9sic; and

sem seq1 °

Vo.o € ¥, if 0 € (X777)%, then o719 € (X541)*. The proof follows the one of case 1.

SeEM

To sum up, for a basic Sequence Diagram with one Message, (257 )* and pre((X77,)”) are

Inductive step. Basic Sequence Diagram seq,, contains n Messages, which are graphically-

ordered, i.e., (m;_; locates above m; (2 < i < k)). The Messages have 2n OSs, which locate on

k Lifelines. We assume Yv.v € X%, if v € (X3%)* then v - 7 |= 1189%%; and Vo.0 € ¥, if

sem seqn

7 € (S, then o € (SE8)* (G = ).

sem

We add a Message, m,, 11, at the bottom of seg,, graphically to form a new Sequence Diagram,

seqn+1, with n + 1 Messages. We wish to prove Vo'.0' € ¥*, if ' € (X5¢0+1)* then o' - ¥ |=

SeEmM

5w s and Vo'.o' € 3¢, if o' € (X7777)%, then o, 5, € (B3en+1)* (j = n + 1).

Seqn+1°

sem

(a) We wish to prove Vo'.v' € 3%, if v/ € (X5%n+1)* then v’ - 7 | [1Basic

sem seqn+1°
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The semantic aspects of seq,;1 enforce that only one OS occurs at a time, and each OS

happens once and only once. X5+t = 3¢ y {s .y 7, 1}, where |23 | = 2n and
|Xsetnir| = 2n + 2. If ' € (X54+1)*, then o' is a finite trace of size 2n + 2, which con-

tains OSs in X3¢0+ Adding m,; at the bottom of seg, does not change the structure of seg,,.

Thus, for trace v/, the order of OSs in X%¢%~ is still preserved. Message m,, ;1 restricts that s,

sem

must happen before 7,1, i.e., s,,1 locates before 7,1 in v’

= A an A an A i

i€LN(seqn) JEMSG(seqn) JEMSG(seqn)
g=seqnT;

g = A (~OSk41 U OS})
ke[r..(r+]AOS(g)|—2)]

pj =(=SND(j) U (SND(j) NOO-SND(j))) A (~RCV () U (RCV (j) A OO-RCF(j)))
8; =—RCV (j) U SND(j)

coeq, =0/ 0S)V( A\ (80Sn)
0S8 EAOS (seqn) 0S,,€AOS(seqyn)

r1Basic __ ~

Hseqn+1 - /\ Qg A /\ pj A /\ ﬂj N Eseqnia
i€ELN(seqp11) JEMSG(seqn+1) JEMSG(seqni1)
g=sedp 41T

:( /\ Qg A gseqn,mnﬂ) A ( /\ Pi N pmn+1) A ( /\ ﬁj A /87V"71+1) N Eseqnin

i€ELN (seqn) JEMSG (seqn) JEMSG(seqn)
g=seanl;
=( /\ ag A /\ pi N /\ Bi) A (Prmpys A Brmin) N Sseqn,mnin N Eseqnia
i1€ELN (seqn) JEMSG(seqn) JEMSG(seqn)
g=seqnT;

n n n,Mn n
Lseq /\ lfm + /\gseq Mo+ Agseq +

tieg, = [\ Gy A A pin A B

zeLN(set%n) JEMSG(seqn) JEMSG(seqn)
g=seanT;
19m7,,+1 :pm,n+1 A ﬁm,nJrl
—_—
€S€%+1 :D(( \/ OSm) \/ ( /\ (@OSUL)))
0S8, EAOS (seqn+1) 0S8, EAOS(seqn+1)

Figure B.3: LTL formulas for seq, and seq, 1

ﬁf;‘f"c is reduced to ﬁf;’jliic and ﬁfe‘jli’f _ for seq,, and seg, 1 respectively (see figure B.3). We

o _
group the sub-formulas of ITZ™ using tseq,, Ui, 1s Ssegnmpyr> @0 Eseq, ;- In order to prove
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ot E ﬁf;‘;fffl, we wish to prove that v" - 7 satisfies all sub-formulas of ﬁf;‘;fff .- Sub-formula
Lseq, €nforces the order of OSs within seg,,, which includes the order of OSs along each Lifeline,
and the order between OSs of each Message. We assume that if v € (X562)*, then v-7¢ |= II5e5c.

It is easy to observe that v - 7 also satisfies t4.,,. As we discussed, the order of OSs within seg,

is still preserved in v'. Thus, v - 7 satisfies ¢4, . Sub-formula ¢ enforces the order between

Mn+41

OSs of my, 41, 1.€., S,4+1 and 1,1 happen only once respectively, and s,, 1 must occur before 7, 1.

v - T satisfies because (1) only one s, 1 and one r,,; are in v/, and (2) s, locates

Mt
before 7,11 in v'. Sub-formula ., ,, enforces that only one OS of seg,; can execute at once,
and the trace should execute uninterrupted. As we discussed, in v’ - 7, each OS of segq,, ;1 only
executes once, and the execution of v’ does not interleaved by 7. Therefore, v’ 7 satisfies €4¢q, ;-
Sseqn,mns, €Nforces the order between the OSs of seq, and the OSs of m,, ;. We wish to prove

that v’ - 7¢ satisfies Gseq,,, using four cases as below.

Mn41

e Case 1: Two OSs of m,, 1 locate on two new Lifelines, Ly, and Ly, (see figure B.4a); or

two OSs of m,,;1 locate on one new Lifeline, L, (see figure B.4b).

The OSs of m,,1 locate on one or two new Lifelines, so m,,11 and the existing Messages,
my, May...my,, are interleaved. Therefore, in trace v/ € (X5¢+1)* s, .4 or r,,; can locate
(1) between any two OSs of seq,,, or (2) before all OSs of seq,, or (3) after all OSs of seq,,.
Thus, s,,.1 can be the sth OS of v/, where 1 < s < 2n + 1; and 7,,,1 can be the rth OS of

v/, where s < r < 2n + 2.

Sseqn,mni1 = Xseqlr, A Qseqlr, .,

Sub-formula g, is a conjunction of Giseqy,, ,, and dseqy,, - Only one OS locates on

Mn41

Lifeline L. Therefore, tseqr List returns true as defined by sub-formula ¢&,. Similarly,

~ / w : : / w
Qseqir,,, returns true. Thus, ¢eq,, m,, ., returns true. v'- 7 satisfies Goeq,, m,, 4,0 1.€., V' T E

gse(Inamn-kl .
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e. Example of case 3

f. Example of case 4

Figure B.4: Examples for basic Sequence Diagram with n 4+ 1 Messages
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e Case 2: Sending OS s,,11 locates on a new Lifeline, Ly, and receiving OS r,,.1 locates on

an existing Lifeline, L; (1 < i < k) (see figure B.4c).

In seg,, we assume the last OS on L; is OS,,.. After adding m,,; at the bottom of seg,, ,
rn+1 becomes the last OS on L;. Therefore, O.5,,. should happen before 7,1. 5,11 locates
on a new Lifeline, so it is interleaved with the OSs of seq,. However, s,,1 must happen
before 7,+1. In trace v’ € (X3¢%+1)*, if OS,,. is the pth OS, where 1 < p < 2n + 1. Then
Sny1 18 the sth OS of v/, where 1 < s < 2n 4+ 1 and s # p; 7,41 is the rth OS of v/, where

s<r<2n+4+2andp <r <2n+2.

Sseqn,Mnt1 — (_'Tn-i-l U OSpre) A C’VyseqTLthl

Sub-formula ¢eq,, m,.,, defines that r,,; does not happen until OS5, does. dseqt List returns
true because only one OS locates on Lifeline k£ + 1. In v' - 7, OS,,, locates before OS5, 4,

. , . . ,
i.e.,p <r. Thus, v - 7% satisfies Seeq,mpsirs 1-€ V' T = Soeqnmnin -

e Case 3: Sending OS s,,;1 locates on an existing Lifeline, L; (1 < i < k), and receiving OS
rne1 locates on a new Lifeline, L, (see figure B.4d); or two OSs of m,; locate on an

existing Lifeline L; (1 < i < k) (see figure B.4e).

Similarly, we assume the last OS on L; in segq, is OSye. In segni1, if s,41 locates on
L;, OS,,. should happen before s, because 0.5, locates above s, graphically. For
M1, Tnt1 Must happen after s,,;;. In trace v’ € (X3¢0+1)* if OS,,,. is the pth OS, where
1 < p < 2n. Then s, is the sth OS of v/, where p < s < 2n + 1; r,,;1 is the rth OS of ¢/,

where s < r < 2n + 2.

Sseqn,mni1 — (_'8n+1 U OSp'r‘e) A dseqTLk+1

Sub-formula ¢seq,, m,,., defines that s, cannot happen before OS,,.. Only one or none OS

locates on Lifeline k£ 4 1, SO Qseqp Ly, Teturns true. Inv' - 7, s,,41 locates after OS),., i.e.,
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p < s. Therefore, v/ - 7% satisfies Gseq, mp.ys 165 U - T = Sseqnmmsn -

e Case 4: Two OSs of m,, 1 locate on two existing Lifelines. Without loss of generality, we
assume that sending OS s,,,1 locates on Lifeline L; (1 < i < k), receiving OS 7, locates

on Lifeline L; (1 < j < k) (see figure B.4f).

In seq, we assume the last OS on L; is O.S,.,, and the last OS on L, is O.S,,., . After adding
myy1 at the bottom of seq, , s,,.1 becomes the last OS of L;, and r,,,; becomes the last OS
of L;. In trace v' € (X3¢8+1)* if OS,,., is the psth OS, where 1 < p, < 2n, and OS,,., is
the p,th OS, where 1 < p, < 2n+ 1. Then s,,,1 is the sth OS of v/, where p, < s < 2n+1;

T'ny1 18 the rth OS of v/, where p, < r < 2n + 2.
Sseanmmnes = (8ni1 U OSpre) A (<71 U OSye,)

The first conjunct of sub-formula ¢y, defines that s, cannot happen until OS,,.,

Mn+1

executes. In v’ - 7, OS,,., locates before s,.1, i.e., p, < s. Therefore, v’ - 7 satisfies
—Sp+1 U OSpy.,. Similarly, we can prove that v’ - 7 satisfies -, 1 U OS,,.,. Thus, v" - 7¢

. . /
satisfies Goeq mpi1s 1€ U T = Soegnmmin -

Now we have proven that for all cases, v’ - 7 = Gyeq.,

Mp+1°

/A * 2 / seqn+1)* ! W Basic
To conclude, Vo'.v" € %, if " € (85gn+1)*, then v’ - 7¢ = T2 .

(b) We wish to prove Vo'.o’ € X¢, if o’ € (X;7;™)%, then o], ,, o € (E3in+1)".

sem

If o’ € (X7771)*, we wish to prove that O(1 ano Tespects all the semantic aspects of seqy 1.

For Hse‘;ifl, we still group the sub-formulas using tseq,,» U, 1> Sseqn,mnii> a0 Egeqy,ys 1-€2,

T7Basic __
seqni1 — Useqn N ﬁmn-ﬂ N Ssegn,mni1 /N Eseqnin

SeEm

We assume that if ¢ € (X777)“, then opy 0, € (X500)*. It is easy to infer that o satisfies

Lseqn- Sub-formula ¢4, enforces the order of OSs in X3¢ and each OS should execute once

sem
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and only once. We can also infer that trace ¢’ satisfies iy, from o/ € (X7777)“. If o’ does
not contain an OS in X5 then ¢’ does not satisfies ¢4, , which defines that each OS in X5~
should happen once. Therefore, all OSs in 377 executes once and only once in 0{1..271 1o We
wish to prove that, in o7, ,,, ., all OSs in Y7 F respect their order defined by semantic aspects of
seqy. 30S,,08,.0S,,0S, € X7}, the semantic aspects of seg,, define that O.S, must happen
before OS,. In Uf1..2n +o)» We assume that the OSs do not respect the same order, i.e., O.S, occurs
after OS,. (s, codifies the semantic aspects of seq,, so it constraints that OS,, should take
place before OS,. To satisfy ¢4, , OS, must occur before OS, in ¢’, which contradicts our
assumption. Therefore, in Ufl..zn 2] the OSs in 23¢9 respect the order defined by semantic aspects
of seqy, i.e., if we remove the OSs not in X3¢l from oy, ,, ., to obtain a new trace oy ,,, then

sem

sem

O oy € (Z2200)".

Sub-formula ¢ specifies that s, must occur before r,, 1, and both OSs can occur only

Mt
once. S,41 and 7,4, may not locate on the same Lifeline. Thus, ¥,,,,, codifies the semantics of
Message m,, 1 in seq,11. In Uflh_% o] Sn+l and r,, represent the semantics of m,,, ;. We have
proven each OSs in 23¢9 should happen once and only once in Uf1..2n +o)» Where |25¢0n | = 2n, and
both of s, and 7, occur only once. Thus, we can deduct that ¢, ,, captures the semantics,
which defines only one OS executing at a time and the a{li_% +2] should execute uninterrupted.

Now we wish to prove that sub-formula ¢y, m, , codifies the order between the OSs within

23 and the OSs of m,,+1, which is discussed using four cases as below.

e Case 1: Two OSs of m,,; locate on two new Lifelines, Ly, and L, (see figure B.4a); or

two OSs of m,,;1 locate on one new Lifeline, Ly, (see figure B.4b).

