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Summary

Model-Driven Development (MDD) represents a paradigm shift in software engi-
neering, offering numerous benefits that can lead to more efficient, reliable, and main-
tainable software systems. It shifts the focus from traditional coding to creating and
evolving high-level abstract models, which are then transformed into executable code.
With growing software complexity, MDD is expected to become a key approach in

shaping future software engineering practices.

Usually, there are three levels of abstract models in MDD: Computation-independent
Model (CIM), the Platform-independent model (PIM), and the Platform-specific model
(PSM). CIM focuses on the description of textual system requirements of a software
system, PIM concentrates on the design model of the system, abstracting away from
specific implementation platforms and technologies, and PSM specifies the implemen-
tation details of the system for a particular platform or technology according to the
PIM. MDD starts with the building of a CIM, then the CIM is transformed into a PIM;
the PIM is subsequently used to create a PSM, ultimately leading to code generation.
Model transformation among CIM, PIM, and PSM is a cornerstone of MDD, ensur-
ing that the development process remains systematic, coherent, and aligned with both
business objectives and technical requirements. Current research usually focuses on the
conversion of PIMs to PSMs and subsequent code generation. The automatic trans-
formation from CIMs to PIMs receives less attention in academic studies, largely due
to several inherent challenges. First, system requirements are described in natural lan-
guages while design models are described in formal language models. Their intrinsic
nature difference makes the transformation difficult. Second, there are various complex
and heterogeneous software systems which make it different to design uniform transfor-
mation methods. On one hand, since requirements from different domains are different,
it is hard to design a uniform method to generate CIMs for all requirements. On the
other hand, due to the differences in different CIMS, it is hard to design uniform rules

to do the transformation.



Summary vi

To partially address the aforementioned challenges, this thesis proposes a metamodel-
driven method for converting CIMs into PIMs. The main idea is to extract the common
features of CIMs and PIMs, based on which we define metamodels for CIMs and PIMs,
and then the transformation rules between the two kinds of metamodels are defined. In
this way, the generation of CIMs becomes the instantiation of the metamodel of CIMS
and can be done by configuring the attributes in the metamodels; the generation of PIMs
can be done based on the uniform transformation rules and instantiated CIMs. First, mo-
tivated by the factor that requirements are specified by textual use cases, we define use
case metamodel for use cases that adhere to Cockburn’s format. Second, we define the
service component metamodel for the systems described in terms of service compo-
nent architecture (SCA). SCA is a widely adopted design paradigm for service-oriented
software systems. Third, according to the two kinds of metamodels, we develop a set
of rules to transform use case models into SCA models. Rigorous proof is given to
show the correctness of the rule set. Finally, we implement the proposed method and
demonstrate its effectiveness with six software systems: Market Information System,
Car Instrument Cluster System, Elevator System, Nighttime Bank Deposit System, Su-
permarket Checkout System, and ATM. The experimental results demonstrate that the
models produced by our approach achieve greater accuracy compared to those manu-
ally created. It also works well from the perspective of different levels of a component

model.

Our future research will concentrate on enhancing our proposed method along sev-
eral key directions. First, we will add more sentence structure types to the current sen-
tence base to write use cases to support more requirements, such as those described by
model verbs and fuzzy words. Second, with the development of large language model
(LLM) techniques, we can investigate how to use LLMs to configure the metamodel
from user textual requirements. Third, since the use case metamodels will determine
the software design, we will provide various types of use case metamodels, such as
object-oriented use case metamodels, to support more types of system designs, such as

object-oriented design.



Chapter 1

Introduction

Model-Driven Development (MDD) is an approach to designing and developing soft-
ware systems. Abstract models are the fundamental elements throughout the develop-
ment process. In MDD, developers focus on creating and manipulating models that rep-
resent different aspects of a software system, rather than writing code directly. MDD
shows some advantages: MDD has been widely applied in various domains, such as

robotics, cyber-physical systems, and autonomous vehicles.

According to the literature from Object Management Group (OMG), the abstract
models can be produced from three abstraction levels, from a conceptual view down
to the implementation details [2]: Computation-independent Model (CIM), Platform-
independent model (PIM), and Platform-specific model (PSM). The CIM is a domain
model and describes a system conceptually, independent of technological concepts and
concerns. The primary target of a CIM is to understand the business context and re-
quirements of the system’s development. It allows stakeholders to focus on the prob-
lem domain and reach a consensus on the system’s goals and rules before diving into
technical details and implementation concerns. Statechart diagrams and activity dia-
grams are examples of CIMs. The PIM represents a software system’s functional and
behavioral characteristics, including its structure and functions, while abstaining from
implementation-specific technical details. A PIM is typically created early in the soft-

ware development life cycle and provides a technology-independent specification of the
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system’s requirements that can be used to guide the development process. The compo-
nents of a PIM include the system’s functional requirements, user interfaces, business
logic, and other high-level aspects of the system’s behavior. UML (Unified Model-
ing Language) diagrams, BPMN (Business Process Model and Notation) models, SCA
(Service Component Architecture) models and other high-level system models used
in software engineering are typical examples of PIMs. PSM is an implementation of
the PIM, specifying the design of a system for a particular platform or technology. It
provides a detailed blueprint for how a software system will be built on a particular
platform, containing the information about the hardware, software, and operating sys-
tem that will be used to develop the system. PSMs are typically created after the PIM
has been developed, and code will be generated from PSMs for a specific platform. The
components of a PSM may include platform-specific code, libraries, and configuration
settings. PSMs can also include details about the user interface, database design, and
other system components. For example, the Android platform-specific model is a PSM,
including details about the Android software development kit (SDK), user interface
components, and other platform-specific details, and specifies how a software system

will be built on the Android operating system.

MDD starts with the building of a CIM, which is then transformed into a PIM using
defined transformation rules. The PIM is subsequently converted into a PSM, and ul-
timately, platform-specific code is generated from the PSM. Most of the current MDD
methods focus on the latter two, i.e., generating PSMs from PIMs and generating code
from PSMs [3-5]. There is a scarcity of research on converting CIM to PIM automat-
ically due to the thorough difference between the two kinds of models. However, the
transformation from requirements to design is critical because, when done manually as
it often is, errors are often introduced into the design model, potentially increasing the
effort required for system testing. Our goal is to provide a method to mitigate this prob-
lem to some extent. Nevertheless, the transformation from CIMs to PIMs shows some
challenges. First, system requirements are typically documented in textual use cases
due to its concrete and descriptive nature, which proves highly effective for gathering
software requirements. However, they have some drawbacks: (1) Writing use cases in

natural language lacks formal syntax and semantics, providing a weak form for formal
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reasoning about system behavior and features. (2) It is a lack of systematic methods
to provide pivotal information for system design, such as communication channels and
interfaces. These issues make the transformation from requirements to design diffi-
cult. Secondly, the complexity and heterogeneity of various software systems make it
challenging to design a uniform set of transformation rules. On one hand, since re-
quirements from different domains are different, it is hard to design a uniform method
to generate CIMs for all requirements. On the other hand, due to the differences in

different CIMS, it is hard to design uniform rules for the transformation.

This thesis proposes a metamodel-driven approach to automatically mapping re-
quirements to design models, where the requirements are written in use cases, and the
service component models are selected for design models. The main components of our
approach include the definitions of use case metamodel and service component meta-
model, metamodel-driven transformation rules that convert use case models to service
component models, and the correctness checking of the transformation. Intuitively,
metamodel serves as a template for corresponding concrete models, providing a high-
level abstraction of the essential elements required to construct a concrete model; a
specific concrete model can then be created by configuring these elements according to
the given resources. It is important to note that the metamodel’s definition is derived
by extracting the common features shared among concrete models. Therefore, given
the textual use cases in some pre-defined format, we can first apply Natural Language
Processing (NLP) methods to configure the corresponding use case metamodel and gen-
erate the instantiation of use case models, then we generate the component model by
configuring the component metamodel based on the use case models and transformation
rules. The produced component model specifies a set of interconnected components,
encapsulating their interfaces (signatures) and dynamic behaviors within the system.
Specifically, motivated by the work of Ding et al [1], the textual use cases are formu-
lated in Cockburn’s standardized use case format, and the generated component model
follows the Service Component Architecture (SCA) specification, as jointly defined by
IBM and Microsoft. Cockburn’s use case format is consistent with the current language
categories [6] [7] [8], and can be utilized to model various requirements spanning mul-

tiple systems, such as Car Instrument Cluster System (CICS) [8,9]. SCA provides a
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FIGURE 1.1: The framework of the proposed automatic metamodel-driven approach
to generating service component model from requirements.

set of specifications for creating Service-Oriented Architecture based applications and
systems. Our SCA model not only formalizes the signatures of service components but
also employs a language-independent model to define the dynamic interface behavior

of each service component.