Sseqn,mnv1 — Xseqlr, A Xseqlr, o

Sub-formula <seq,, m, ., 18 @ conjunction of g Lot and (vgeqr Lesa’ It returns true only if
none or at most one OS locates on each Lifeline. Therefore only one OS locates on L1 and
Ly, o respectively. Goeq,,.m,,., represents that m,, , and the Messages of seq,, are interleaved.
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No specific order is defined between the OSs of seq,, and the OSs of m,, 1. Thus, Gseq,, m,.
codifies the order between the OSs of seg,, and the OSs of my,11 in seguy1. In o7y 5, 0,

the OSs of seq, and the OSs of m,,;; respect the order defined by the semantic aspects of

S€Qn+1-

Case 2: Sending OS s, locates on a new Lifeline, Ly, receiving OS 7, locates on an

existing Lifeline, L; (i < k) (see figure B.4c).

gSE(Inym7L+1 = (_‘Tn+1 Z/{ OSpre) /\ &SeqTLk+l

Sub-formula ¢,eq,, m,,., defines that r,,; cannot happen until OS,,. executes, where O.S,,,.
is the OS which occurs right before r,, .1 on Lifeline L;. As the semantic aspect of seq, .1
defined, 7,1 should locate right below O.5,,. on Lifeline L; and OSs execute in their graph-
ical order. vgeqq Ly, Teturns true. It denotes that only s,,;; locates on Ly 1. Thus, Seeq, m,s

codifies the order between the OSs of segq,, and the OSs of m,, ;1 in seg, 1. In af the

1..2n+2)°

OSs of seq, and the OSs of m, respect the order defined by the semantic aspects of

S€qn+1-

Case 3: Sending OS s, locates on an existing Lifeline, L; (i < k), and receiving OS 7,41
locates on a new Lifeline, Ly, (see figure B.4d). or two OSs of m,,;1 locate on an existing

Lifeline L; (i < k) (see figure B.4e).

Sseqn,mn+1 — (_'3n+1 U OSp're) A &seqTLk_H

Similarly, sub-formula ¢y, defines that s,; cannot happen until OS,,. executes,

Mn+1
where OS,,. is the OS which occurs right before s,,; on Lifeline L;. As the semantic
aspect of seq,; defined, s, should locate right below O.S,,,. on Lifeline L; and OSs ex-

ecute in their graphical order. dseq Ly, Teturns true. It denotes that none or only one OS

locates on Ly . Therefore r,, 1 may locate on L or below 5,1 on L;. Thus, ¢eeq,, m,.
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codifies the order between the OSs of seq, and the OSs of m,, | in seq, ;. In aflh_% 2]

the OSs of seq, and the OSs of m,,;; respect the order defined by the semantic aspects of

5€Qn11-

e Case 4: Two OSs of m,, 1 locate on two existing Lifelines. Without loss of generality, we
assume that sending OS s, locates on Lifeline L; (i < k), receiving OS 7, locates on

Lifeline L; (j < k) (see figure B.4f).
Sseqn,mni1 — (_‘Sn—l—l z:i OSpreS> A <_‘Tn+1 Z;{v OSpreT)

Sub-formula ¢, defines that s,,; cannot happen until O.S,,., has taken place, where

o
OSpre, 1s the OS occurring right before s,,+1 on Lifeline L;, and r,; cannot happen until
OS,re, has taken place, where O.S,,,., is the OS occurring right before 7,1 on Lifeline L;.
As the semantic aspect of seq,, 1 defined, s,,+1 should locate right below O.S,,,.., on Lifeline
L;, and r,, 4, should locate right below O.S,,,, on Lifeline L;. OSs execute in their graphical
order along each Lifeline. Thus, ¢.eq, m,., codifies the order between the OSs of seg, and

the OSs of m,,;1 in seq,.1. In afl_'% 2] the OSs of seq, and the OSs of m,, | respect the

order defined by the semantic aspects of seq,, ;1.

Now we have proven that o7, ,, , respects all the semantic aspects of segy11, 1.€., 07y 5,9 €
(Ese%-u )* .

sem

To conclude, Vo' .o’ € ¥¥,if o’ € (X7771)*, then Ty omyg € (B3edn). n

B.2 Proof of Theorem 4.11 and Theorem 4.12

Theorem 4.11. (X% )* and PRE912,((X77;)“) are equal.

SEM

Proof. We use mathematical induction, which is based on the number of CFs, r, directly enclosed
in seq,.
Base step. The sequence Diagram contains at most one CF, cf;. (r < 1)
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e Case 1. Sequence Diagram seq, contains no CF. (r = 0)

The proof follows the one for basic Sequence Diagram.

e Case 2. Sequence Diagram seq; contains only one CF, cf;. (r = 1)

ﬁseql :( /\ dg) A ( /\ pJ) A ( /\ ﬁj) A (I)Cfl A Eseql

i€LN (seqy) i€ MSG(se i€ MSG(se
O J (seq1) J (seq1)

— Case 2.1 We assume that ¢ f; has a Operands whose Interaction Constraint evaluate to

False. The bth Operand contains g, Messages, where 1 < b < a.

‘I’Cfl = chl = /\ (( /\ (_‘OSpOSt)) H( /\ (QOSPT‘G)))

1€LN (cf1) OSpost€post(cfili) OSpre€pre(cfils)

(a) We wish to prove that, Vo.v € ¥*, if v € (£59)*, then v - 7% = Iy, -

First, we consider the semantic aspects of the OSs directly enclosed in seq;. We project
seq; onto each of its covered Lifelines to obtain a EU. We also project ¢f; onto each
of its covered Lifeline to obtain a CEU. Therefore, each EU of seq; may contain a
CEU of c¢f; and BEUs grouped by the OSs directly enclosed in the EU. Similar to the
semantics of an BEU within a basic Sequence Diagram, the semantics of any BEU
directly enclosed in the EU of seq; specifies that OSs are ordered as their graphical

order. If v € (X267 )*, we can easily infer that v-7% = A &,. The semantics
i€LN(seqq)
geETBEU (seq11;)

of each Message directly enclosed in seq; specifies that its receiving OS cannot happen
before the sending OS, and both OS can occur once only once. Accordingly, we can

easily infer that v - 7 |= A pj,and v - ¢ |= A B;.
JEMSG(seq1) JEMSG(seqr)
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Then, we consider the semantics of cf;. It defines that cf; does not execute when the
Constraints of all the Operands evaluate to False. cf;’s preceding Interaction Frag-
ments and succeeding Interaction Fragments are ordered by Weak Sequencing. In this
case, cfi’s preceding OS must happen before its succeeding OS on each Lifeline. We
use LTL formula n/! to capture cf,’s semantics. 17/t does not specify the order of
OSs within Operands because the Operands whose Constraints evaluate to False are
excluded. We assume that if v-7% does not satisfy °/1, then n°/t specifies that, on Life-
line 7, cf1’s preceding OS, OS,,., occurs after cf;’s succeeding OS, OS,,s;. However,
n°/1 specifies that, on each Lifeline covered by cfi, its succeeding OS cannot happen
until its preceding OS finishes execution. Functions pre(cf; 1;) and post(cf; 1;) re-
turn the set of OSs which may happen right before and after CEU cf; 1;. In this case,
each set contains at most one OS. Thus, OS,,. must happen before OS5, which

contradicts our assumption. In this way, we can prove that v - 7% |= /1,

Finally, we consider the interleaving semantics of seq;. No OS in ¢f; can executes, so
only the OSs directly enclosed in seq; can be enabled to execute. We can prove that

U - T |= 4¢q,- The proof follows the one for basic Sequence Diagram.

Now we have proven that if v € (£5¢0)*, then v - 7 = [l eq, .

sem

(b) We wish to prove that, Vo.o € ¥¢, if 0 € (X777)%, o125 € (X550)*.

In X777, no OS within cf; is enabled to execute because all the Constraints of ¢f;’s
Operand evaluate to False. If o € (X77})“, then 0 = 0y 94 - 7, Which follows
Lemma 4.10. We wish to prove that oy o) respects all the semantics of seq;. o =

T4, , so o satisfies all sub-formulas of ﬁseql. We prove that the sub-formulas capture

the semantic aspects as below.

First, we discuss the sub-formulas &, p;, and 3; for seq;. Function TBEU (seq; 1;)
returns the BEUs directly enclosed in seq; on Lifeline . These BEUs, which are

separated using CEU of cf; on Lifeline ¢, are formed by the OSs directly enclosed in
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seq,. Function M SG(cf,) returns the set of Messages directly enclosed in c¢f;. We
can prove that these sub-formulas capture the semantics of OSs directly enclosed in

seq,. The proof follows the one for OSs within basic Sequence Diagram.

Next, we discuss the sub-formula ncf 1. It defines that, on Lifeline ¢, OSs in post(cf; T;)
cannot happen until OSs in pre(cf; 1;) finish execution. We assume that, if n°/1
does not capture the semantics of cf;, then on a Lifeline, 7, the preceding OS of cf,
OS,re, happens after the succeeding OS of cfi, OS,,s:. However, the semantics of
n°/1 defines the Weak Sequencing between cf;’s preceding OSs and succeeding OSs,
i.e., its preceding OSs must happen before its succeeding OS on the same Lifeline.
Therefore, O.S,,. must happen before OS,,s;, which contradicts our assumption. In

this way, we can prove that 71 captures the semantics of cf;.

Finally, we discuss the sub-formula e,,. It represents that only one OS in
|AOS(seqy)| execute at a time, or all OSs in |AOS(seq;)| have executed. In this
case, function |AOS(seq; )| returns the set of OSs directly enclosed in seq. We can
prove that €,.,, captures the interleaving semantics of seq; by following the proof for

basic Sequence Diagram.

Now we have proven that Vo.o € X¢, if o € (X777)%, it respects all the semantic

aspects of seqi, i.e., op.on) € (X560)".

To conclude, Vu.v € ¥, if v € (X0)*, then v - 7 = Ili,,, and Vo.o € ¥¢, if

Sem

o € (S7F1)%, then oy oy € (S50)".

Case 2.2 We assume that cf; has at least one Operand whose Constraint evaluates to

True. The Operator of cf; is not “alt” or “loop”.

ol =weh =gl n N\ T A
K2
i€LN(cf1)
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x Case 2.2.1 We assume that, cf; has two Operands. One Operand contains p Mes-
sages, and its Interaction Constraint evaluates to 7rue. The other Operand con-
tains ¢ Messages, and its Interaction Constraint evaluate to False. (see figure B.5,

where condl evaluate to True, and cond2 evaluates to False).

1Ly ‘ ‘ (Lo ‘ ‘ 1L ‘ ‘ ZLj ‘ ‘ :Lj+1 ‘ ‘ s Ly ‘
T T T T T T
. L L . L o
St m, I
Se-1 Mg Tc-1
S¢ me I'c
op J
[cond[l]
Set Mey Tet1
Sc+d Me+d [Ce+d
Scip Metp Cotp
[condD]
Sc+p+1 Mg+pt rc+p+1
Sctptq Meipig ctptq
Setprq+] | Metprgtl Corp+qrl
Sh-1| Mh-) Th-1
Sh My Th

Figure B.5: Example of Sequence Diagram with CF

(a) We wish to prove that, Vo.v € ¥*, if v € (59)*, then v - 7% |= I, -

First, we consider the semantic aspects of the OSs directly enclosed in seq;. We

can prove that v - 7 satisfies A ayg, A pj, and A ;.

i€LN(seqq) JEMSG(seq1) JEMSG(seqr)
gETBEU (seq11;)

The proof follows the the one in case 2.1.

Then, we consider the semantic aspects of the OSs within each Operand of c¢f;.
The semantic aspects specify that only the order of the OSs within each Operand
whose Constraint evaluates to True is maintained. The Operands whose Con-
straints evaluate to False are excluded. Each Operand can be considered as a
basic Sequence Diagram with Constraint. The OSs within each Operand respect
the same order as the OSs within a basic Sequence Diagram. Sub-formula gefr
describes the semantics of the Operands whose Constraints evaluate to True using
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function TOP(cf;), where the formula for each Operand follows the formula for
a basic Sequence Diagram, i.e., a conjunction of &,s, 3;s, and p;s. Therefore, we
can prove that v - 7 = gef by following the proof of basic Sequence Diagram.
Next, we consider the semantic aspects which describe the order between cf; and
its adjacent OSs. cf; and its adjacent OSs are connected using Weak Sequenc-
ing, i.e., for Lifeline i(1 < i < j), ¢fi’s preceding OSs must execute before its
CEU’s execution, and cf;’s succeeding OSs must execute afterwards. Function
pre(cfi 1;) returns the set of OSs which may happen right before CEU cf; ;.
The semantics aspect of seq; defines that, for Lifeline i(1 < ¢ < j), any OS
within c¢f; 1; cannot execute until all OSs in pre(cf; T;) finish execution. We
wish to prove that the semantic aspect is captured by the first conjunct of sub-
formula 7°/1. We assume that, if v - 7 does not satisfy the first conjunct of /1,
then 7¢/1 defines that, on Lifeline i, at least one OS, Te+q (see figure B.5), occurs
before OSpe. OS,e is an OS in pre(cf; 1;). The first conjunct of 7/ specifies
that any OS within c¢f; on Lifeline 7 cannot execute until the OSs in pre(cf; 1;)
finish execution, so O.S),. must happen before 7.4, which contradicts our as-
sumption. In this way, we can prove that v - 7% satisfies the first conjunct of
4¢/t. Similarly, we can also prove that v - 7% satisfies the second conjunct of /1.
Hence, v - 7% = 71,

Finally, we consider the semantic aspect for the seq;. We define the OSs which
are directly enclosed in seq; or Operands whose Constraints evaluate to True as
enabled OS, i.e., these OSs can be enabled to occur. Function AOS(seq;) returns
the set of enabled OSs within seq. The semantic aspect specifies that only one
enabled OS can execute at a time, and all the enabled OSs should execute unin-
terrupted. If v € (X5°91)*, we can deduce that |v| = |AOS(seqq)| = 2h + 2p. Tt

sem

is easy to infer that v - 7 |= g4, -

Now we have proven that if v € (X5¢91)* then v - 7 |= 1, .

Sem
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(b) We wish to prove that, Vo.o € ¥, if 0 € (X777)%, 01, 2nt2p) € (35601 )*.

If o € (X771)%, then 0 = 01249y - 7, Which follows Lemma 4.10. We wish to
prove that oy;. 25,42, respects all the semantics of seq;. o = ﬁseql, so o satisfies
all sub-formulas of ﬁseql. We prove that the sub-formulas capture the semantic
aspects as below.

First, we discuss the sub-formulas &, p;, and 3; for seq;. We can prove that these
sub-formulas capture the semantics of OSs directly enclosed in seq;. The proof

follows the one in case 2.1.

Then, we discuss the sub-formula §/. Function A returns the set of
op€TOP(cf1)

Operands whose Constraints evaluate to True within cf;. Hence, geh only cap-
tures the semantics of Operands whose Constraints evaluate to True. It is consis-
tent with the semantic aspect of c¢f;, which excludes the Operands whose Con-
straints evaluate to False. For each Operand whose Constraints evaluate to True,
we wish to prove that sub-formulas &y, p;, and 3; capture its semantics. c¢f; con-
tains no other CFs, so ABEU (op 1;) returns the BEU of op on Lifeline i. We can
consider an Operand with no nested CFs as a basic Sequence Diagram with Inter-
action Constraint. In this way, we can prove that these sub-formulas capture the
Operand’s semantics by following the proof of basic Sequence Diagram. There-
fore, we have proven that geh captures the semantics of Combined Fragment c f;.
Next, we discuss the sub-formula ’yff ! for Lifeline . We wish to prove that it
captures the order of CEU cf; T; and its preceding/succeeding OSs on Lifeline
i. The first conjunct of 4; 7 defines that any OS in CEU c¢f; 1; cannot happen
before all OSs in pre(cfi 1;) finish execution. If it does not capture the semantic
aspect, then we assume that at least an OS in pre(cf; 1;), OS,., occurs after
an OS in cf; Ty, 7erq. Function pre(cf; T;) returns the set of OSs which may
happen right before CEU cf; ;. The semantics defines that all OS in pre(cf; 1;)
must happen before all OS within CEU cf; 1;. Thus, OS,,. must occur before
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re+d, Which contradicts our assumption. In this way, we have proven that the
first conjunct of ’yff ' captures the order of CEU cf; T; and its preceding OSs on
Lifeline 7. Similarly, we can prove that the second conjunct of &ff ' captures the
order of CEU cf; 1; and its succeeding OSs on Lifeline . Therefore, we have
proven that ’yff ! captures the order of CEU cf; T; and its preceding/succeeding
OSs on Lifeline .

Finally, we discuss the sub-formula e,.,,. It represents that only one OS in
|AOS (seq)| executes at a time, or all OSs in |AOS(seq; )| have executed. Func-
tion |[AOS(seqy)| returns the set of OSs which can be enabled to execute in
seqi, ie., it returns a set which includes the OSs directly enclosed in seq; and
the OSs within cf;’s Operand whose Constraint evaluates to True. In seqq,
|AOS(seq1)| = 2h+ 2p. From lemma 4.10, if 0 |= £4¢q,, then 0 = o apqop - 7%
Therefore, €44, captures the semantic aspect, which enforces that only one object
can execute an OS at a time and all enabled OSs of seq; execute uninterrupted.
Now we have proven that Vo.o € X, if 0 € (277} )%, respects all the semantic
aspects of seqi, i.e., o1 an12p) € (Baedh)*.

If ¢ f; contains more than two Operands, p Messages may be enclosed in multiple
Operands whose Interaction Constraints evaluate to True, and ¢ Messages may be
enclosed in multiple Operands whose Interaction Constraints evaluate to False.
The proof follows the one for ¢ f; with two Operands.

To conclude, Vo.v € ¥, if v € (X34 )* then v - 7 |= Il,,,, and Vo.o € X%, if

o € (B77L)%, then op1 apyopy € (35641)*,

We have proven that the semantic rules general to all CFs can be captured by our
LTL templates. The semantic rules for each CF with different Operators can be
enforced by adding different semantic constraints, which are captured using LTL

template o“F". Parallel defines that the OSs within different Operands may be

interleaved. Its semantics does not introduce additional semantic rule. Thus, we

141



have proven that our LTL templates capture the semantics of Parallel.
We use Strict Sequencing as an example to prove that the semantic rule for each
Operator can be captured by our LTL templates. The cases for CFs with other

Operators can be proven similarly.

Case 2.2.2 We assume that, a given Strict Sequencing, cf;%"**, has two Operands
whose Interaction Constraints evaluate to True. The first Operand contains p;
Messages, and the second Operand contains p, Messages. cf;7 covers i Life-
lines.
(a) We wish to prove that, Vu.v € ¥*, if v € (X58)*, then v - 7 |= I, -
The Strict Sequencing imposes an order among OSs within different Operands.
For an Operand (not the first Operand), any OS cannot occur before the OSs
within the previous Operand finish execution. Function pre EU(u) returns the
set of OSs within EU v which happen right before EU u, i.e., the Constraint
of EU v evaluates to True. In this case, pre EU(u) returns the last OS in EU
u. The semantic aspect of Strict Sequencing can be considered as that, any OS
in Operand k£ cannot happen until the OSs in all pre U (u), where u is the EU
of Operand k on Lifeline j(1 < j < i), finish execution. We introduce sub-
formula yj to capture the semantics of Operand k. We assume that, if v - 7%
does not satisfies A Xk, then x;, defines that at least one OS, OS,,
k€N FTOP(cfstrict)
in Operand k, occurs before OS,,,., which is an OS in pre EU((k — 1) 1), where
1 < j < i. Sub-formula yj specifies that any OS within pre U (u) on all the
Lifelines covered by the Strict Sequencing must happen before the OSs within
Operand k. Therefore, OS,,. must happen before OS,, which contradicts our
assumptions. Thus, we can prove that v - 7 |= A Xk-
keNFTOP(cfstrict)
We have proven that v - 7% satisfies other general sub-formulas of II,.,, in case
2.1.2(1). Hence, we can prove that v - 7 |= I, .
(b) We wish to prove that, Vo.o € ¥¢,if 0 € (X777)%, 011 2nt2p1+2ps) € (X501)%.
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If o € (X77L)%, then 0 = 01 2n12p,+2p,] - T, Which follows Lemma 4.10. We

wish to prove that o[y ap 42, 42p,] TESpects all the semantics of seq;. o = ﬁseql,

so o satisfies all sub-formulas of ﬁseql. We have proven that the sub-formulas ¢,

p;, and 3; capture the semantics of OS directly enclosed in seq;; sub-formulas
strict

6/i"" and 4;"* capture the general semantic aspects of ¢f$"¢; sub-formula

Eseq; Captures the interleaving semantics of seq; (see case 2.1.2(1)). Now we need

to prove that sub-formula A X captures the semantics of Strict Se-
kENFTOP(cfstrict)

quencing.

Sub-formula A Xk asserts the order between each Operand k of

keNFTOP(cfstrict)
Strict Sequencing (k is not the first Operand), and its preceding Operand. Func-

tion pre EU (u) returns the set of OSs within EU v which happen right before
EU w. Each OS within % cannot happen until all OS within pre EU (u) on all the
Lifelines covered by the Strict Sequencing. If the sub-formula does not capture
the semantics of Strict Sequencing, we assume the semantics defines that at least
an OS in preEU((k — 1) 1;)(1 < j < i), OSp., occurs after an OS in Operand
k, OS,. Actually, the semantics of Strict Sequencing defines that in any Operand
except the first one, OSs cannot execute until the previous Operand completes.
Therefore, O.S,,. must happen before O.S;, which contradicts our assumption. In
this way, we can prove that sub-formula A Xk captures the seman-

kENFTOP(cfjtrict)

tics of Strict Sequencing. Hence, we can prove that o[y 2,42, € (33sear)*,

To conclude, Vu.v € ¥*, if v € (X50)* thenv - 7% | ﬁseql, and Vo.o € X¢, if

sem

o € (X771)¥, then o7y anyop € (X5 )*.

— Case 2.3 The semantics of Alternatives defines that at most one of its Operand whose
Constraints evaluate to True is chosen to execute. The Operands whose Constraints
evaluate to False are still excluded. To capture its semantics, we need to specify the

semantics of the chosen Operand and the connection between the chosen Operand and

143



its adjacent OSs. We use LTL formula WS to capture the semantic of Alternatives.
Sub-formulas 65" and 7% can be rewritten into HCF and 77" by following the same
procedures of rewriting sub-formulas " and v°'. The LTL formula of Alternatives,

WO with rewritten sub-formulas is shown in figure B.6.

\Dg}f B /\ Vol
meTOP(CF)
97(711F A A ngcqf A PHCF if mis the chosen Operand (1)
:lnl‘t = i€ELN(CF) CFienested(m)
True else (2)
9,({;17 :( /\ dg)/\( /\ Pj)/\( /\ 6]))
ge;EBLfEI‘VL}:;ZT,;) JjeMSG(m) JEMSG(m)
beu€ABEU (mT;) OSyre€pre(CF1;) OS5t €post(CF1;)
OSE€AOS (beu)

Figure B.6: Rewriting LTL formula for Alternatives

We assume that, a given Alternatives, c¢f{, has two Operands whose Interaction Con-
straints evaluate to True. The first Operand contains p; Messages, and the second

Operand contains p, Messages. cf covers i Lifelines.

(I)Cfl _ \I,Cfl

alt

(a) We wish to prove that, Vo.v € ¥*, if v € (X54)*, then v - 7% = I, -

sem
For Alternatives. We only consider the Operands whose Constraints evaluate to True
as defined by the general semantics rules. If more than one Operand’s Constraint
evaluates to True, at most one Operand is chosen and the order of the OSs within
it should be specified. Sub-formula V7, defines the semantics of Operand m whose

Constraint evaluates to True. If m is chosen, its semantics is captured by sub-formula
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~.falt — ~falt
6:11" and i; J;}I . Otherwise, U7}, evaluates to True, denoting that m is excluded. We

~cfolt . cq .
can prove that 977{1 describes the order among OSs within m by following the proof
A fa . . =C al .
for sub-formula 6" Similarly, we can prove that %7{}1 " describes the order among

OSs within m and the Alternatives’s adjacent OSs by following the proof for sub-

~cfalt W e cfett
. ,U-T .
formula 7, Therefore satisfies W

We have proven that v - 7¢ satisfies &y, p;, and 3; for seq; in case 2.1.2(1). For
sub-formula e, , function AOS(seq;) returns the enabled and chosen OSs, i.e., for
Alternatives, only the OSs within the chosen Operand are returned. We can prove that
v - 7 satisfies €44, by following the proof in case 2.1.2(1). Hence, we can prove that
v ey, -

(b) We wish to prove that, Vo.o € X¢, if 0 € (5777)%, 01.2042p,) € (25640)* (m is
the chosen Operand of cf&).

If o € (377L)°, then 0 = 01 9p49p,,] - 7, Which follows Lemma 4.10. We wish
to prove that o = o7[1.2n42p,,] Tespects all the semantics of seq;. o = ﬁseql, SO O
satisfies all sub-formulas of ﬁseql. We have proven that the sub-formulas &4, p;, and
B; capture the semantics of OS directly enclosed in seq;; sub-formula e, captures

the interleaving semantics of seq; (see case 2.1.2(1)). We need to prove that sub-

alt
formula \DZ{tI captures the semantics of Alternatives.

c alt . . .
Sub-formula \I’a{tl is a conjunction of sub-formula W7;,s, where m is an Alterna-

tives’s Operand whose Constraint evaluates to True. Therefore, the Operands whose
Constraints evaluate to False are excluded. V7, evaluates to False if m is unchosen,
which captures the semantics that the unchosen Operands are excluded. W7}, is a con-
junction of sub-formulas 576,{?” and ﬂ:yf {S” when m is the chosen Operand. We can
prove that sub-formula 9:f7flalt captures the order among OSs within m by following the
proof of ot flt. We can also prove that sub-formula %f J:}:“ captures the order between

OSs within m and the Alternatives’s adjacent OSs by following the proof of 7; i In
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alt
this way, we can prove that sub-formula \IIZ{; captures the semantics of Alternatives.

Hence, we can prove that 071 o49p,,] € (Z568)*.

To conclude, Vo.v € ¥, if v € (X9)*, then v - 7 = Ili,,, and Vo.o € 3¢, if

sem

o € (X771)", then oy a9y € (B500)*.

— Case 2.4 The Loop represents the iterations of its sole Operand. We capture the se-

CF

loop,r» Which unfolds the iterations and connects

mantics of Loop using LTL formula ¥
them using Weak Sequencing. Each iteration can be considered as an Operand, whose
semantics can be captured by sub-formulas «y, 3;, p; and ~; as proven. We need to

prove that sub-formula A k; g captures the Weak Sequencing among iterations.
i€LN(CF)
The proof is quite similar as the proof for sub-formula N X of Strict Se-
keNFTOP(CF)

quencing.