Figure 1.1 shows the procedure of transforming textual use cases to an SCA model.
It consists of three stages: pre-processing, model transformation, and post-processing.
The first stage prepares source models for conducting model transformations. In our
study, the source model is a use case model, an instance of the corresponding use case
metamodel. The syntax analysis is conducted on sentences of textual use cases, where
useful information is extracted to build activity tables. Next, use case models are con-
structed by instantiating the attributes of the corresponding metamodel using the activity
tables. The transformation stage executes a program that applies a set of transformation
rules to convert the model. It takes a use case model as input and generates a com-
ponent model, which adheres to a component metamodel, as its output, serving as the
transformed target model. At this stage, the resulting component model follows the
formal definition of an SCA model. The last stage finally extracts information from the
component model to derive an informal and graphical representation of an SCA model.
These three stages are integrated into a prototype tool to support the automatic synthesis

of an SCA model from textual use cases.

The advantages of the proposed method can summarized as follows.
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* A use case metamodel can provide design information. In general, use cases do
not explicitly describe design information, such as whether the system should
be component-based or object-oriented. Software design usually requires some
expert knowledge. In order to adopt MDD in software development, our use case
metamodel provides design information such as communication interfaces among
subsystems. Such design information makes our metamodel different from the
existing metamodels that contain only data diagrams and control diagrams so that

the existing design is manually built after model transformation.

* A use case metamodel can be configured automatically. The configured meta-
model, resulting in a use case model, is an input to model transformation. Because
of the difficulty of processing natural language in use cases, currently, most of the
existing configurations are done manually. By using some NLP techniques, infor-
mation can be extracted from the textual descriptions to automatically instantiate

the use case metamodel.

* A component model can be represented in informal and formal ways. After model
transformation, we obtain a component model, which can be represented by “box-
arrow” like language that has no syntax and semantics [10] and by a CSP-like
language that has formal syntax and semantics. With the first representation,
users can understand the design easily and with the second one, a component
model can be checked and analysed, and can be further used for the other model

transformations to the lowest level.

The rest of this thesis is organized as follows. Chapter 2 describes the related work.
Chapter 3 gives the definitions of metamodels for use cases and service components. It
first analyses the features of use cases, followed by the introduction of use case meta-
model. It is the source metamodel. Then, it summarizes the common attributes of a
component and defines a component metamodel, which is a target metamodel. Chapter
4 defines the transformation rules to convert use case models to component models, and
rigorous correctness proofing is given. Chapter 5 uses an illustrative example to show
the detailed procedure to configure the metamodels and generate the service component

model. Chapter 6 conducts comprehensive experiments to show the effectiveness and
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efficiency of the method by comparing those manually built component models. Chap-
ter 7 gives the conclusion of this thesis and summarizes potential avenues for future

studies and development.



Chapter 2

Related Work

In this chapter, we give a brief literature review.

2.1 Natural Language Processing of Textual Use Case

Use cases are typically documented in natural language due to its concrete and de-
scriptive nature, which proves highly effective for gathering software requirements. To
create a mathematical model based on these textual use cases, it is necessary to an-
alyze their content. In this process, Natural Language Processing (NLP) techniques
are commonly employed within the field of requirements engineering [11]. With NLP
techniques, there are also some well-established sentence parsers that can be used to
assist the sentence analysis, such as Stanford parser [12], Apple Pie Parser [13], PC-
PATR [14], XTAG Parser [15], CHILL [16], etc. In this thesis, we use Stanford parser
to process the sentences. The development of this parser marked a significant milestone
in 1990s natural language processing. It can interpret various plain text inputs and gen-
erate multiple analytical formats, including part-of-speech tagged text, phrase structure

trees, and grammatical relations (typed dependency) format.

In order to conveniently get the execution model from use case model, the use cases

must be written in a restricted language. So far, few restricted languages made it to
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industrial specifications. Attempto Controlled English (ACE) is one of the most devel-
oped of such languages: “ACE appears perfectly natural, but—being a controlled subset
of English—is in fact a formal language.”! ACE is a subset of standard English with a
restricted syntax and restricted semantics described by a small set of construction and
interpretation rules. In this thesis, following the principle of ACE, we implemented sev-
eral constraints on use case writing. The constrained language approach we employ is
consistent with the classifications utilized by Breaux et al. [6], Gervasi and Zowghi [7],
and Kof [8]. To aid users in crafting use cases, we also developed a text editor embedded

with the StanfordParser.

2.2 Metamodel for Use Cases

To efficiently utilize MDD methodology, it is necessary to represent requirements de-
scriptions as models. To accomplish this, we can employ a metamodel to describe
requirements. However, proposing a single, universally standardized metamodel for re-
quirements is challenging. The following are a few examples of metamodels for use

cases.

In the work of Nissen et al [17], the authors introduced their experience of using
meta-metamodel (M2-model) to address common requirements engineering challenges
faced by USU’s clients. The experience shows the commercial feasibility and advan-
tages. Usually, M2-model contains four layers, arranged from top to bottom as follows:
(1) The M2-model layer; (2) The modeling languages layer; (3) The layer of actual
models defined using these languages; (4) The scenarios layer, which describes the ap-

plication environment

OMG (Object Management Group) proposes a UML-based metamodel [18]. The
metamodel’s behavioral components, encompassing use cases, collaborations, and state
machines, are built upon the Common Behavior package. However, these individual

elements only partially cover the M2-model.

Thttp://attempto.ifi.uzh.ch/site/
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Nakatani et al [19] proposed RD-metamodel, i.e., requirements description meta-
model, based on M2-model and UML-based metamodel. It synthesizes the M2-
model with metamodels for activity graphs and use cases. It introduces a flexible use
case writing methodology that accommodates diverse perspectives: resource-reference,

resource-structure, activity sequence, process, and actor-based approaches.

Duran et al. [20] analysed the development of the use case metamodel employed in
REM, an open-source requirements management software. The initial REM metamodel
[21] featured a triggering event, precondition, postcondition, and a sequence of steps
outlining successful interactions, with each step containing an action and potentially a

condition.

Goknil et al. [22] introduced a “core metamodel” for requirements models, encom-
passing common concepts from several widely-used methods. This metamodel can
be instantiated to accommodate various requirements modeling approaches. The for-
malization enables reasoning about requirements, facilitating the detection of implicit

relationships and inconsistencies.

Recently, Dube [23] proposed a semantic model for use case metamodel. This ap-
proach expanded the semantic scope of the UML use case metamodel, incorporating
both cognitive and utility aspects. Hnatkowska and Zabawa [24] proposed the Use-
Case Flow Language metamodel to improve the re-usability of the parts in use cases

during requirement changes.

Unlike existing approaches, this thesis concentrates on converting CIM to PIM, of-
fering a distinct perspective Therefore, we put some expert design knowledge into the
design of the use case metamodel. Specifically, we select the service component model
as the design model, our use case metamodel contains more attributes related to com-

ponent models.

2.3 Model Transformation on Use Case Models

Model transformation plays a vital role in Model-Driven Development (MDD), sup-

porting both model-to-text and model-to-model transformations [25]. The model-to-text
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transformation process is essential for transforming models into textual artifacts, such as
source code, reports, and documentation. Conversely, model-to-model transformations
allow for the creation of different model types in various programming languages and
abstraction levels based on input models. Consequently, model transformation underlies
numerous activities, including refinement, synthesis, abstraction, querying, translation,
migration, analysis, refactoring, normalization, optimization, merging, debugging, and

synchronization [26,27].

A model transformation is essentially a process designed to convert a model from
one format or representation to another. The transformation process takes an input
model, which adheres to a source form, and produces an output model that conforms
to a target format. A transformation definition, written in a model transformation lan-
guage, specifies the manner in which input models are transformed into output models.
When the transformation language is rule-based, the definition comprises a set of trans-
formation rules. Using this transformation definition, a transformation engine or tool

generates the output model(s) from the input model(s).