Inductive step. A given Sequence Diagram, seq,, directly contains n CFs. For the Messages

within the CFs, p,, Messages are chosen and enabled in Operands whose Interaction Constraints

SEM

evaluate to True. We assume Vv.v € ¥*, if v € (X54)* then v - 7 = ﬁseqn. Vo.o € X¢,if

o€ (E;Z?i)w, then U[l..2h+2pn] c (Zzgfn)* (7“ = n)

We add a CF, cf,, 11, in seg, to form a new Sequence Diagram, seq,, .1, withn+1 CFs. cf,, 11 is
directly enclosed in seq, 1. In cf,, 11, pnr1 Messages are chosen and enabled in Operands whose

Interaction Constraints evaluate to True. We wish to prove that, Vo'.0' € ¥*, if o/ € (35¢n+1)*

sem

then v/ - 7 |= Iy, ,,. Yo' .0' € 5%, if 0’ € (S)F17 )%, then ofy o 1o, € (S3041)",

The LTL templates ﬁseqn and ﬁseqn .. are shown as,

Wseq,, :( /\ 6‘9) A ( /\ pj) N ( /\ ﬁj) A ( /\ q)CF) N Eseqy
ge;“ejaLENlJ(;:gf;L)T') JEMSG(seqn) JEMSG(seqn) CFenested(seqy)
Hseqn+1 :( /\ &g) A ( /\ pj) A ( /\ ﬁ]) N ( /\ (I)CF) A PeInis N Eseqnia

i€ELN (sedp41) JEMSG(seqn+1) JEMSG(seqn+1) CFéenested(seqy)
gETBEU (seqpy11;)

(a) We wish to prove that, Vo'.0" € ¥, if o' € (E5¢0+1)* then o - 7 = 11

Seqn+1-°
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First, we consider the semantic aspects of the OSs directly enclosed in seg,, 1. We can prove

that v’ - 7¢ satisfies A ayg, A pj, and A B;. The proof follows

iELN (seqn 1) JEMSG(seqn+1) JEMSG(seqn+1)
gETBEU (seqn4115)

the the one in case 2.1 of basic case.
Then, we consider the semantic aspects of n CFs, which are captured by LTL formula
A OCF in seq,. The newly added CF is directly enclosed in seq,1, so it does not

CFéenested(seqn)
interact with the existing CFs. Therefore, in segq, 1, the semantics of existing CFs can still be

captured by formula A ®CF, We can prove that v’ - 7 |= IR

CFéenested(seqn) CFenested(seqn)
Next, we consider the semantic aspects of cf,. 1, which is captured using formula ®¢/»+1,

For ®¢/»+1, sub-formulas écf"“, ﬁf f "+ and the additional ones for each Operator still define
the semantics we have proven in base case. The order of OSs within each CF is not changed.
Therefore, v’ - 7% satisfies #</»+1 and the additional sub-formulas for each Operand. Sub-formula
Y; Tnt ghil] specifies the Weak Sequencing between cf,,; and its preceding/succeeding Interaction
Fragments. Comparing to base case, cf,1’s preceding/succeeding Interaction Fragments can be
OSs or CFs. We wish to prove that our algorithms for calculating pre(cf,+1 1) and post(cfn+1 T
) are correct.

Function pre(cf,+1 T;) returns the set of OSs which happen right before CEU cf,,.; 1;. We
focus on the CEU or EU v prior to cf,,1 T; on Lifeline . The EUs whose Constraints evaluate to
False are excluded. Therefore, v should be a CEU containing at least one EU whose Constraint
evaluates to True or an EU whose Constraint evaluates to 7rue. We start from the CEU or EU
prior to cf,+1 Ts, and check the CEUs and EUs until we find v. If v does not exist, we define

~Cfny1

that the first conjunct of ¥; evaluates to True. Otherwise, we discuss the return value of the

function by different cases.

e Case i. If v is a BEU, function returns the OS in the bottom of v, OS;. We assume that
if the function returns another OS, OS,, then OS, should happen after O.5;. However, the
semantics defines that OSs are ordered graphically in a BEU. O.S; is the last one to execute

in v, which contradicts our assumption. Thus, we can prove that the function returns the OS
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in the bottom of v.

e Case ii. If v is a CEU with one BEU whose Constraint evaluates to 7rue, function returns

the OS in the bottom of the BEU as we proven in case 1.

e Case 1ii. If v 1s a CEU with multiple BEUs whose Constraints evaluate to True. (1) v
with Operator “par” returns a set containing the last OS of each BEU, as defined by the
semantics of Parallel (We have proven in base case 2.2.1); (2) v with Operator “alt” returns
a set containing the last OS of the chosen BEU, as defined by the semantics of Alternatives
(We have proven in base case 2.3); (3) v with Operator “weak” or “strict” returns a set
containing the last OS of the last BEU, as defined by the semantics of Strict Sequencing

(We have proven in base case 2.2.2).

e Case iv. If v is a CEU with nested CEUs. (1) If v directly contains only one EU whose
Constraint evaluates to 7rue, we find the EU’s last CEU or EU, w, and recursively apply
case 1 to 4 to prove it. (2) If v directly contains multiple EUs whose Constraint evaluates to
True, we recursively apply case 1 to 4 to (a) each EU to prove it (v’s Operator is “par”); (b)
the chosen EU to prove it (v’s Operator is “alt”); (c) the last EU (v’s Operator is “weak” or

“strict”) to prove it.

The proof of the algorithm for calculating post(cf,.1 T;) follows the one of the algorithm for
calculating pre(cf,41 T;). Hence, v - 7% |= F¢/n+1,

Finally, we consider the semantic aspect for the seq, 1. Function AOS(seq, 1) returns the set
of chosen and enabled OSs within seq,, 1. The semantic aspect specifies that only one enabled OS
can execute at a time, and all enabled OSs should execute uninterrupted. If v/ € (X5+1)* we
can deduce that [v'| = |[AOS(seqy41)| = 2h+2p, +2p,41. Itis easy to infer that v'- 7% = €44, -

Now we have proven that if o' € (3X3¢+1)* then v’ - 7 |= ﬁseqnﬂ.

(b) We wish to prove that, Vo'.o" € £, if o’ € (S7777)“, then o7, o, 19, 1, . € (Ee')"

SEM

If o' € (27777)%, then 0’ = o1 2n42p,+2pnsa] - T Which follows Lemma 4.10. We wish to
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prove that Uf1..2h +2pnt2pn.) TESPECES all the semantics of seq1. o = Il so o’ satisfies all

seqn+13

sub-formulas of ﬁseqn .- We prove that the sub-formulas capture the semantic aspects as below.

First, we discuss the sub-formulas ¢, p;, and (3; for seq,,1. We can prove that these sub-
formulas capture the semantics of OSs directly enclosed in seq,,+1. The proof follows the one in
case 2.1.

Then, we discuss the sub-formula A ®CF . In seqy, the sub-formula captures the
CFenested(seq)

semantics of n CFs. In seq, 1, adding cf,,,1 does not change the semantics of the existing CFs. It

is easy to infer that, sub-formula A PCF

CFenested(seq)

still captures the semantics of the CFs except
for cf,41.

Next, we discuss the sub-formula formula ®¢/+!  which is a conjunction of sub-formulas
getnir, o /1 and the additional one for each Operator. With the proof of base case, gclnia
captures the semantics of cf,,1’s Operands, while the additional sub-formula captures the se-
mantics of cf,,,1’s Operator. Sub-formula frta may be different from the base case, since the
preceding/succeeding Interaction Fragment of cf, ., can be other CFs. On Lifeline 7, functions
pre(cfni1 1) and post(cf,+1 1;) return the set of OSs which may happen right before and after
CEU cf, 11 1 respectively. We have proven that our algorithms can calculate pre(cf,+1 T;) and
post(cfns1 1:) for all the cases. Thus, we can infer that A 7, Int1 gtill captures the Weak
Sequencing between cf,, 1 and its preceding/succeeding Iiletglj‘\efl(cctfgn Fragments.

Finally, we discuss the sub-formula &, ,,. It represent only one OS in |AOS(seq,11)| ex-
ecute at a time, or all OSs in |AOS(seq,+1)| have executed. Function |AOS(seq,+1)| returns
the set of OSs which are chosen and enabled to execute in seq,+1. In seq, 1, |AOS(seqni1)| =
2h + 2p, + 2p,41. From lemma 4.10, if 0 = Eseqni1» theN 0 = 01 ont2p,+2p,sq] - T+ Therefore,

Eseqny1 Captures the interleaving semantics of seq,, 1.

Now we have proven that Vo'.0’ € X¢, if o’ € (X777"")“, respects all the semantic aspects of

. / seqn+1)*
S€Qnt1 €5 Oy opiop 4op, 1] € (Bsemt).

To conclude, Vo'.0' € ¥*, if o' € (X3¢n+1)* then v/ - ¥ |= 1 and Vo'.o' € ¥¥, if

seqn1>

! S€4n+1\w / seqn+1\*
QS (ELTL ) , then 0[1..2h+2pn+2pn+1] S (Esem+ ) : L
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Figure B.7: Example of Sequence Diagram with nested CF

If a Sequence Diagram contains nested CFs, the semantics of nested CFs are independent. For
instance, if cf; whose Operand is op; contains cf; whose Operand is op, (see figure B.7), the
semantic rules of ¢ f; do not constraint the semantic rules of cf».

Theorem 4.12. (X5¢nested)* and PR Eoy 19, ((X775°5°¢)) are equal.

Proof. We use mathematical induction, which is based on the maximal layer of CF, [, within

S€{nested-
Base step. seqpesteq directly contains r CFs, each of which does not contain other CFs. (I = 1)
The proof follows the one for theorem 4.11.
Inductive step. seq**“? directly contains 7 CFs. We assume that cf,, which is a CF directly

enclosed in seq"¢*¢?

nested  contains cf,,, which is a CF with the maximal layer within seq®**?. The

maximal layer of CF within seq”®“? is n. For the Messages within the CFs, p,, Messages are

chosen and enabled in Operands whose Interaction Constraints evaluate to True. We assume

Seqnested ~ Seqnested Seqnested
You € (Ssem )50 -7 | Ilgnesiea. Yoo € (X7 ), then o onyop,) € (st )™
(l=n)

nested

We add a CF, cf,, in seq"****? to form a new Sequence Diagram, seq” %Y, where cf, contains
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nested

cf,. The layer of cf, becomes n + 1, which is the maximal layer of CF within seg;$%“*. In

seq<5*!, p, 11 Messages are chosen and enabled in Operands whose Interaction Constraints eval-

nested ~
uate to True. We wish to prove that, Vo'.0' € ¥*, if v/ € (Zzifﬁ“ )", then v - 7¢ = 11 nestea.

n+1

nested nested
seqp Sy seqn Gy )*

Vo'.o' € ¥¥ if o’ € (ZLTL )“’, then Ufl..2n+2pn+1] S (Esem

When we add cf, into seq™****?, then order of the OSs directly enclosed in seq™***? keep

n

unchanged. Thus, the semantics of the OSs directly enclosed in seqﬁffﬁd can still be captured

using the corresponding sub-formulas of ﬁseq%ested. The LTL templates ﬁsquested and ﬁseq:;islted

are shown as,

M eqnested =( A ag) A ( N pi) A ( A B;) A ( A PO

i€ELN (seqpested) JEMSG(seqnested) JEMSG (seqpested) CFenested(segnested)
gETBEU (seqniestedy,)

A 6seqzcstcd

Megewes =C N adnl N o)Al N B)AL A 3C")

i€LN(seqngsted) jEMSG(squ‘jjltﬁd jEMSG(seq;‘fltcd) CFenested(seqnested

n+1
9ETBEU (sea 3! 1:)

A\ €Seq3is1t6d
_ ~ CF
=( A ag) A ( A pi) A ( A B) A ( A ™"
iELN (seqnested) jG]\/ISG(SqueStEd) jEJWSG(Seq:{”tEd) CFenested(seqnested)
gETBEU (seqnestedy,) CF#cfy

A pefu N €, nested

seq, ¢

nested ~
(a) We wish to prove that, Vo'.v" € X%, if v/ € (Sgem™ )*, then v’ - 7% |= [T, gnestea.

+1
We wish to prove that v’ - 7¢ satisfies all sub-formulas of ﬁseqﬁislted.

nested

First, we consider the OSs directly enclosed in seq,$*“*. The semantics of the OSs directly

enclosed in seq™**!*® are not altered by adding cf,. Thus, we can prove that v - 7% satisfies the

estea capturing the semantics of the OSs directly enclosed in squffe‘i, ie.,

n
n+1

/\ g, /\ Pj» and /\ ﬁj-
ELN (seqfte o) JEMSG(seqpested) JEMSG(seqpested)
gGTBEU(seq;{estedTi)

sub-formulas of ﬁseq

nested

Then, we consider the CFs (except cf,,) directly enclosed in seq;;$“*. The semantics of these

CFs and the LTL sub-formulas capturing their semantics are not changed. It is easy to infer that
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v - T¢ satisfies A HCF
CFenested(seqiiested)
CF#cfov

Next, we consider CF cf,, whose semantics is captured using ®¢/*. We discuss sub-formula
®c/v using three cases.(1) If all the Constraints of cf,,’s Operands evaluate to False, ¢/« = n°fu,
We can prove that v’ - 7% satisfies ®¢/«. The proof follows the one for base case. (2) If not all
the Constraints of cf,’s Operands evaluate to False, and the Operator of cf, is not alt or loop,
Pelu = Pelu A ®°fv. The semantics of cf, is not altered by adding cf,. Hence, we can infer

that o/ - 7% satisfies ®¢fv. Wefu = gefu A A 37 We can prove that v/ - 7% satisfies 0/
i€LN(cfu)

and A A" The proof follows the one for base case. (3) If not all the Constraints of cf,’s
i€LN (cfu)

Operands evaluate to False, and the Operator of cf,, is alt or loop, /v = \IIZ{;‘ or dcfu = gl

loop

cfu

respectively. Similarly, we can prove that v - 7 satisfies \IIZ{E or Uy,

Finally, we consider the interleaving semantics of seq<%“’. Function AOS (seq"%*f*?) returns

nested

the set of chosen and enabled OSs within seq,$7". Sub-formula ¢, csged specifies that only

12
n

Seq:{,islted

one OS execute at a state, or all OS have executed. If v/ € (Xsem™ )*, we can deduce that

V'] = [AOS (seqi*?)| = 2h + 2py41. It is easy to infer that v - 7% |= &, nestea.

n+1
Seqzislted

Now we have proven that if o' € (Zsen™ )*, then o' - 7¢ |= I eqnestea

d nested

SCQZiSfe c (Eseqn+1 )*
1..2n42pp+1] sem :

(b) We wish to prove that, Vo'.0’ € £, if o' € (X777 )“, then o

nested

If o/ € (ESLZ[{E“ )¢, then ¢’ = oy 2n42p,,,) - 7, Which follows Lemma 4.10. We wish to

/ : ’ T / :
prove that o respects all the semantics of € seqnested- O = Hseqzeﬁed, so ¢’ satisfies all

1..2h+2p,11]
sub-formulas of ﬁseqnislted. We prove that the sub-formulas capture the semantic aspects as below.