Based on the representations of the input and output models of the transforma-
tion, model transformation tools can be classified into three main categories: model-
to-model, model-to-text and text-to-model [25]. In this thesis, we mainly focus on
model-to-model model transformation since it allows developers to work at different
levels of abstraction, providing flexibility to model systems from high-level business
requirements down to platform-specific designs and early verification of requirements
and functionality. Therefore, we give a comprehensive literature review of the existing

methods and tools.

Model-to-Model model transformation tools convert one or more input models into
one or more output models. The existing approaches to model transformation can be
broadly classified into two categories: relational/declarative and imperative/operational.
Relational approaches define the relationships between the source and target models’
objects and links [28] [29]. They concentrate on identifying the input elements to be
transformed along with their related output elements, without detailing the actual execu-
tion of the transformation. An instance of a relational model transformation language is

QVT Relational (QVTr), which is backed by various tools (such as Echo, QVTR-XSLT,
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ModelMorf, and mediniQVT) [30]. QVT Core (QVTc) is a basic, low-level relational
language that utilizes pattern matching across a set of variables [30]. In contrast, op-
erational approaches explicitly specify the transformation process, often utilizing tech-
niques such as graph transformation [31] [32] [33], triple graph grammars [34], and
term rewriting rules [35]. This kind of methods emphasize how and when the transfor-
mation should be executed, without highlighting the necessary relationships between
source and target elements. QVT Operational (QVTo) serves as an example of an im-
perative transformation language, similar to traditional procedural languages like C. It
is supported by a range of tools, including QVTo-Eclipse, MagicDraw, SmartQVT, and
Together [30].

Currently, most MDD approaches concentrate on the transformations from PIM
to PSM and from PSM to code, neglecting the initial transformation from CIM to
PIM [3-5]. There is a scarcity of research on automated methods for deriving sys-
tem design models directly from textual requirement models. Koch et al. [36] presented
a method for generating design models from requirements specifications through model
transformation, using QVT (Query View Transformation) language to define transfor-
mation rules. Similarly, Gutiérrez et al [37] designed an approach that leverages model
transformation, defined in the QVT-Relational language, to automatically generate an
activity diagram that represents the structural use cases. Ding et al [1] introduced a

method for transforming use case models into service component models.

However, there is still the disconnect between CIM and PIM. Use case models,
while effective for describing user interactions and system requirements, do not provide
the structure needed for directly defining technical models like service components.
This gap necessitates a transformation process that accurately translates the semantics
of natural language descriptions into the structure and constraints of formal models.
Currently, there is no general method for transforming CIMs into PIMs, particularly
for generating component models from use case models. Each project or domain may
require a tailored approach, and without standardized transformation rules, it becomes
difficult to automate the process consistently across different systems. Our work is
motivated by this work but conducted from a metamodel-based view. The proposed

metamodel-driven approach, with universal transformation rules, addresses the need
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for adaptability, as requirements are often subject to change, and domain-specific meth-
ods may not be robust enough to accommodate diverse contexts. This adaptability al-
lows the approach to be applied to multiple domains, supporting a range of applications
and making it relevant for real-world, large-scale software systems where requirements

evolve frequently.



Chapter 3

MetaModels for Use Cases and Service

Components

In this chapter, we give the detailed definitions of the metamodels for use cases and

service components.

3.1 MetamModel for Use Cases

Since software requirements are usually written as textual use cases [38], we focus on
the situation where use case models are selected as the CIMs and investigate the trans-
formation from the use case model. Therefore, in this section, we give the definition of

metamodel for use cases.

3.1.1 Textual Use Case

Due to its comprehensive nature and ability to clearly convey the interactions between
actors and the system, Cockburn’s use case format [39] is selected to write use cases. It
provides a structured and detailed approach to documenting use cases. First, according

to Ding et al [1], we describe the elements included in a use case.

Definition 3.1.1. A use case usually consists of the following attributes:

13
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¢ Name is a clear and concise name for the use case.

* System under Discussion, denoted as SuD, refers to the system being analysed

or designed.

* Primary actor is the main entity (often a user or another system, rather than the
system under discussion) to interact with the SuD to accomplish the goal. The

use case is initiated by the primary actor.

* Scope defines the use case’s boundaries, indicating what is included and what is

excluded.

* Main scenario, in the form of Main scenario: 1. step 1, 2. step 2, ..., n. step n,
defines the standard order of steps that the primary actor and the system take to
fulfil the objective described by the use case. Note that the steps are numbered to

show the order of operations.

* Variation describes alternative ways the main scenario can be accomplished

without deviating significantly from the main flow.

» Extension captures what happens when things go wrong or when there are special

conditions deviating from the main scenario.

In general, users can write a use case in any style. However, this flexibility may lead
to difficulties in extracting the necessary information to construct the use case model.
Therefore, in this thesis, we need to add some constraints to stipulate for the writing of
use cases. Specifically, the following part provides the grammar for sentences used in

the steps of use cases:

* A sentence in Main scenario, Variation, or Extension describes only one activity
of an actor using one of the following styles, i.e.,
- subject + verb + [object]
- subject + verb + object + adjective

- subject + verb + object + present participle
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Use Case 3:Seller to Clerk. 5 Seller submits the price, billing andcontact
Scope: MIS

SuD: CL.

Primary Actor: Seller.

information to the Clerk.
6 System enters the price, billing andcontact
information to the CS.

preConditions:none 7 CS responds with an uniquely identified

postConditons:mone acknowledgment.
Main Scenario: 8 System responds Seller with an
1 Seller sends item description to the Clerk. uniquely identified authorization number.
2 System submits information deseribing an item. Extensions:
3 CS asks CL to input price information. 2a Item not valid.
1 System asks Seller to provide price information. 2al Use case aborted.

FIGURE 3.1: An example of textual use case.

- subject 4 verb + object + past participle
- subject 4 verb; + object; + to + verby + [objects]

- subject + verb + object; + to/from + object,

* The names of users, subsystems, and external systems begin with capital letters.
For each sentence in a use case, only the first letter of the first word is capitalized,

while other words are in lower-case letters.

* The same activity should be described with the same sentence, even though in
different use cases. It means that each activity is represented by a unique sentence
in all use cases. Notably, while the original descriptions in different use cases may
vary, the proposed sentence types allow us to transform them into a standardized

format, demonstrating that this restriction is reasonable.

* Each use case has a serial number. If a use case contains the activities of other
use cases, then we put the serial number at the end of the sentence in the Main
scenario. For example, a use case has a step 'Buyer searches for an offer’ that
calls the Use Case #2, then this step has the representation *Buyer searches for an

offer(#2)’.

Fig. 3.1 shows a textual use case describing the interaction between a seller and
the Clerk (CL) system, subsystem of the Market Information System (MIS). In this
example, the seller will interact with CL, so the primary actor is Seller. The main
scenario of the use case contains 8 steps. Step 2 has an extension, describing what to do

if the item is not valid, i.e., the use case will be aborted.
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3.1.2 Use Case Metamodel

This section will give a detailed definition of the use case metamodel. Note that the
use case metamodel is used to describe the general features of use cases. It is a tem-
plate consisting a set of attributes to describe use case models. These attributes in the
metamodel are determined by extracting the elements in the definition of textual use
cases. The instantiation of the attributes is determined by the configuration procedure
of the use case metamodel based on the detailed use cases (described in Chapter 5.1).
Therefore, before giving the definition of use case metamodel, we first give some basic

concepts extracted from the format of textual use cases.

Definition 3.1.2 (SuD Class). SuD class aims to store the information of the system
under discussion (SuD). It includes two attributes: sudName, describing the name of

SuD, and subs, storing the subsystems in SuD.

Definition 3.1.3 (User Class). Itis a class to describe the information of the user, which

contains one attribute: userName.

Definition 3.1.4 (Use Case Class). A Use Case Class will be used to model use cases.

Based on Definition 3.1.1, the use case class is a tuple containing seven elements:

ulName: the name of a use case.
- sName: the name of SuD described in the use case.
- pActor: the primary actor in the use case.

- uActivitySet: a string describing the activity sequence of the use case, where the

activities are linked by the following operators: sequence *“;”, choice “$or$”, par-

allel “$and-or$”, and loop “b*()”.

- activities: the activity set, where each activity in the set is an instance of the

Activity Class given in Definition 3.1.5.

- preCondition: the conditions or states that need to be true before starting the use

case. The pre-conditions must be met before initiating a use case.
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- postCondition: the conditions or states that need to be true after completing the

use case. The post-conditions must be met after successfully executing a use case.