First, we discuss the sub-formulas ¢, p;, and [3; for seqﬁffed. These sub-formulas are not

changed, so they still capture the semantics of OSs directly enclosed in seq™*s**d, We can also
nested

infer that these sub-formulas capture the semantics of OSs directly enclosed in seq;, 7

Then, we discuss the sub-formula A dCF . For seqy, the sub-formula captures

CFGnestEd(seqﬁeSted)
CF#cfy

the semantics of the CFs (except for cf,) directly enclosed in it. In seq, 1, adding cf, does not
change the semantics of the CFs except for cf,. It is easy to infer that, the sub-formula still

captures the semantics of the CFs except for cf,.
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Next, we discuss the sub-formula formula ®“/« using three cases. (1)®%* = n«. We
can prove that the sub-formula captures the semantics of cf,, when all the Constraints of cf,’s
Operands evaluate to False. The proof follows the one for base case. (2)®¢/v = Wefu A §fv,
We wish to prove that the sub-formula captures the semantics of cf, if not all the Constraints of
cf,’s Operands evaluate to False, and the Operator of cf, is not alt or loop. With our assumption,

®</v still captures the semantics of cf,. Wefu = gefu A N\ AT gefu captures the order of
i€ELN (cfy)
cfu

OSs directly enclosed in cf,,, while A #;”* captures the order between cf, and its preced-
1€LN (cfu)
ing/succeeding Interaction Fragments. The proof follows the one for base case. The semantics of

the OSs directly enclosed in cf, and the semantics of cf, are independent. Therefore W/« and
®</v are connected using conjunction. In this way, we can prove that ®“/« captures the semantics
of cf,. 3)DFw = W or Pefu = \I/lcjgp respectively. Similarly, we can prove that the sub-formula
captures the semantics of cf, if not all the Constraints of cf,,’s Operands evaluate to False, and
the Operator of cf,, is alt or loop.

Finally, we discuss the sub-formula ¢, grested It represents that only one OS in
|AOS (seq<si*?)| executes at a time, or all OSs in |AOS(seqr<5**)| have executed. Func-
tion AOS(seqr<*t*?) returns the set of chosen and enabled OSs within seg?<*f*?, where

|AOS (seqrest*®)| = 2h + 2p,,11. From lemma 4.10, if o’ |= ¢ eqresteds then o = o7 oppap, ) -

Therefore, ¢, gnesied captures the interleaving semantics of segq/%*/**

ted
qxisle )

Now we have proven that Vo'.o’ € ¥, if o’ € (5, , respects all the semantic aspects

ted , Seqneoted
neste ; *
of seqnii®®, i.e., o7y oniap, ) € Ksem ™ )"

To conclude, Vo'.v" € ¥*, if v/ € (Zii%“ )* then v’ - 7 |= I, gresped, and Vo'.o' € £, if

nested nested

seq,, seq,,
o' € (B )¥sthen o]y g0, 1 € (Bsem ™ )" =

B.3 Proof of Theorem 6.14

Theorem 6.14. For a given Sequence Diagram, seq, with j Messages, (X¢)* and

sem

PRE;((E5Tg0)«) are equal.
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Proof. We use mathematical induction, which is based on the number of Messages, 7, within seq.

Base step. Basic Sequence Diagram seq; contains only one Message, m. (j = 1)

e Case 1. Sending OS s;, and receiving OS r; of Message m; locate on two Lifelines L1, Lo

respectively (see figure B.1).

Ysea = {sy, 7}, where X5¢9 C 3. The semantic aspects of seq; define that, for m4, r; can

only happen after s;. Only one trace, v =< sy,7; > of size 2, can be derived from seq,

e, (X0) = {< 51,1 >}

sem

We wish to prove that < s1,r; > 7% € (E35,,,)*. The NuSMV model for seq; is shown

in figure B.8.

In the Lifeline modules, each variable of OS can become to True only once, which means
each OS can execute once and only once. OS r; takes the state on L; as an enabling
condition, which means r; can be enabled to execute if s; on L has executed. In the main
module, the INVAR statement restricts that at most one Lifeline can execute an OS at a
time. < s;,7; > -7 satisfies these restrictions of M., because (1)s; and r; occur once
and only once; (2)s; happens before r1; and (3)s; and r; do not happen at the same state.

Thus, < s1,r1 > 7% =€ (Enesmv)”-

sem

We wish to prove that Vo.o € X¢,if 0 € (E31s,)¢, then opy o) € (35601)*,

The INVAR statement in the main module restricts that s; and r; do not happen at the same
time. Thus, o1 9 can be < 51,81 >, < 11,71 >, < 81,71 > or < 1,51 >. The variables
of OSs in Lifeline modules define that s; and r; can occur once and only once respectively.
Therefore, oy;. 9 canbe < 51,71 > or < ry, 81 >. OS r{’s enabling condition represents that
1 cannot happen before s;. Therefore, oy;. 2 can only be < s;,7; >, which is an element

of (X5¢41)*. In this way, we can prove opy g € (X5501)*.

sem sem

e Case 2. Sending OS s, and receiving OS r; of Message m; locate on a single Lifeline L,

(see figure B.2).
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MODULE main
VAR
1 Ll: L1(1_L2);
1_L2: L2(1_L1);
INVAR
(((1_Ll.chosen —> 1 _Ll.enabled)
& (1_L2.chosen —> 1_L2.enabled))
&
((1_Ll.chosen & !1 L2.chosen)
| ('1_Ll.chosen & 1 _L2.chosen)
| ('l _Ll.enabled & !1 _L2.enabled)))

MODULE L1 (L2)

VAR
0S_sl : boolean;
state : {sinit, sl};
chosen : boolean;
DEFINE
sl_enabled := state = sinit;
enabled := sl_enabled;
flag_final := state = sl;
ASSIGN
init (state) := sinit;
next (state) =
case
state = sinit & next (0S_sl) :sl;
1 :state;
esac;
init (OS_sl) := FALSE;
next (0OS_sl) =
case
chosen & sl_enabled :TRUE;
0S_ sl :FALSE;
1 :0S_s1;
esac;

MODULE L2 (L1)

VAR
OS_rl : boolean;
state : {sinit, rl};
chosen : boolean;
DEFINE
rl_enabled := state = sinit & Ll.state = sl;
enabled := rl_enabled;
flag_final := state = rl;
ASSIGN
init (state) := sinit;

next (state)
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case
state = sinit & next (0OS_rl) :rl;
1 :state;
esac;
init (OS_rl) := FALSE;
next (OS_rl) :=
case
chosen & rl_enabled :TRUE;
0S_rl :FALSE;
1 :0S_rl;
esac;

Figure B.8: seq; to NuSMV (case 1)

Besides the semantic aspects discussed in case 1, the OSs on L; respect their graphical
order, i.e., s; occurs before r1. Trace v =< s1,7r; > of size 2 can be derived from seqy, i.e.,
(Xsem)” ={<s1,m >}

The NuSMYV model for seq; is shown in figure B.9

Comparing to M,.,, in case 1, both OSs are defined in module L;. The OSs can still only
happen once, and s; occurs before ;. Trace < s;,7; > -7 can be generated from the

NuSMV model, i.e., (ENZsnv)” = {< 1,71 > -7}

Similarly, we wish to prove that Vu.v € ¥*, if v € (X59)* then v - 7% € (X3eg,,)*s and

Vo.o € ¥ if 0 € (XN )% then 019 € (X541)*. The proof follows the one of case 1.

sem

To sum up, for a basic Sequence Diagram with one Message, (X2¢7 )* and pre((Z5igin)”)

sem

are equal.

Inductive step. Basic Sequence Diagram seq,, contains n Messages, which are graphically-

ordered, i.e., (m;_; locates above m; (2 < ¢ < k)). The Messages have 2n OSs, which locate on

k Lifelines. We assume Yv.v € ¥, if v € (X3¢ )* then v - 7% € (X3 7e,,)¢s and Vo.o € 3¢, if

sem

o€ (E?\?ZEMV>‘U’ then O[1..2n] c (Eseqn)* (] _ n)

sem

We add a Message, m,, 11, at the bottom of segq,, graphically to form a new Sequence Diagram,
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MODULE main

VAR
1 T1: L1;

INVAR
((1_Ll.chosen —> 1 Ll.enabled)
&(1_Ll.chosen |!1_Ll.enabled))

MODULE L1

VAR
0S_sl : boolean;
OS_rl : boolean;

state : {sinit, sl1, rl};
chosen : boolean;
DEFINE
sl_enabled := state = sinit;
rl_enabled := state = sl;
enabled := sl_enabled | rl_enabled;
flag_final := state = rl;
ASSIGN
init (state) := sinit;
next (state) =
case
state = sinit & next (0OS_sl) :sl;
state = sl & next (0OS_rl) :rl;
1 :state;
esac;
init (OS_s1) = FALSE;
next (0OS_sl) =
case
chosen & sl_enabled :TRUE;
0S_sl :FALSE;
1 :0S_s1;
esac;
init (OS_r1l) = FALSE;
next (0OS_rl) =
case
chosen & rl_enabled :TRUE;
0S rl :FALSE;
1 :0S_rl;
esac;

Figure B.9: seq; to NuSMV (case 2)
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seqn+1, with n + 1 Messages. We wish to prove Vo'.0" € ¥*, if o' € (£50+1)* then o' - 7% €
(XNusary)s and Vo'.o' € X¢,if o' € (Xyshn ), then Ufl..2n+2} € (Eeh) G=n+D.

(a) We wish to prove Vo'.v" € 3%, if v/ € (X5¢n+1)* then v' - 7¥ € (X3 g )*-

The semantic aspects of seq,.; enforce that only one OS occurs at a time, and each OS
happens once and only once. X3¢+t = Y54 (J {5,y 7,41}, Where |X%0"| = 2n and
|Xsetnir| = 2n + 2. If ' € (X4+1)*, then o' is a finite trace of size 2n + 2, which con-
tains OSs in 23¢97+1 Adding m,,; at the bottom of segq,, does not change the structure of seg,,.
Thus, for trace v/, the order of OSs in X5 is still preserved. Message m,,; restricts that s,
must happen before r,, 1, i.e., s,,1 locates before 7,1 in v'.

When we modify the NuSMV model for segq, (Mse,,) to the NuSMV model for seg,41
(Mjeq,,.,), we need to add variables and derived variables of s, and 7, in the modules of
the Lifelines where these new OSs are located. Accordingly, we need to modify the variable state
in these Lifeline modules to record the execution of the new OSs. If new OSs locate on the Life-
lines not in seq,,, we also need to change the INVAR statement in the main module to include the

s€dn+1

new Lifelines into the interleaving semantics. In order to prove v' - 7 € (X,,5h1/)¢, we wish

to prove that v’ - 7% satisfies all the restrictions defined by M, i.e., the restrictions defined

€dni1s
by M, , the restrictions defined by variables of s, and 7,1, and the restrictions defined by
modifying variable state and INVAR statement. With assumption, we know v - 7% satisfies all
the restrictions defined by M,,,,. As we discussed, the order of OSs within seg,, is still preserved
in v'. Thus, v’ - 7* also satisfies all the restrictions defined by M,.,,. The variables and derived
variables of s,y and 7,y in M., , define that s, and r,;; can occur once and only once,
and s,, .1 must happen before r,,,1. v’ - 7 satisfies these constraints introduced by the new OSs
because (1) only one s,,,1 and one 7,1 are in v/, and (2) s, locates before 7,1 in v'. The re-
strictions introduced by modifying variable state of these Lifelines where the new OSs are located

and INVAR statement may be various depending on the locations of the new OSs. We discuss the

location of the new OSs using four cases as below.
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e Case 1: Two OSs of m,,; locate on two new Lifelines, Ly, and L, (see figure B.4a); or

two OSs of m,,;1 locate on one new Lifeline, L (see figure B.4b).

In M

segny1» We add two Lifeline modules for L, and Lj o (or one Lifeline module for

Lyy1). Sp41 1s defined as a variable in the module for Ly, while r,,, is defined as a
variable in the module for Lo (the module for Ly ). r,.1 takes the enabling condition
that Ly o (or Ly1) should reach the state indicating s, ; has occurred, i.e., 1,11 cannot
happen until s, ; has occurred. No order between s,, .1, 7,11 and other OSs within seq,

are enforced by M, In the main module, the INVAR statement is changed to show the

€qdn+1-°
interleaving semantics of all £ + 2 (or k + 1) Lifeline modules, i.e., one of enabled Lifeline

modules can execute or no Lifeline modules are enabled.

In trace v' € ¥¢9+1)* no two OSs can happen at the same time, which satisfies the restric-
tion imposed by INVAR statement. The OSs of m,,; locate on one or two new Lifelines,
so m,+1 and the existing Messages, m1, ms...m,,, are interleaved. Therefore, in v/, s,,,1 or
rna1 can locate (1) between any two OSs of segq,, or (2) before all OSs of segq,, or (3) after
all OSs of seq,. Hence, s,,1 can be the sth OS of v/, where 1 < s < 2n + 1; and 7,1 can

be the rth OS of v/, where s < r < 2n + 2. Therefore, v’ satisfies all the restrictions of

M

S€qn+41°

e Case 2: Sending OS s,,,1 locates on a new Lifeline, L, 1, and receiving OS r,,.; locates on

an existing Lifeline, L; (1 <1 < k) (see figure B.4c).

In M,.,,, we assume the last variable for OS in Lifeline module for L; is the variable for
OSpre. In My, .., we add a variable for 7,1 in the module for L;. We also add one Lifeline
module for Ly, which contains a variable for s, 1. 7,.1 takes two enabling conditions
(1)state sets to OS,,. to indicate that O.S,,. has executed; (2)Lj; should reach the state
indicating s, has occurred. In the main module, the INVAR statement is changed to
show the interleaving semantics of all k£ 4 1 Lifeline modules, i.e., one of enabled Lifeline

modules can execute or no Lifeline modules are enabled.
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We add m,,,; at the bottom of seq, to form segq,1, where r,,.; becomes the last OS on
L; instead of OS,,.. Therefore, OS,,. should happen before r,,+1. s,41 locates on a new
Lifeline, so it is interleaved with the OSs of seq,,. However, s,,,1 must happen before r,, 1.
In trace v/ € (X3¢+1)* if OS,,. is the pth OS, where 1 < p < 2n+ 1. Then s, is the sth
OS of v/, where 1 < s < 2n+ 1 and s # p; r, 41 is the rth OS of v/, where s < r < 2n + 2
and p < r < 2n + 2. Thus, ¢’ satisfies the restrictions imposed by variables for s; and 7.

In ¢/, no two OSs can happen at the same time, which satisfies the restriction imposed by

INVAR statement. Therefore, v” satisfies all the restrictions of My, . ,.

Case 3: Sending OS s,,.; locates on an existing Lifeline, L; (1 < < k), and receiving OS
rn+1 locates on a new Lifeline, Ly (see figure B.4d); or two OSs of m,,; locate on an

existing Lifeline L; (1 < i < k) (see figure B.4e).

Similarly, in Mj.,,, we assume the last variable for OS in Lifeline module for L; is the

variable for OS,,.. In M,

seqns1» WE add a variable for s, in the module for L;. We also

add one Lifeline module for L., which contains a variable for r,,; (or the variable for
Tn41 1s in the module for ;). s, takes an enabling conditions that state sets to OS5,
indicating OS,,. has executed. 7, takes an enabling conditions that L, should reach the
state indicating s,1 has occurred. In the main module, the INVAR statement is changed
to show the interleaving semantics of all £ 4 1 Lifeline modules (or keep unchanged for k£

Lifelines if no Lifeline is added).

We add m,,; at the bottom of seq,, to form seq, 1, where s,, .1 becomes the OS locating
below OS,,. on L;. Therefore, OS,,. should happen before s, ;. 7,41 cannot happen
before s, finishes execution. In trace v’ € (X30+1)* if OS,,. is the pth OS, where
1 < p <2n+1. Then s, is the sth OS of v/, where 1 < s < 2n+ 1 and s # p; r,41
is the rth OS of v/, where s < r < 2n +2and p < r < 2n + 2. Thus, v’ satisfies the

restrictions imposed by variables for s; and r;. In v/, no two OSs can happen at the same

time, which satisfies the restriction imposed by INVAR statement. Therefore, v’ satisfies all
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the restrictions of M, . , .

e Case 4: Two OSs of m,, 1 locate on two existing Lifelines. Without loss of generality, we
assume that sending OS s,,,; locates on Lifeline L; (1 < i < k), receiving OS 7, locates

on Lifeline L; (1 < j < k) (see figure B.4f).

In M,.,,, we assume the last variable for OS in Lifeline module for L; is the variable for
OSpre,, and the last variable for OS in Lifeline module for L; is the variable for OS,,., .
In Mg, ., we add a variable for s, in the module for L;, and a variable for r; in the
module for L;. s, takes an enabling conditions that state sets to OS,,., indicating O.S,.,
has executed. 7,.; takes two enabling conditions (1)state sets to OS,,., to indicate that
OS,re, has executed; (2) L; should reach the state indicating s,,.; has occurred. The INVAR

statement in the main module is not changed.

Adding m,, at the bottom of seq,, makes that s, ; becomes the OS locating below O.S,,.,
on L;, and 7,4, becomes the OS locating below OS,,., on L;. Therefore, OS,,., should
happen before s,,;1, while OS,,., should happen before ;1. In trace v' € (X3¢0n+1)*, if
OSpre, 1s the psth OS, where 1 < p, < 2n, and OS,,., is the p,th OS, where 1 < p, <
2n + 1. Then s, is the sth OS of v/, where p, < s < 2n + 1; r,,41 is the rth OS of v/,

where p, < r < 2n 4 2. Therefore, v’ satisfies all the restrictions of M, ., .

To conclude, Vo' .0 € X, if o' € (X0+1)* then v/ - 7 € (Snrehiy )
(b) We wish to prove Vo'.o’ € X¢, if o’ € (S ), then o, o, o € (Z3ck+t)*.
We wish to prove that v’ - 7* satisfies all the restrictions defined by M, ..,

We modify Mg, t0 M, . using several steps. (1) Variables and derived variables for s,,,4

and 7,4, are added in the modules of the Lifelines where the OSs are located respectively. (2)

Variable state of these Lifeline modules are changed to record the execution of the new OSs. (3) In

the main module, the INVAR statement may be changed to represent the interleaving semantics of

the existing Lifelines and the new Lifelines. If o’ € (X75},/)*, we wish to prove that of, ,, .4
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respects all the semantic aspects of seq,;;. We assume that, if o € (X57%,,,,), then op 2

respects the semantic aspects of seq,. The modification of the NuSMV module does not alter the
structure of My, , i.e., the order of OSs within seg,, are not changed. Therefore, we can infer that

o’ satisfies the semantic aspects of seq,,. In M, the variables of s,,; and r,,.1 define that s,,11

eqni1s
and r,,1 can occur once and only once respectively. 7, takes an enabling condition indicating
Sn+1 has executed. Thus, o’ respects the semantics of m,, 1, i.e., each OS of m,,, 1 happen once
and only once, and s,,; must happen before r,,1. We wish to prove that the changes of state in

Lifeline modules and INVAR statements in main module make My, ., respect the order between

the OSs within >3 and the OSs of m,, ;. which is discussed using four cases as below.

sem

e Case 1: The variables of m,,’s OSs are added in two new Lifelines modules, the modules
for Ly, 1 and Ly o; or the variables of m,,,,’s OSs are added in one new Lifeline module,

the module for Ly, 4.

In seq, 11, we assume that s, locates on L, and r,,, locates on Ly 5 or both OSs of
my+1 locate on Ly, 1. The new Message, m,,1 and the existing Messages are interleaved.

No order among the existing OSs and new OSs are specified in seq,, 1. In M variables

€qn+1°

for s,.1 and 7,41 are added in new Lifeline modules. If ¢/ € (X3 &h,)*, then no order

among the variables on £ Lifelines and the variables on the new Lifelines are restricted in
o’. The INVAR statement is modified to represent the interleaving semantics of all k£ + 2 (or
k+ 1) Lifeline modules. Therefore, o’ respects the semantic aspect that at most one Lifeline

can execute an OS at a time. In this way, o’ respects the semantic aspects of seq,, 1.

e Case 2: The variable of s, is added in a new Lifeline module, the module for L, and

the variable of 7, ; is added in an existing Lifeline module, the module for L; (i < k).

In seq,,, we assume the last OS on L; is OS,,.. In seg,+1, 7,41 becomes the last OS on L;
and s, locates on Ly . Therefore, O.S,,. should happen before 7,1. 5,1 is interleaved
with the existing OSs. In M., . ,, one Lifeline module for ;. is added, which contains a
variable for s,,.1. A variable for r, is added in the module for L;. 7, takes two enabling
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conditions. (1)state sets to O5,,. to indicate that 0.5, has executed; (2) L reaches the
state indicating s,,+1 has occurred. Therefore, in o’, r,,11 cannot happen until O.S,,. and
skg+1 have executed. Thus, o’ respects the order among the new OSs and the existing OSs
defined by seq,,11. The INVAR statement is modified to represent the interleaving semantics
of all k£ + 1 Lifeline modules. Therefore, o’ respects the semantic aspect that at most one

Lifeline can execute an OS at a time. In this way, ¢’ respects the semantic aspects of seq,, 1.

Case 3: The variable of s, ; is added in an existing Lifeline module, the module for L;
(1 < k), and the variable of r,,,; is added in a new Lifeline module, the module for L 1;
or the variables of both OSs are added in an existing Lifeline module, the module for L;

(i < k).

Similarly, in seg,, we assume the last OS on L; is OS,,.. In seq,+1, s,4+1 becomes the OS
below OS5, on L;, and 7,1 locates on Ly (or r,,, locates below s, on L;). Therefore,
OS,e should happen before 5,1, and s, should happen before r, ;. In M, ,, a
variable for s,,. is added in the module for L;, taking an enabling condition that state sets
to OS,,. to indicate OS,,. has executed. The variable for r,,, takes an enabling condition
that L, reaches the state indicating s,,,1 has occurred. Therefore, in ¢/, s,,,1 cannot occur
until OS,,. executes, while 7, cannot occur until s,;; executes. Thus, o’ respects the
order among the new OSs and the existing OSs defined by seq,, 1. The INVAR statement
is modified to represent the interleaving semantics of all k£ + 1 Lifeline modules, or keeps

unchanged. Therefore, o’ respects the semantic aspect that at most one Lifeline can execute

an OS at a time. In this way, ¢’ respects the semantic aspects of seq,, 1.

Case 4: The variables of both OSs are added in existing Lifeline modules. Without loss of
generality, we assume that the variable of s, is added in the module for L; (i < k), and

the variable of r,,;; is added the module for L, (j < k).

In seqy,, we assume the last OS on L; is O.S,,,._, while the last OS on L is OS,., . In seqy, 11,
sp+1 becomes the OS below OS,,., on L;, while 7,1 becomes the OS below O.S,,,. on L;.
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Therefore, O.S,,., should happen before s,.;, and OS,,., should happen before r,,;. In
Mieq,.,» a variable for s, is added in the module for L;, taking an enabling condition
that state sets to OS,,., to indicate O.S,,., has executed. A variable for 7,4, is added in
the module for L;, taking an enabling condition that state sets to OS,,., to indicate O.S,,
has executed. Therefore, in ¢’, s,,41 cannot occur until O.S,,., executes, while r,,;; cannot
occur until OS,,., executes. Thus, o’ respects the order among the new OSs and the existing
OSs defined by seq, 1. The INVAR statement keeps unchanged. Therefore, o’ respects the
semantic aspect that at most one Lifeline can execute an OS at a time. In this way, o’

respects the semantic aspects of seq;, 1.

Now we have proven that Jfl__Qn +o) Tespects all the semantic aspects of seq, 1, 1.., JfLQn 49 €

(Dsean+1)*,

sem

To conclude, Vo'.o" € X¢,if o’ € (3;7;™)%, then o], 5, o € (E5ei+1)". O

B.4 Proof of Theorem 6.16

Theorem 6.16. (357 )* and PR Eop2,((X3&5,,,)¢) are equal.

SeEmM

Proof. We use mathematical induction, which is based on the number of CFs, r, directly enclosed
in seq,.

Base step. The sequence Diagram contains at most one CF, cf;. (r < 1)

e Case 1. Sequence Diagram seq, contains no CF. (r = 0)

The proof follows the one for basic Sequence Diagram.

e Case 2. Sequence Diagram seq; contains only one CF, cf;. (r = 1)

— Case 2.1 We assume that ¢ f; has a Operands whose Interaction Constraints evaluate

to False. The bth Operand contains ¢, Messages, where 1 < b < a.

(a) We wish to prove that, Vo.v € ¥*, if v € (X591 )* then v - 7% € (ZN i1 )%-

Sem

164



We wish to prove that v - 7% satisfies all the restrictions defined by M,.,,. Similar to
the NuSMV model for basic Sequence Diagram, M., still contains a main module
and Lifeline modules. Each CEU is declared as a module instance and instantiated in
the module of the Lifeline where the CEU locates. A CEU is composed of one or more

EUs, each of which is instantiated a module instance inside the CEU module.

First, we consider the restrictions defined by the Lifeline modules. The OSs directly
enclosed in the Lifelines are represented as boolean variables. In v, these OSs respect
the semantic rules of seq. It is easy to infer that these OSs also satisfy the restrictions

of the Lifeline modules. The proof follows the one for basic Sequence Diagram.