An activity is a task or action performed by an actor in interaction with the system to
accomplish the given goal. We say an activity is required (resp., provided) if a service
is required (resp. provided) by the system through the activity. Interactions in the use
case can be divided into synchronous and asynchronous. In the synchronous com-
munication, the sender can proceed only when it receives a reception acknowledgement,
while in the asynchronous communication, the sender can continue its execution no

matter whether it receives any reception acknowledgement.

Definition 3.1.5. Activity Class: An activity can be defined by:

- aName: the name of an activity.
- aType: aType € {required, provided}, indicating the type of an activity.

- cDype: cType € {synchronous, asynchronous}, indicating the type of interac-

tion/communication.
- sender: the side sending a message,
- receiver: the side receiving a message,
- condition: indicating when the activity can happen,

- isUCReference: a label indicating whether the description represents a normal

activity or references another use case.

Based on the above concepts, we can now give the definition of use case metamodel.

Definition 3.1.6. A Use Case Metamodel, denoted as UCMModel, is an abstract
and uniform model to structurally describe the set of use cases in a system. It can be

described by four elements:

- sysName: the system name for the use case metamodel.

- SUD:s: the set of SuDs occurring in the use case.
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- users: the set of users that can communicate with the system.

- UCs: the set of use cases to describe the system.

To describe the definition more intuitively, as illustrated in Figure 3.2, we give
a diagram description for the use case metamodel. It means that the use case model
contains an attributer of sysName, a set of use cases UCs described by the usecase
object, a set of system under discussion SUDs described by the sud object, and a set of
users users described by the user object. Each usecase object six attributers and a set of
activities described by the activity class. The activity classes are derived from the steps

in the Main Scenario of the textual use case.

UChMWoadel
&cyshlame : String

+UC/+SUD9 +Users
1.n

1.n 1.n

usecase
uMName : String

&sName : String sud user
SpActor: String &sudMame : Sting | [&userName - String
RuActivitySet : String

SpreCondition : String O.n

SpostCondition : String

+subs

[
+activities

n

activity
&allame - String
&cender: String
&receiver: String
&condition: String
&isUCReference : Boolaan
&aType - String
&cType : String

FIGURE 3.2: The use case metamodel in terms of UML diagram. The diamond arrows

denotes the composition associations, which mean that an object (e.g., UCMModel)

has sub-objects (e.g., usecase, sud, and user). The open arrow denotes the association
relationship among objects.

For this defined use case metamodel, ensuring its completeness, consistency, and
other properties generally demands advanced theorem-proving techniques and tools,
which come with substantial verification costs. This is because the property verification
necessitates user intervention, as the invariants directly derived from the metamodels
need to be manually reinforced to build the proof. Next, we demonstrate the extent of

the requirement features that this metamodel can encompass.

First, the metamodel we proposed encompasses the basic elements and their rela-

tionships. Usually, an ideal metamodel for a use case should include Activity, Subject,
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Goal, Constraint, Connector, and State, as well as their relations: Dependency, Gener-
alization, and Association. Based on the above definitions, we can easily find that our

metamodel contains all of them.

Second, our metamodel covers the features of other metamodels. The following are
some typical metamodels. The meta-metamodel (M2-model) from Nissen et al. [17]
contains data flow diagrams and entity-relationship diagrams, which can be covered by
the Activity Class in our metamodel; UML metamodel from OMG [18] contains Behav-
ioral elements (e.g., use cases, collaborations and state machines) which can be covered
by the uActivitySet in the Use Case Class of our metamodel; The metamodel from
Durén et al. [20] contains triggering events, precondition, postcondition, and sequence
of steps describing interactions, which can be covered by the attributes in Activity Class

and uActivitySet in the Use Case Class of our metamodel.

Our metamodel shows the following novel features: (1) it contains the subsystems
and their relations, specifically the description of the SuD and the relational descrip-
tions between different SuDs; (2) it describes the relationships between different types
of activities, including sequential, selection, loop, and so on; (3) it applies cType to
identify the communication type and uses sender and receiver to indicate the direction

of message flow.

3.2 MetaModel for Service Components

In this thesis, we apply the Service Component Architecture (SCA) to design the PIM
since SCA provides a standardized way to define, compose, and deploy service compo-
nents, ensuring consistency across different services and platforms, while other system
design models may not offer a unified standard, leading to variations and inconsisten-
cies in component definitions and interactions. In this chapter, we first give a brief

introduction to SCA and then give the definition of component metamodel.
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3.2.1 Service Components

SCA is a set of specifications to construct models for systems with the Service-Oriented
Architecture. One of the fundamental elements in SCA is the service component, serv-
ing as a building block for service-oriented systems. These components either provide
or require services, described as well-defined business functions utilizing a set of op-
eration activities. Interactions between components are depicted through message ex-

changes, while business processes are illustrated through activity flows.

3.2.1.1 Component Diagram

Figure 3.3 illustrates an example of SCA components. In an SCA component, a port
through which a component provides (resp., requires) a service is known as a provided
(resp., required) port. Additionally, SCA ports can support two kinds of communica-
tion: synchronous communication, where the sender must wait for a reception acknowl-

edgement, and asynchronous communication, where the sender can continue without

=

References

waiting for an acknowledgement.

Ser‘vnces Properties

e L]

Component

I
Implementation
- Java
- BPEL
- Composite

FIGURE 3.3: Illustrative example of SCA component

An SCA composite is made up of collections of service components, connections,
and associated artifacts, illustrating the interconnections between these elements. Fig-
ure 3.4 shows an example of SCA composite. In a composite, a source component and
a target component are connected by an SCA wire via a required port in the source com-

ponent and a provided port in the target component. A link is referred to as a promote
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if it extends from one provided port to another provided port or from one required port

to another required port.

Composite X \
Component A \ / Component
S>> TSNS -
| % ! |
|
PN ! |

Promote Wire Promote

Implementation

m Implementation
C] E Composite B

FIGURE 3.4: Illustrative example of SCA composite

According to Ding et al [40], we give some formal definitions related to a compo-

nent. First, we give the definition of a port.

Definition 3.2.1. A port can be described as a tuple p = (M, ¢, c), where

e M: afinite set of methods defined in p;
* t: t = required or t = provided, indicating the port type;

* ¢: ¢ = asynchronous or ¢ = synchronous, indicating the communication type.

Each method consists of a name op, the input parameter 7' x and the output param-
eter Ty, where T and x/y denote the type and names of the parameter, respectively.
Therefore, a method can be formally written as op(T z ; T y). Two methods are equal
if they have the same input and output lists. We use p.M, p.t, and p.c to denote the set
of methods, port type and communication type in p, respectively. For simplicity, we use

ep and #p to denote a synchronous and an asynchronous port, respectively.

Definition 3.2.2. A component can be described as tuple C = (P,, P, G, W), where

* P,: afinite set of provided ports;
* P,: afinite set of required ports;

* (: afinite set of subcomponents;
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e WC(PUP,UUpe C.Pr) x Upeq(C.P,UC.P,): the non-reflexive port rela-
tion, where C.P, and C.P, denote the provided and required port sets in C, re-

spectively.

Figure 3.5 displays an example of an SCA model, which is the composition of the
Computer System (CS) and Clerk (CL) in the Market Information System (MIS). Each
component has a set of ports and port relations.

MIS

cs vamms‘mﬂ

validatesOffer
putPrice \

entersPrice  respofiseSeller }

respondsAcknowlefigement

inputPrice
getsRespgnse

entersPrice
getsResponse
g P respondsAcknowledgement

submitsInformation ]
) responeSeller
submitsInformatio

sme
JA ;; submitsltem
providesAssessment U N submitsTtem

FIGURE 3.5: SCA models for the CS and CL in MIS.

3.2.1.2 Component Behavior

The component dynamic behavior are described in this section. First, the syntax of dy-
namic behavior expression of a component is described in Figure 3.6 [41]. The detailed

meaning of each expression is described as follows.

BBE indicates the skip action and the assign action p.z = e. The former means
the component performs nothing, while the latter assigns the value of the expres-

sion e to the variable x in p.
* b represents a boolean expression.
* m represents a message;

* p e, indicates that port p synchronously sends a message m, yet p is not connected

to other required ports.