Then, we consider the connection between the OSs and CEUs directly enclosed in
each Lifeline. In M,.,,, the CEU module of cf; on Lifeline ¢ takes variable state of
Lifeline ¢ as an enabling condition, i.e., if state sets to the value indicating that the
preceding OS of CEU cf; 1; has executed, then the CEU module starts to evaluate
the Interaction Constraint locating on the same Lifeline, triggering the execution of
the EUs. Therefore, the OSs within a CEU cannot execute until the preceding OS
of the CEU finishes execution. If v/ - 7 does not satisfy this restriction, then we
assume at least one OS within the CEU, OS.,, occurs before the preceding OS of the
CEU, OS,.. The semantic aspects of seq; defines that each CF are combined with
its preceding OSs using Weak Sequencing. Thus, OS,,. must completes execution
prior to OS,’s execution, which contradicts our assumption. Therefore, we can prove
v’ - 7 satisfies the restriction of the connection between each CEU and its preceding
OSs. The CEU’s succeeding OS takes variable flag_final of the CEU module as
an enabling condition, which restricts that the succeeding OS cannot execute before
the CEU module finishes execution. Similarly, we can prove that v" - 7 satisfies the

restriction of the connection between each CEU and its succeeding OSs.

Finally, we consider restriction defined by the CEU modules. On each Lifeline, the
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Interaction Constraints are evaluated when the CEU is ready to execute. Variable
op_eva of each Operand takes the value of the Operand’s Interaction Constraint to
decide if the Operand is enabled to execute. For each EU of the Operand, the variable
of the first OS and variable flag_final take op_eva as a condition. If the Operand
is enabled to execute, the first OS of each EU is enabled to execute. Otherwise, the
first OS of each EU cannot be enabled to execute and flag_final evaluates to True,
indicating that the EU finishes execution. In seqy, all Operands of ¢ f; evaluate to False.
On each Lifeline, when the preceding OS of ¢f;’s CEU finishes execution, the CEU
reaches its final state to enable its succeeding OS. Therefore, the CEU’s preceding
OS must happen before its succeeding OS. If v does not satisfy this restriction, then
we assume that, on Lifeline ¢, the CEU’s preceding OS, OS,,., cannot occur until
its succeeding OS, OS,.s, finishes execution. The semantic aspects of seq; define
that if all Operands of cf, evaluate to False, then, on each Lifeline, cf,’s preceding
OS and succeeding OS are ordered by Weak Sequencing, and cf; does not execute.
Thus, OS,,. must complete execution prior to O.S,,’s execution, which contradicts
our assumption. Therefore, we can prove v satisfies the restriction defined by the CEU

modules. We do not consider the EU modules because they do not execute in this case.

Now we have proven that if v € (X5¢91)* then v - 7 € (X3 gu)"-

(b) We wish to prove that, Vo.o € X, if 0 € (X30g)" op.on € (E560)*.

We wish to prove that oy;_op) satisfies all the semantic aspects of seq;. First, we con-
sider the semantic aspect of OSs directly enclosed in seq;. In M., , variables of the
OSs in the Lifeline modules satisfy the restrictions defined by the Lifeline modules.

It is easy to infer that these variables also respect the semantic aspect of OSs directly

enclosed in seq;. The proof follows the one for basic Sequence Diagram.

Then, we consider the semantic aspect that cf; does not execute because the Con-

straints of all Operands evaluate to False. As we discussed, in M., , variable op_cva
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of each Operand takes the value of the Operand’s Interaction Constraint to decide if the
Operand is enabled to execute. For each EU of the Operand, the variable of its first OS
and its variable flag_final take op_eva as a condition. If the Operand’s Constraint
evaluate to True, the first OS of each EU is enabled to execute. Otherwise, the first
OS of each EU is unable to execute and flag_final evaluates to True, indicating that
the EU will not execute. In this way, if o € (X37,,,,), then (1.2 does not contain

the OSs within the Operands whose Constraints evaluate to False. Therefore, oy ap)

respects the corresponding semantic aspect of cf;.

Finally, we consider the semantic aspect that cf;’s preceding OSs and succeeding OSs
are connected using Weak Sequencing, i.e., on the same Lifeline, cf;’s preceding OS
must happen before its succeeding OS. If o[y 21,) does not respect this semantic aspect,
then we assume that, in the module of Lifeline ¢, variable of the CEU’s preceding
OS, OS,re, cannot occur until the variable of its succeeding OS, O.S,,,4:, has executed.
Each CEU module takes variable state as a condition to determine when it evaluates
the Constraints of its Operands. If state sets to value indicating the CEU’s preceding
OS has executed, then the Constraints evaluate to False, making the CEU reach its
final state and the CEU’s succeeding OS is enabled to execute. Thus, OS,,. must
finish execution before 0.5, which contradicts our assumption. Therefore, we can
prove 07125 respects the semantic aspect of cf;. We do not consider the semantic

aspects of Operands because they do not execute in this case.

Now we have proven that Vo.o € ¥¥, if o € (X57,,1/). respects all the semantic

aspects of seqy, i.e., 071,05 € (X50)*.

sem

To conclude, Vo.v € X%, if v € (832)*, then v - 7 € (XN lsu ) and Voo € X,

SEM

sem

if o € (XNesany)”s then o op € (E358)*,

Case 2.2 We assume that c¢f; has at least one Operand whose Constraint evaluates to

True.
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First, we wish to prove that the NuSMV model structure general to all CFs captures

the semantics rules general to all CFs.

We assume that, cf; has two Operands. One Operand contains p Messages, and its
Interaction Constraint evaluates to True. The other Operand contains ¢ Messages, and
its Interaction Constraint evaluates to False. (see figure B.5, where cond1 evaluates to

True, and cond?2 evaluates to False).

(a) We wish to prove that, Vo.v € ¥*, if v € (X59)*, then v - 7 = I, .
First, we consider the restrictions defined by the Lifeline modules. We can infer that,
in v, the OSs directly enclosed in seq; satisfy the restrictions of the Lifeline modules.

The proof follows the one for basic Sequence Diagram.

Then, we consider the order among the OSs and CEUs directly enclosed in each Life-
line. Each Lifeline module and its CEU module restrict that, the CEU module cannot
happen until its preceding OS executes, and its succeeding OS cannot happen until the
CEU module finishes execution. We can prove that v satisfies these restriction. The

proof follows the one in case 2.1.

Next, we consider restriction defined by the CEU modules. For each EU module inside
the CEU module, if its Interaction Constraint evaluate to True, the OSs within the EU
can be enabled to execute. Otherwise, the EU module reaches its final state, indicating
that no OS within the EU will execute. We can prove that v satisfies these restriction.

The proof follows the one in case 2.1.

Finally, we consider restriction defined by the EU modules. The structure of an EU
module is quite similar to the structure of a Lifeline module. An EU module restricts
that (1) Each OS (not within EU takes state as an enabling condition, which defines
that the OS cannot happen until the previous OS finishes execution. (2) For each
Message, its receiving OS takes state of the EU where its sending OS locates as an

enabling condition, which defines that its receiving OS cannot happen until its sending
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OS executes. (3) The variable of each OS defines that each OS can occur once and
only once. We can prove that v satisfies these restriction. The proof follows the one

for basic Sequence Diagram.

Now we have proven that if v € (X3¢2)* then v - 7 € (X Zg ) -

sem

(b) We wish to prove that, Vo.o € ¥, if 0 € (X375 11)% O1.2n42p) € (25601)*,
We wish to prove that oy 2,19, satisfies all the semantic aspects of seq;. First, we
consider the semantic aspect of OSs directly enclosed in seq;. We can infer that, in

o, variables of OSs in Lifeline modules respect the semantic aspects of OSs directly

enclosed in seq;. The proof follow the one in case 2.1.

Then, we consider the semantic aspect that cf;’s preceding/succeeding OSs are com-
bined with ¢ f; using Weak Sequencing, i.e., on the same Lifeline, cf;’s preceding OS
must happen before its CEU, and cf;’s CEU must happen before its succeeding OS.
If 012142 does not respect the semantic aspect between cf; and its preceding OSs,
then we assume that, in the module of Lifeline 7, variable of the CEU’s preceding OS,
OSpre, cannot occur until the variable of an OS within the CEU, OS,, has executed.
Each CEU module takes variable state as a condition to determine when it evaluates
the Constraints of its Operands. If state sets to value indicating the CEU’s preceding
OS has executed, then the Constraints may evaluate to True, enabling the OSs within
the CEU to execute. Thus, OS,,. must finish execution before OS,, which contradicts
our assumption. Therefore, we can prove that oy 22, respects the semantic aspect
between c f1 and its preceding OSs. Similarly, we can prove that o[y 5,42y respects the
semantic aspect between c f; and its succeeding OSs.

Next, we consider the semantic aspect that ¢ f;’s Operands whose Constraints evalu-
ate to True can execute, while cf;’s Operands whose Constraints evaluate to False are
excluded. We can prove that oy;. 2,42, does not contain the OSs within the Operands

whose Constraints evaluate to False. Therefore, oy 2,2, respects the semantic as-
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pect. The proof follows the one in case 2.2.

Finally, we consider the semantic aspect that the order of the OSs within each Operand
whose Constraint evaluates to True is maintained. The order of the OSs within each
Operand is similar to the order of the OSs directly enclosed in seq. The order restricts
that (1) on a single Lifeline, the OSs respect their graphical order; (2) for a Message,
its receiving OS cannot happen until its sending OS executes; (3) each OS executes
once and only once. We can prove that o[y ap,42,] respects these semantic aspects. The

proof follows the one for basic Sequence Diagram.

Now we have proven that Vo.o € £¢, if 0 € (X}%5,,,)“, respects all the semantic

aspects of seqi, i.e., 01 ont2p) € (D5ed)*.

If ¢f; contains more than two Operands, p Messages may be enclosed in multiple
Operands whose Interaction Constraints evaluate to 7True, and ¢ Messages may be
enclosed in multiple Operands whose Interaction Constraints evaluate to False. The

proof follows the one for cf; with two Operands.

To conclude, Vv.v € ¥, if v € (E£0)*, then v - 7 = Ili,,, and Vo.o € ¥¢, if
0 € (SNusary)”s then o oniap € (X560)"

We have proven the semantic rules general to all CFs can be captured by the NuSMV
model general to all CFs. The semantic rules for each CF with different Operator can
be enforced by adding different semantic constraints, which are also captured by our
NuSMV models. We use Parallel, Alternatives as examples to prove that the semantic
rules for each Operator can be captured by the NuSMV model. The cases for CFs with

other Operators can be proven similarly.

par

x Case 2.2.1 We assume that, a given Parallel, cf;", has two Operands whose In-
teraction Constraints evaluate to True. The first Operand contains p; Messages,
and the second Operand contains p, Messages. ¢f1*" covers i Lifelines.

(a) We wish to prove that, Vv.v € ¥*,if v € (£5¢4)* then v - 7 € (ZNT501 )%

sem
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The Parallel imposes an interleaving semantics among its Operands. In M., , a
boolean variable, chosen, is introduced for each EU module to indicate if the EU
is chosen to execute. In the main module, an INVAR statement is added for each
CEU to restrict that (1) only one enabled EU is chosen to execute an OS; and (2)
no EUs are enabled. In v, only one OS within ¢f; can happen at a time until cf;
finishes execution. Therefore, we can prove that v - 7 satisfies the restriction
defined by the Parallel.

We have proven that v - 7 satisfies other general restrictions defined by M,.,, in
case 2.2. Hence, we can prove that v - 7% € (X575, 11)%.

(b) We wish to prove that, Vo.o € 3¢, if 0 € (E5Lsu1)%s 011 2n12p1+2ps] €
(Z3em)”.

The semantic aspect of Parallel defines the concurrency among its Operands, i.e.,
the OSs within the an Operand maintain their order, while the OSs of different
Operands are interleaved. If 0 € (X57,,,), the order of OSs within an Operand
is restricted by the EU modules as the general model. The EUs modules inside a
CEU module are interleaved, which is restricted by the INVAR statements in the
main module. Therefore, we can prove that o1 25,4-2p, 12p,) T€SPECtS the semantic
aspect of the Parallel.

We have proven that oy 2542y, +2p,) T€SPECts other general semantic aspects of
seqy in case 2.2. Hence, we can prove that oy op4op, +2p.] € (2562 )"

sem

To conclude, Vu.v € X%, if v € (358)* then v - ™ € (X325,)*, and Vo.o €

Sem

Y9 if o € (EN50)”, then o7y ongop, 4ops) € (X500)".

Case 2.2.2 We assume that, a given Alternatives, ¢, has two Operands whose

Interaction Constraints evaluate to True. The first Operand contains p; Messages,

and the second Operand contains p, Messages. cf{!* covers i Lifelines.

(a) We wish to prove that, Vv.v € ¥*,if v € (£541)*, then v - 7 € (ZN 501 )%

sem

The semantics of Alternatives defines that at most one of its Operands whose
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Constraints evaluate to True is chosen to execute. The Operands whose Con-
straints evaluate to False are still excluded. Thus, v only defines the order of the
OSs within the chosen Operand. In M,.,,, a boolean variable, exe, is introduced
for each Operand to indicate whether the Operand is chosen to execute. Vari-
able op_eva takes exe as a condition, representing that an Operand can execute if
and only if its exe evaluates to True. An INVAR statement is added in the main
module, indicating that only one Operand’s exe can set to True, or none of the
Constraints of the Operands evaluate to True. Thus, M,.,, only restricts the order
of OSs within the chosen Operand. Therefore, we can infer that, v - 7% satisfies
the restriction defined by the Alternatives.

We have proven that v - 7% satisfies other general restrictions defined by M, , in
case 2.2. Hence, we can prove that v - 7 € (3%, /)

(b) We wish to prove that, Vo.o € X%, if 0 € (X5 1sv)%, Op.2nt2p,] € (2260 )*
(m is the chosen Operand of ¢ fl“”).