* p1 e, po means that port p; synchronously sends p, the message m.
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BE

p oy

P1 ®m D2

P Om

P1 Sm P2

p .m
P14mP2

P Om
pl()mp2

stop

BBE

BE ;: BE
BE b BE
bx BE
BENBE
BE || BE
BE[p: /ps]
BE[p1 — po]

(Synchronous sending message)
(Synchronous receiving message)
(Asynchronous sending message)

(Asynchronous receiving message)

(Stop)

(Basic behavior expression)
(Sequence)

(Condition)

(Loop)

(Non-determinism)
(Parallel)

(Renaming)

(Wiring)

FIGURE 3.6: Syntax of dynamic behavior expression of a component.

* The meanings of o,,, #,,, and ¢,, are similar.

* BE[p1/pe] represents syntactic renaming, wherein each occurrence of p; in BE

is replaced by p;. It can be employed to specify a promote element in an SCA

composite

* BE[p1 — po] defines a wiring operation; it represents a syntactic transformation,

which can be described as:

BE[p1 — p2] =

P1®m P2
P2 °m P1
P14mp2
p20mp1
BE1[p1 — p2] ; BE2[p1 — p]
BEi[p1 — p2]<b> BE32[p1 — p2]
b* BE1[p1 — p2]
BEi[p1 — p2] M BE2[p1 — p2]
BE1[p1 — p2] || BE2[p1 — p2]
BE
BBE

BE =p ey Ap=p1
BE =p om Ap = p2
BE=p#m Ap=p1
BE =pOm Ap=p2
BE = BE1; BE>
BE = BE1<bp> BE>
BE =bx BE;
BE = BE1 N BE»>
BE = BE; || BE>
BE = p1 © p2,where ® € {®m, 0m, $m, Om}
BE = BBE

Based on the above syntax, it is evident that the ports involved in message exchanges

do not necessarily require identical methods. Furthermore, details regarding the com-

municating ports can be acquired after wiring. Note that its semantics can be described
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by the classical Labelled Transition System, as given in Ding et al [40].

Note that wiring operations can be automatically generated in an SCA composite. It
is achieved through automatic composition, which first connects the required ports and
provided ports of two components and then creates a resulting composite by promoting

any remaining non-wired ports.

At the signature level, two components C’om1=(Pp1, P}, Gy, Wy) and C’om2=(Pp2,
P?, Gy, Wy) are composable if their provided porst are seperate, i.e., By N P2 = {. In

the sequel, we define the automatic composition of two composable components.

First, we have the following notations. The set of automatically-related required

ports can be described as:

M, (Comy,Comy) = {p|pe€ P' A (p.M,provided,p.c) € P2} U

{p|pe P?A(p.M,provided, p.c) € P,}.

Actually, M,,(Comy, Coms) is the set of ports in two components that the port in one
component requires services from a port in the other component. The set of automati-

cally generated wires can be described as:

M, (Comy, Comy) = {(p1,p2) | p1 € M,(Comy, Coma) A

p2 = (p1.M, provided, p;.c) }.

Clearly, M,,(Comy, Comsy) wires the ports in M, (Com;, Coms) such that in each
port pair, the first port requires the service provided by the second port. Therefore, a

wire set operation is:

BE, W =0,

BE[W] =
BE[py = po] W\ A{(p1,p2)},  (p1,p2) € W.

Finally, we can define the automatic composition of two composable components.



Chapter 3. MetaModels for Use Cases and Service Components 25

Definition 3.2.3. Given two composable components Com, = (P}, P!, Gy, W) and
Comy = (P, P?,G2,W>), their dynamic behaviour expressions are BE; and BE,, the
automatic composition can be constructed as Com £ Com; @ Comsg = (Pp, P, G, W),

where

(1) P, = (P U PJ)\ {(p.M, provided, p.c) | p € Mp};
(2) P = (P} UPY)\ Mp;

(3) G = Gy UGs;

()W =My U{lp,p)[p€PUPl}

(5) BE = (BE: || BE2)[Muy),

where M,, and M,, represent M,,(Comy, Coms) and M,,(Com;, Coms), respectively.
Recall that the definition of port is given in Definition 3.2.1. Clearly, C'om is still a

component.

3.2.2 Component Metamodel

In the above section, we introduce the basic concepts of components. From these com-
ponents, we can find that different systems have different components, and different
components contain different ports and have different behavior. Therefore, it is difficult
to automatically build a component model from the use case model for a specific sys-
tem. In this section, we extract the common features of components and propose the

component metamodel to model different components.

From the above definitions, the main function of a component is to provide services
to others. The intrinsic characteristic of a software (sub)system is to offer services exter-
nally, so naturally, a system can naturally be considered a single, high-level component,
referred to as Component. Additionally, since the services of a system are ultimately
realized through the subsystems in the system and their interactions, thus Component

comprises various subcomponents, defined as innerComs, and these subcomponents can
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Component
&chame ; String
&pp ;. String
&pr: String
&behaviors . Siring
& vwireSet: String

U.n +innerComs

FIGURE 3.7: The component metamodel.

interact with each other. Figure 3.7 illustrates a sample Component model, represented

as a UML class diagram.

According to the above analysis, we can define the metamodel of components.

Definition 3.2.4. The component metamodel, denoted as CMModel, is an abstract and
uniform model to structurally describe a (sub)system in terms of components. It con-

tains the following elements.

cName: the name of CMModel, indicating the (sub)system’s name;
- pp: the set of provided ports contained by the component,
- pr: the set of required ports contained by the component,

- behaviors: the behavior expression composed of ports and operators in SCA,
including the sequence operator ;, the choice operator $or$, the loop operator

b*(), and the parallel operator $and-or$, and so on.
- wireSet: the set of interactions between the (sub)system and its subcomponents.

- innerComs: the set of subcomponents in the component. Each subcomponent is

an instance of CMModel.

Note that the functionalities of a system may depend on its internal objects and
some external ones. In such a situation, interactions with external systems/objects are
necessary and can be described with the provided ports (i.e., those in pp ) and required
ports (i.e., those in pr). Note that the generated wireSet will be described among the

system’s subcomponents as they interact with externals to realize functionalities.



Chapter 4

Model Transformation

The previous chapter introduces the metamodels for use cases and components. The
use cases models and component models are instances of the corresponding metamod-
els. This section gives the specific rules for transforming the use case metamodel into
the component metamodel, enabling the conversion of use case models into component-
based structures. Through the application of transformation rules to the use case meta-
model, we can automatically generate the component model. This process instantiates
the use case metamodel from the corresponding textual use case to produce a use case
model, which is then transformed into a component model, leveraging the defined trans-
formation rules. Note that the instantiation can be obtained via processing the textual
use cases using well-built techniques, such as NLP methods, deep learning methods,
and large language models. In this chapter, we aim to build the rule set for the transfor-

mation. The correctness of the rules is also stated in this chapter.

4.1 Transformation Rules

First of all, Figure 4.1 shows a retrospect of diagrams for the use case metamodel and
component metamodel. The transformation rules are used to convert the source use case
model into the target component model. To be more precise, these transformation rules

configure the component metamodel based on the values from the source model. As

27
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UCMModel
&sysName - String

gumame“giiée Component
shame : String N
gﬁﬁg\?ﬂrt\/g[entﬂgslrmg ®useMame : Sting Q}CName Strlng
k) " &np - String
e &pr: String
" &behaviors : String
activi . .
T Ssmng“’ pireSet: String
@?f:cnesfer g{‘rﬂ\gg
&condition: String

isUCReference - Boolean
aType - String

cType : String 0.n +inner_oms
(A) Use case metamodel of a (B) Component metamodel of a
system. system.

FIGURE 4.1: Comparison of use case metamodel and component metamodel.

shown in Figure 4.1, component metamodel has the properties: cName, pp, pr, behav-
iors, wireSet, and innerComs. All these properties will be configured. In the following,
we first give the transformation rules, and then explain their implementations in ATL

(ATLAS Transformation Language)! in detail (as shown in Figure 4.2).

* Rule 1: Configure the component name (cName).
Description: Every SuD is transformed to a component, thus the cName value of

component comes from sudName of this SuD.

» Rule 2: Configure the provided/required ports of the component (pp/pr).
Description: Assume SuD is mapped to a component. Either pp or pr contains a
set of ports. Each port corresponds to an activity in the use case of SuD, and each
port can be described by P-aName-cType-s/r, where aNmae is the activity name,

cType 1s the communication type of the activity, and s/r is the sender or receiver.