M., restricts that only EUs of the Operand whose exe evaluates to True can
be enabled to execute. The INVAR statement of exe restricts that only one exe
evaluates to True or none of the Constraints evaluate to True. The order of the
OSs within the chosen Operand is still restricted as the general model. If o €
(ENas )Y, we can infer that O[1.2h+2p,] TESPECts the semantics of Alternatives,
i.e. at most one of its Operands whose Constraints evaluate to True is chosen to
execute, where m is the chosen Operand.

We have proven that o1 5,42p,,) respects other general semantic aspects of seq
in case 2.2. Hence, we can prove that oy ap42p,,] € (X5601)*.

SeEmM

To conclude, Vu.v € ¥*, if v € (X32)* then v - 7% € (X35 u)"s and Vo.o €

¥ if o € (ENTsany)?, then o1 opiop,,) € (X352 )" (m is the chosen Operand of

sem
cfih).
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Inductive step. A given Sequence Diagram, segq,, directly contains n CFs. For the Messages
within the CFs, p,, Messages are chosen and enabled in Operands whose Interaction Constraints
evaluate to True. We assume Vu.v € ¥*, if v € (X5 )* then v - 7% € (ZN T4, ) . Voo € 3¢,

sem

if 0 € (ENo ), then o1 opgop,) € (B560)*. (r =n)

We add a CF, cf,, .1, in seq, to form a new Sequence Diagram, seq,, .1, with n+1 CFs. cf, 1 is
directly enclosed in seq,,+1. In seq,+1, pny+1 Messages are chosen and enabled in Operands whose
Interaction Constraints evaluate to True. We wish to prove that, Vo'.v’" € ¥*, if v/ € (X5¢n+1)*
then v’ -7 € (Syushny)”. Vo'.o! € B°,if o' € (B0 )< then oy o, 10, 1o, 11 € (Siint)".

(a) We wish to prove that, Vo'.v’ € ¥*, if v/ € (E5¢+1)* then v’ - 7 € (XNishy )

We wish to prove that v-7¢ satisfies all the restrictions defined by M We extend M., to

€qn41°
Meq, ., by adding the CEU and EU modules of cf,, ;. However, the restrictions defined by M.,
are not altered. Thus, the restrictions of M., ., consists of the restrictions of M., , the restriction
of ¢ f,+1 and the restriction defined by the connection between cf,,.1 and its preceding/succeeding
Interaction Fragments.

When we add cf,,, in seq, to form seq,, 1, cf,1 does not change the order of the existing In-
teraction Fragments. Hence, seq, 1 also respects the semantic aspects of seq,,. If v/ € (X560+1)*,
then v’ - 7 satisfies the the restrictions of M,.,,. We can also prove that v’ - 7* satisfies the re-
strictions of Mj.,,. The proof follows the one of base case. We need to prove that v - 7 satisfies

the restriction defined by the connection between cf,, ;1 and its preceding/succeeding Interaction

Fragments. We discuss cf, 1’s preceding Interaction Fragments using two cases.

e Case i. On Lifeline i, if cf, 11 s preceding Interaction Fragments is OS u , then the CEU of
cfny1 take state of the Lifeline module as an enabling condition, indicating u has executed.

We can prove that v’ - 7% satisfies this restriction. The proof follows the one of base case.

e Case ii. If cf,1’s preceding Interaction Fragments is CF v, then on Lifeline ¢, the CEU
of cf, 11 takes variable flag_final of CEU v ; as an enabling condition, i.e., OSs within

CEU cf, 41 T; cannot happen until CEU v T; finishes execution. If v" - 7% does not satisfy
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this restriction, then we assume at least one OS within the c¢f,, ;1 T;, OS., occurs before an
OS within v T;, OS,,.. The semantic aspects of seg, defines that cf,, ., and its preceding
Interaction Fragment are combined using Weak Sequencing. Thus, OS,,. must completes
execution prior to OS.’s execution, which contradicts our assumption. Therefore, we can

prove v’ - 7 satisfies the restriction.

Similarly, we can prove that v’ - 7¢ satisfies the restriction defined by the connection between
¢fni1 and its succeeding Interaction Fragments. Hence, we have proven that v’ satisfies all the

restriction of M, . ;.

Now we have proven that if o' € (X5+1)* then v’ - 7 € X "eh -

(b) We wish to prove that, Yo'.o' € ¥, if o’ € (X35 )", then o7y 5,00, 1o, 1 €
(Dscan+)x,

sem

If o' € (27777)%, then 0’ = o1 2n42p,+2pnsa] - T Which follows Lemma 6.15. We wish to

/

prove that 011 20+ 2pn-+2pns1]

respects all the semantic aspects of seq, 1. Adding cf,,; does not
alter the order of the existing Interaction Fragments. Therefore, the semantic aspects of segq,, 1
consists of the semantic aspects of seq,, the semantic aspects of m,,; and the semantic aspects
defined by the connection between segq,, and m, 1.

When we extend M,,, t0 M, . ,, the restrictions defined by M,.,, keep unchanged. We
can deduce that 0|, 5, ., 1o, ) satisfies the restriction of Mieq,. Therefore, of

1.2n42pp +2pp 1] 1€

spects the semantic aspects of seq,,. We can also prove that af respects the semantic

1..2n+2pn+2pn 1]
aspects of m,, 1. The proof follows the one of base case. We need to prove that v’ - 7 respects
the semantic aspects defined by the connection between cf,, 1 and its preceding/succeeding In-
teraction Fragments. On each Lifeline, if cf, ;1 s preceding Interaction Fragment is an OS, then
Mg, ,, restricts that the CEU of cf,,; takes the preceding OS as an enabling condition, i.e., the
CEU of cf, 11 cannot happen until the preceding OS executes. If cf, 1’s preceding Interaction

Fragment is CF v, then M, restricts that the CEU of cf,,,; takes variable flag_final of v T;

€qn+1

as an enabling condition, i.e., the CEU of cf, 1 cannot happen until CEU v T, finish execution.
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These restrictions are consistent with the semantic aspect of seq, 1, which defines that, on each
Lifeline, the CEU of ¢ f,,,; must take place after its preceding OS/CEU. Therefore, v’ - 7 respects
the order between cf, 1 and its preceding Interaction Fragment. Similarly, we can prove that
v’ - 7 respects the order between cf,,,1 and its succeeding Interaction Fragment.

Now we have proven that Vo'.o' € X, if o/ € (51 )*, respects all the semantic aspects

2534n+1)*_

. /
of S€qni1, 8., 0 o0y 1op 1) € (Ziem

To conclude, Vo'.v" € ¥*,if v/ € (X+1)* then v - ¢ € (XNiehyy)”s and Vo'.o' € ¢, if

/ S€qdn+1 w / seqn1\*
S (ENuSMV) ’ then 0[1..2h+2pn+2pn+1] S (zsem ) : L

The semantic aspects of a Sequence Diagram with nested CFs can also be captured using a
NuSMV model. The Sequence Diagram is mapped to a main module while each of its Lifeline
is mapped to a Lifeline module. Recall that a CF and its Operands are projected onto each of
its covered Lifeline to obtain a CEU and EUs respectively. Each CEU is instantiated as a sub-
module in its Lifeline module, while each EU within the CEU is instantiated as a sub-module in
the CEU module. If an EU encloses other CEUs, each enclosed CEU is mapped to a sub-module
in the EU module. We apply this procedure recursively until all CEUs and EUs are mapped
into NuSMV modules. We wish to prove that the NuSMV model captures the semantics of the
Sequence Diagram precisely. (1) We have proven that the NuSMV model captures the semantics
of the Sequence Diagram with directly enclosed CFs. (2) For nested CEUs, their semantics can be
captured using the corresponding CEU modules. The proof follows the one for the CEUs directly
enclosed in the Sequence Diagram. (3) For EUs which compose the nested CEUs, their semantics
can be captured using the corresponding EU modules. The proof follows the one for the EUs
which compose the CEUs directly enclosed in the Sequence Diagram. With this sketch, we can

prove that the NuSMV model represents the semantics of a Sequence Diagram with nested CFs.
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Appendix C: IMPLEMENTATION OF LTL TEMPLATES

To express these auxiliary functions using LTL formulas, we need to discuss that who evaluate
the Constraints, and when the Constraints are evaluated. For each Operand, its Constraint is
located on the Lifeline where the first OS of the Operand will occur [55]. The Lifeline evaluates
the Constraint and share its value with other Lifelines, which guarantees the consistency among
multiple Lifelines. The time point for evaluating Constraints may be various based on different
semantics. In this section, we provide our approach for handling Constraints with two semantics:
the semantics of an individual Sequence Diagram or the semantics of one of multiple Sequence

Diagrams in a system.

C.1 An Individual Sequence Diagram

In a Sequence Diagram with Messages not carrying parameters, the OSs do not change the values
of variables. Thus, we consider the Interaction Constraints of Operands as rigid variables, which
keep the same value in all states of a trace. In this way, evaluating the Interaction Constraints
at the beginning of the execution of the Sequence Diagram is equivalent to evaluating them at
the beginning of each CF. With this assumption, the Operands whose Constraints evaluate to
True can be selected before the mapping from the Sequence Diagram to LTL formulas, i.e., only
the Operands whose Constraints evaluate to True are mapped to LTL formulas. The auxiliary
functions can avoid evaluating Constraints and be implemented directly, e.g., function TOP(u)
returns the set of all Operands within # which are mapped to LTL formulas. Without loss of
generality, we represent the Interaction Constraints as propositions. Our LTL template can also be
adapt to handle Interaction Constraints as boolean expressions.

In the same way, the non-deterministic choice between multiple Operands of an Alternatives
can also be made at the beginning of the execution of the Sequence Diagram. Only one Operand is
chosen non-deterministically from the Operands whose Constraints evaluate to True and mapped

to LTL formulas.

176



C.2 Multiple Sequence Diagrams in a System

The requirement or design of a system can be captured by multiple Sequence Diagrams which may
share variables. In a Sequence Diagram, the values of Interaction Constraints may be modified by
other Sequence Diagrams of the system during execution. Each Interaction Constraint of the CF’s
Operands is evaluated when the CEU of the Lifeline where the Constraint is located is ready to
execute. After evaluation, the value of each Constraint is preserved and applied to the execution of
the OSs of the CF. In this way, the values of Constraints can be considered as fixed after entering
the Combined Fragment.

We append the Interaction Constraints to each OS, which restricts that if an OS can occur,
the Interaction Constraints associated with the OS must evaluate to True (see formula &, in
figure C.1). An OS can be enclosed into multiple nested CFs, whose Interaction Constraints are
associated with the OS, e.g., cond,, is the conjunction of the Interaction Constraints associated
with OS,,,. Function AllOS(seq) replaces function AOS(seq) in all formulas, which returns all
OSs within Sequence Diagram seq. The formula ®“* is modified as ®“F, which describes the
execution of all C'F’s Operands. For Operand m, if the Lifeline where m’s Constraint is located
is ready to execute the CEU of C'F, i.e., the OSs, which happen right before the CEU, have
finished execution, the Constraint is evaluated and stays to the value in the following states. If the
Constraint evaluates to True, function 8™ is satisfied by the Operand and function ®¢** is satisfied
by each C'F} nested within m. Otherwise, the Constraints of Operands of nested CF C'F}, set to
False, denoting no OS within C'F}, can occur.

Recall formula o specifies that OSs execute in their graphical order on each Lifeline, and
formula 3 specifies that sending OS must take place before receiving OS of the same Message.
Both formulas apply the macro -O.S, Uos, = —0S, U(OS, N =0OS8,) to establish the order
between OS, and OS,, i.e., OS5, can not execute before O.5,. The macro indicates that OS, must
happen in some future state from current state, which can not be guaranteed for all states of a

trace (see formula ®). To implement the macro with temporal operator [], the macro is modified
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as (0((—0S, U 0S,) V (&0S,)), which describes two cases: 1. O.S, can not happen if O.S, has
not occurred; 2. O.S,, has happened before.

Formula v“*" establishes the order between the OSs within the CEU of C'F' on Lifeline i and
their preceding/succeeding OSs if the Constraint of any C'F’s Operand evaluates to True. Other-
wise, the CEU’s preceding/succeeding OSs are connected using formula n“*'. Both formulas uses
the macro A\ —0S, u 0.S,, to enforces the OSs of set s can not happen before O5,. However,
the Constra(l)iflisassociated with OS5, may be evaluated to False, i.e., OS, may not happen. Thus,
the macro is modified as $OS, — (A (—0S,) u OS,), which represents that if O.S,, can
happen, the order is established. Functi(())rkl9 q; iélllOS (u) returns the set of OSs of the BEUs directly
enclosed in CEU u. Formula i establishes the order between the first occurring OS and other
OSs within the same Operand as we described in section 4.4.3.

For Alternatives, we assume all Operands evaluate their Constraints if any Lifeline where a
Constraint is located is ready to execute the CEU of Alternatives, even if Constraints of Operands
are located on different Lifelines. It guarantees that all Operands whose Constraints evaluate to
True are ready to be chosen at the same time. To choose an Operand non-deterministically, we
have introduced a boolean variable exe for each Operand whose Constraint evaluates to 7rue. The
variable exe states that: 1.0nly the exe of the chosen Operand evaluates to True. 2. The Constraints
of unchosen Operands set to False. 3. If any OS within an Operand can occur, the exe for the
Operand evaluate to T'rue.

Both LTL formulas of Critical Region and Assertion use sub-formula A & OS to denote
that all OSs within M have occurred. Since some OSs may not happen, the solfl]ff]grmula is modified
as /A (O-0Sk), which denotes each OS within M have occurred or can not occur any more.

Olifglﬁe C.1 shows the modified LTL formulas we have described for LTL implementation. The

LTL formulas of other CFs can be modified in a similar way. We have implemented all CFs using

LTL formulas in our tool.
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Figure C.1: LTL formulas for implementation of templates
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