* Rule 3: Configure the behavior expression of a component (Behaviors).
Description: Assume SuD is mapped to a component. The value of Behaviors of
the Component is the expression mapped from the activities in the uActivitySet of
the use case with this SuD. For a single activity sequence, each activity is mapped
to a port as defined in Rule 2, and the connecting operators for activities are
also used as connecting operators for the ports in the target model. For multiple

activity sequences, we have the following rule. Let AS, BS, CS and DS be the

'mttps://en.wikipedia.org/wiki/ATLAS_Transformation_Language
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activitySets of use cases A, B, C, and D (with the same SuD), respectively, then

we have

- If the postCondition of A is the preCondition of B, then the acitivytSets of
A and B are connected by ’;’, i.e., (AS;BS).

- If A and B have the same preCondition, then their activitySets are connected
by ’and-or’, 1.e. (AS and-or BS); If the precondition of A has no relation

with that of B, their activitySets are also connected by $and-or$.

- If the postCondition of A is the same as the preCondition of B or C, while
the preCondition of B is opposite to the preCondition of C, then their activ-
itySets are connected by $or$, i.e. (AS;(BS or CS)).

- If A, B, C are in sequence order, the postCondition of C is the preCon-
dition of A or D, and the preCondition of A is opposite to that of D,
then a loop relation (A-B-C-A) is formed, and the behavior expression is

b*(AS;BS;CS);DS.

* Rule 4: Configure the component’s subcomponents (innerComs).
Description: Let SuD be mapped to the component. Then all the subcomponents
innerComs come from the sub-SuDs. Since innerCom is also a component, its
name cName is the subName of some sub-SuD. To configure the other properties

of innerCom, we use the same way for components.

* Rule 5: Configure the interactions among components (wireSet).
Description: On one hand, the component’s wireSet details the interactions be-
tween this component and other components, including its subcomponents and
external components. On the other hand, an activity (except the activities of abort
and skip) is usually related to the SuD and its subsystems or external objects.
Therefore, such an activity has a wire. For simplicity, a wire is recorded as
“aName:sender—receiver”. Clearly, all these wires form wireSet. Since each
Activity class has the attributes of sender and receiver, wireSet is derived from
the descriptions of the activity. In the sequel, we give the process to build wire-
Set. First, retrieve the use cases of the SuD from UCMModel. Second, retrieve

the Activity set of each use case; given an activity in the Activity set, if the sender
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and receiver are not in this use case, a wire description is generated. Accordingly,

the collection of these wire descriptions constitutes the wireSet.

Therefore, as shown in Figure 4.2, the rules for the transformation can be imple-

mented with ATL.

lltrule sudiinner
1174

118 from

119 sud:UCHode 12 ! Sud

1zo to

121 c:COMMode 12 ' Component |

122 clName<-sud. sudName

123 pp<-sud, T3CModel.get TypedPorcsof3UD (' P! sud. sudl=ame) |
124 pr<-sud, T3CModel.getTypedPorcsof3UD ('R, sud. sudl=me) |
125 hehaviors<-thisModule.delete3tringEnd |

128 thisModule,getBehaviorExp |

127 sud. USCHodel. getUC3ets (sud. sudName) ) ) ,

128 wirefet<-thisModule.getWirelet |

129 sud.U3CHode . getTCSets (sud. sudame)

130 sud.U3CHModel. alllsers) ,

131 innerComs<-inner

132 1,

133 inner:distinct CONMModelZ !Component foreach(ss in sud.subs) |
134 clame<-352 . sudilame

135 )
136}

FIGURE 4.2: The ATL implemention for transformation rules.

The following are the descriptions of the above code.
Line 122: Gets component name from SuD name.

Line 123: Gets the provided port set of a component, where method getTypedPortso-
JASUD generates the typed port sets for a component: For each SuD, invokes getUCSets
to get all use cases that related to the SuD, then goes through the use case set and invokes
getPortsSet to collect typed activities for each use case, finally invokes getTypedPortso-
JASUD to process the obtained typed port set and generate the final typed port set for

the component.

Line 124: Gets the required port set of a component. The detailed process is similar

to Line 123.

Line 125: Generates the behavior expression for each component, where method
deleteStringEnd processes the behavior string generated by getBehaviorExp; function
getBehaviorExp generates the behavior string for a component. SuD related use cases

set is passed as a parameter, which is obtained by invoking getUCSets.
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Line 128: Generates wire set for each component, where method getWireSet con-
structs the wire set of a component. SuD-related use cases and user set are passed as

parameters.
Line 133: Gets the sub-components for each component.

Please refer to Section 5.2 for an illustration of how the proposed rules are applied

to transform use case models into SCA models.

4.2 Correctness Checking of The Model Transforma-

tion

To demonstrate the correctness of the proposed model transformation, we follow
Narayanan et al. [42] to verify the structural correspondences between source mod-
els (use cases models) and the resulting target models (component models). The basic
intuition behind this correctness-checking strategy is that a model transformation cre-
ates certain structures of the target model by matching some structures of the source
model, which can be specified by correspondences between source and target models
and then be checked on the source and the resulting target models. To conduct correct-
ness checking, we first identify the structural correspondence between use case model

and the component model and then present the checking procedure.

The correctness of a model transformation can be defined based on the structural
correspondences between the use case model and the component model. Let .S and C'
denote a SuD of the UCModel and a component of a Component model, respectively.
Let A denote an activity of the UCModel, and let U = {US;, US>, ..., US,} (n > 1)

be a list of use cases whose SuDs are identical. The declarations of correctness and
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correspondences.
Correctness :(sourceModel, target Model) — boolean
Correspondencel :(S,C) — boolean
Correspondence2 :(A,C) — boolean
Correspondence3 (U, C) — boolean

For the above correspondences, each of them relates to some elements of the source
and target models. Thus, we describe the relevant elements for these three correspon-
dences below. We use Elementsi to denote the relevant elements for Correspondencei

(1<i<3).

Elementsl :S — {C| S.sudName = C.cName}
Elements2 :A — {C| A.aType # null N

(A.sender = C.cName V A.receiver = C.cName)}
Elements3:U — {C| 1<i<n

A C.cName = US;.sName}

In the following, we outline the procedure for checking the correctness of a model

transformation.

Correctness(sourceModel, targetModel) =

(V S in sourceModel :
V C € Elements1(S) :
Correspondencel(S,C') )
and

(V A € sourceModel -
V C'in Elements2(A) :
Correspondence2(A,C") )
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and
(VU € sourceModel :
V C in Elements3(U) :
Correspondence3(U,C))

Basically, given a source model and a target model, the correctness checking of
the model transformation is accomplished by checking all of its three correspondences,
namely, Correspondencel, Correspondence2 and Correspondence3. The model trans-
formation is regarded to be correct for the transformation from the given source model

to the target model if all these three correspondences hold.
Next, we present the details of the three correspondences.

Correspondencel(S,C) =
( S.sudName = C.cName )
and
(Vs e Ssubs:

dc € ClinnerComs : c.cName = s.sudName )

Correspondencel focuses on the correspondence relationships between suds of the
source model and components of the target model. As mentioned in Section 4.1, the
transformation rule 1 and rule 4 declare that a sud of the USCModel is converted to a
Component of the component model, where the name and sub-SuDs of the former are
mapped to the name and inner Components of the latter. In Correspondencel(S,C'), the
former correspondence is specified via (S.sudName = C.cName), and the latter one is

specified as (V s € S.subs : 3 ¢ € C.innerComs : c.cName = s.sudName ).

Correspondence2(A,C) =
(A.aType # Null) N ((A.sender = C.cName)
V (A.receiver = C'.cName))
and
(if (A.aType = ‘required’) then
C .pr contains ‘P-A.aName-A.aType’
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else
C.pp contains ‘P-A.aName-A.aType’)
and

(C.wireSet contains ‘A.aName: A.sender -> A.receiver’)

Correspondence2 emphasizes the correspondence relationships between activities
of the source model and the component information of the target model, the information
of which is specified by the transformation rule 2 and rule 5. These two transformation
rules declare that the port sets (pr and pp) and the wireSet of a Component are extracted
from the information of the relevant activities that describe interactions between differ-
ent objects. In Correspondence2(A,C'), the properties of such an activity A is described
by (A.aType # Null) N\ ((A.sender = C.cName) V (A.receiver = C.cName)). Accord-
ing to A.aType, the information of A is used to construct a port of C', which is a port
contained in either C'.pr or C.pp. That is, if (A.aType = ‘required’) then C.pr contains
‘P-A.aName-A.aType’, and C'.pp contains ‘P-A.aName-A.aType’ otherwise. As a re-
minder, ‘P-A.aName-A.aType’ represents a port information of pp (or pr). Besides, the
information of A is further used to construct a wire for the wireSet of C, which is de-

scribed in Correspondence?2 as C.wireSet contains ‘A.aName: A.sender -> A.receiver’.

Correspondence3 describes the relationships that should be held when creating the
behaviors of a component from its relevant use cases, which are defined by the transfor-
mation rule 3. The detailed information of rule 3 is formalized in Table 4.1. Generally,
based on different relationships among different use cases of a use case set, the resulting
behavior expression of the relevant component is constructed by organizing the uActiv-
itySet of these use cases in different ways. In Table 4.1, we use Condi (1 < ¢ < 5)
to represent different relationships among different use cases and the property of the
use case set, and use Expi to denote the resulting behavior expression generated under
Condi. As an example for illustration, consider the second row of Table 4.1, when any
two use cases satisfied Condl, the behavior expression of the relevant component will
contain a sub-expression, denoted by Expl, which connects the uActivitySet of these
two use cases by the sequence operator (namely, ;). The definition of Correspon-

dence3 is given below, in which the details of Condi and Expi are declared in Table 4.1.
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TABLE 4.1: The relations between a use case set U and a component C

Conditions on U

The behavior expression contained in C.behaviors

Condl: U size =1

Expl: ‘US;.uActivitySet’

Cond2: U.size > 1 A\
US; .postCondition = US;.preCondition
(1<4,j<n,andi # j)

Exp2: ‘US;.uActivitySet ; US;.uActivitySet’

Cond3: U.size > 1 A
US;.preCondition = US.preCondition
(1 <4,j <n,andi# j)

Exp3: ‘US;.uActivitySet and-or US;.uActivitySet’

Cond4: U .size > 3 N\
(US;. postCondition = US;. preCondition V/

US;. postCondition = USy. preCondition) N\

US;. preCondition = = US},. preCondition
(1<i,j,k <n,andi # j # k)

Exp4: ‘(US;.uActivitySet ; (US;.uActivitySet
or USy.uActivitySet) )’

Cond5: U .size > 4 and

US;. postCondition = US;. preCondition N\
US;. postCondition = USy,. preCondition N\
(USj. postCondition = US,. preCondition V
USy. postCondition = US;. preCondition) N\
US;. preCondition = — US,. preCondition
1 <i,jk,z<n,andi # j # k # x)

ExpS5: ‘b*(US;.uActivitySet ;
US;.uActivitySet ; USy.uActivitySet) ;
USy.uActivitySet’

Correspondence3(U,C) =
(US;1.uName = C.cName)

and
(if (Condl) then

C.behaviors contains Expl )
and
(if (Cond2) then

C.behaviors contains Exp2 )
and
(if (Cond3) then

C.behaviors contains Exp3 )
and
(if (Cond4) then

C.behaviors contains Exp4 )
and

(if (Cond5) then
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C.behaviors contains Exp5 )

The correctness of the model transformation defined above will be verified against
model transformation instances, namely, source models fed into the transformation and

the relevant target models resulting from executing the transformation.

As demonstrated by the checking procedure above, there are two steps for the cor-
rectness checking of a given correspondence. The first one is to determine the relevant
elements of the target model according to elements of the source model. For each
of the three correspondences, an independent function is defined to accomplish this
task. Specifically, the function Elementsl focuses on the corresponcel, and this func-
tion identifies the name and inner components of a component of the target model for
each given SuD of the source model. The function Elements2 serves for the correspon-
dence2, and it identifies port sets and the wire set of components of the target model
for each given activities of the source model. Similarly, the function Elements3 is de-
fined for the correspondece3, and it identifies the behavior information of components
of the target model for each given use case of the source model. The failing of each
of these functions explicitly indicates that the given correspondence is not retained by
the given source and target model and then the checking procedure ends with a nega-
tive checking result. When the identification of the relevant elements succeeds, the next
step is to check the correspondence on the identified elements of the source and target
model, i.e., Correspondencel(S, C') inspects Correspondencel on elements S and C,
where the former comes from a source model while the latter comes from the relevant

target model.

After checking the above three structural correspondences on 100 executions of the
proposed model transformation using 100 randomly constructed source models, it is
shown that no correspondence is violated, and thus confirmed the correctness of the

proposed transformation for the cases we tried.
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Component Model Generation from
Metamodel Configurations: An

Illustrative Example

In order to illustrate our method, this chapter takes the Market Information System
(MIS) [43] as an illustrative example to show the usage of the proposed metamodels.
It mainly contains two procedures. The first one is the generation of use case models
by configuring the use case metamodels from the textual use cases, and the second one
is the generation of SCA models by configuring the component metamodel using the

transformation rules and the use case models.

MIS contains three subsystems and two kinds of users: The subsystems are Com-
puter System (CS), Clerk (CL), and Supervisor (SP), and the users are Seller and
Buyer [1]. Figure 5.1 shows the general architecture and business process of the sys-

tem.

The requirements of MIS are described by 19 use cases: 7 use cases cover the
global requirements for the system (for Seller and Buyer), 8 use cases describe the re-
quirements for CS, and the requirements for CL and SP are described by 2 use cases,
respectively. For simplicity, as illustrated in Figure 5.2, we use three of them to demon-
strate our model transformation process: 1) Seller submits an offer, 2) Clerk submits an
offer, and 3) Seller to Clerk.

37
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Market Information System

Seller Agency
:::/\
. [
(”\ Clerk (CL) Supervisor (SP) [ |
uyer Trade
Computer System (CS) Commission

FIGURE 5.1: Scope of the MIS (Market Information System).

Remark 5.1 (Interpretation and Consistence Checking). Several methods can be used to
perform interpretation and consistency checking of requirements. For examples, Uchi-
tel et al. [44] demonstrate an approach that translates scenarios into behavioral spec-
ifications represented as Finite Sequential Processes. This enables the application of
model checking and animation techniques to rigorously analyse the specified behavior.
Damas et al. [45] generate and check a labeled transition system from Message Se-
quence Charts (MSC) [46]. The work [47] applies linear temporal logic to generate and
verify goal specifications from positive and negative scenarios described in MSC-like
form. Given that our restricted language style closely resembles that used in Kof [8], we
can systematically convert textual use cases into MSC by applying the same rules, en-
abling the interpretation and consistency verification of the specified interactions. Dur-
ing the interpretation process, we should determine the following options: Pre-arity,
Post-arity, Immediacy, Precedency, Nullity, and Repeatability. The method proposed
in Alur and Yannakakis [48] can be applied to verify the consistency. This method in-
volves creating an automaton that recognizes all possible linearizations of the partial
order defined by an MSC. The generated automaton is then checked against a property
automaton, enabling the verification of the specified property against the MSC’s partial

order behavior.



Chapter 5. An [llustrative Example

39

Use Case 1: Seller submits an offer.
Scope: Marketplace.
SuD: MIS.
Primary Actor: Seller.
preConditions:mone
postConditons:none
Main Scenario:
1 Seller sends itemn description.
2 System validates the description.
3 System asks Seller to provide price information.
4 Seller submits price and enters contact
and billing information.
5 System validates Seller’s contactinformation.
6 System verifies the Seller’s history to permit
the seller to operate.
7 System validates the whole offer with the
Trade Conunission.
8 Trade Commission gives response tosystem.
9 System lists the offer in published offers.
10 System responds Seller with a uniquely
identified authorization number.

Extensions:

2a [tem not valid.
2al Use case aborted.

6a Seller’s history inappropriate.
6al Use case aborted.

8a Trade commission rejects the offer.
Ral Use case aborted.

Variations:

2b Price assessment available.

2b1 System provides a price assessiment.

Use Case 2: Clerk submits an offer.

Scope: MIS

Sub: CS.

Primary Actor:CL.

preConditions:none

postConditons:none

Main Scenario:
1 Clerk submits information describing anitem.
2 System validates the deseription.
3 System asks CL to input price information.

4 Clerk enters price and billing information.

5 System validates Seller’s contact information.

6 System asks the Supervisor to validatethe seller.

7 Supervisor permits the seller to operate.
8 System validates the whole offer with the
Trade Commission.

9 Trade Commission gives response to system.
10 System lists the offer in published offers.
11 Systemn responds an uniquely identified

acknowledgment to CL.
Extensions:
2a Item not valid.
2al Use case aborted.
Ta History is not appropriate
Tal Use case aborted.
9a Trade comunission rejects the offer.
9al Use case aborted.
Variations:
3b Price assessment available.

3bl System provides a price assessment.

Use Case 3:Seller to Clerk.
Scope: MIS
SuD: CL.
Primary Actor: Seller.
preConditions:none
postConditons:none
Main Scenario:
1 Seller sends item description to the Clerk.
2 System submits information deseribing an item.

3 C§ asks CL to input price information.

4 System asks Seller to provide price information.

5 Seller submits the price, billing andcontact
information to the Clerk.

6 System enters the price, billing andcontact
information to the CS.

7 CS responds with an uniquely identified
acknowledgment.

8 System responds Seller with an
uniquely identified authorization number.

Extensions:

2a Item not valid.

2al Use case aborted.

FIGURE 5.2: Three textual use cases of MIS [1].

5.1 Configuring the Use Case Metamodel: Generating

a Use Case Model from a Textual Use Case

The source model is the input for the model transformation. To get the source model, we

need to configure the use case metamodel defined in Chapter 3.1.2. Recall that there are
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five classes represented in a use case metamodel: UCMModel, Use Case, SuD, User,
and Activity, and each class has attributes. Therefore, we need to instantiate these at-
tributes, whose values can be determined from the textual use cases. The configuration
process contains two steps. The first step is to get the required values from the analysis
of the textual use cases, and these values are stored in Activity tables, where each Activ-
ity table corresponds to one use case. In this step, we apply StanfordParser! to perform
sentence analysis. In detail, StanfordParser can generate a detailed contextual structure
for each sentence in the textual use case. In the sequel, we take the sentence “/ Seller

submits item description” as an example to show the functionality of StanfordParser.

ROOT

NP VP .
AN N |
CD NNP VBZ NP .

|

| N

1 Seller submits NN NN

item description

FIGURE 5.3: An exmaple of parse trees under PCFG.

Figure 5.3 displays the PCFG (probabilistic context-free grammar) structure gener-
ated from the Stanford Parser. In StanfordParser, the output of this structure is a text

file, which is given as follows:

(ROOT
(S
(NP (CD 1) (NN Seller))
(VP (VBZ submits)
(NP (NN item) (NN description)))

(...)))

According to the generated output text, we can easily retrieve the activity data of each

use case.

The second step is to configure the use case metamodel with the obtained Activity

data. The following gives the details.

Thttp://nlp.stanford.edu/
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STEP 1: Activity Table Construction. To automatically configure the attributes,

we first build an Activity table for each use case according to the data extracted from

the steps in the Main scenario of the use case. As shown in Fig 5.4, the table mainly

contains two parts: the header and the body. The descriptions of the features in the

header are the same as the use case. The descriptions of the body part are given as

follows.
Use Case | SuD | Primary Actor | Scope | preCondition | postCondition
(a) The header of an Activity table
No | Activity-Name | Activity-Type | Comm-Type |Sender |Receiver |condition |isUCReference

(b) The body of an Activity table

FIGURE 5.4: Illustration of Activity table.

* No: It is the serial number of the steps in main scenario, variation, and extension

in the use case. For example, the No of the activity I Seller sends item description.

is 1.

* Activity-Name: It is the activity name. There are two situations. (1) If the sentence

contains abort or go to step i, then the activity-name is abort or step i. They are
special activities. The Activity-Name of the activity Use case aborted is abort.
(2) Otherwise, the description of the Activity-Name, denoted as activityName,
will consist of the first verb and the first noun after the verb. For example, the
Activity-Name of the activity I Seller sends item description. is sendsitem. If an
activity references some activities in another use case, then its description will be
tagged by the serial number of that use case. For example, the sentence “Buyer
searches for an offer(#2)” means that this activity refers to all activities contained

in use case #2. Hence, the name of the activity is denoted by “UC+serial number”.

Sender/Receiver: There are also two situations for the descriptions of sender and
receiver. (1) When “System” is the subject, the sender is the System under De-

velopment (SuD) in the use case, and the receiver is either the direct object of the
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sentence (if present) or null (indicating an internal activity). (2) When the subject
is not “System”, the sender is the subject of the sentence, and the receiver is the
System under Development (SuD) in the use case. For example, in the first activ-
ity of Use Case 1 in Figure 5.2 (i.e., I Seller sends item description.), the sender

is Seller, and the receiver is SuD, i.e., MIS.

* condition: It is pre-conditions under which an activity can happen. In general, the
pre-conditions for extension and variation are explicitly declared. For example,
let’s consider the following extension.

Extensions:
la The buyer did not find any matching offer

lal Use case aborted

In this extension, the condition for the happening of the activity “lal” is
cond=The buyer did not find any matching offer. Since the activity “lal” is the
only exception to the activity “1”, we imply that the condition of activity “1” is

Icond.

* isUCReference: If the activity name is given as *UC+serial number’, then the
attribute isUCReference of this activity is set to ’true’, otherwise this attribute

value is 'false’.

» Activity-Type and Comm-Type: To determine Activity-Type and Comm-Type, we
will first create a stack to store the body data structure, which consists of eight
attributes: Serial Number, Activity-Name, Sender, Receiver, condition, isUCRef-
erence, Activity-Type, Comm-Type. We push into the stack the activities of a use
case one by one on their orders. Let AT be the activity to be pushed into the stack,
where Sender = aS, Receiver = aR. Then, its Activity-Type and Comm-Type can

be determined as follows.

— If the stack is empty, push AT onto the stack. Then, determine the Comm-
Type and Activity-Type as follows: (1) If AT is the last activity, set Comm-
Type = asynchronous; (2) If Sender = SuD, set Activity-Type = required;

otherwise, set Activity-Type = provided.

— If the stack is not empty, consider the top element, denoted as ST. Suppose

the Sender and Receiver of ST are sS and sR, respectively. There are two
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Algorithm 1: Activiy Table Contructure for A Use Case

R T Ny R

e e e e
AW N =

15
16

17
18

19

Input: Textual use cases.

Output: Activity tables.

Read use cases from text file: UC's = ReadFile();

Process the use cases using the StanfordParser: TUC's = Stan fordParser(UC's);

current UC = getOneUC(TUC's, pos), next UC = getOneUC(TUC's, current UC) ;
while current_UC do

Get the sentence lines in the use case: sentence_process(current.UC);

for each line line_i do

if the corresponding sentence belongs to (Main scenario || Variation || Extension) then
if “abort” in line_i then
| str = getNumber(line_i)+ “abort”
else if “go to step” in line_i then
‘ str = get Number(line_i)+ “stepj”
else
str = get Number(line_i) + get FirstV B(line_i) + get NN (linei) +
getType(line_i) + getComType(line_i) + getSender(line-i) + get Receiver(line_i);

else

L str = getSentence(line_i)
str+ =\n;
write str to the output file;

current UC = getOneUC(TUCSs,next UC), next UC = getOneUC(TUCSs, current UC) ;

situations. (1) aS=sS or (aS=sR and aR#sS). In this situation, we have
Comm-type=asynchronous; if Sender=SuD, set Activity-Type = required;
otherwise, set Activity-Type = provided. Remove ST from the top of the
stack and replace it with AT. (2) aS=tR and aR=tS. In this situation, Comm-
Type = synchronous; if tS=SuD, then we set Activity-Type = required; other-

wise, set Activity-Type = provided. Pop ST off the stack.

Note that similarly, Activity-Type and Comm-Type for the activities in Extension
and Variation can be determined using the same steps outlined above. Activity-

Type and Comm-Type for the abort activity are both Null.

TABLE 5.1: An example of the body of the Activity table for a concrete sentence

| 1 | sendsltem | provided | asynchronous | Seller [ MIS | NULL | false |

Algorithm 1 describes the structure of the Activity Table for a use case. As an

illustrative example, applying Algorithm 1 to the first activity of Use Case 1 in Figure

5.2,1.e., “I Seller sends item description”, we can get its activity data, as shown in Table

5.1. The value of No attribute is 1. The value of Activity-Name attribute is sendsltem,

consisting of the first verb and the first noun. The values of Sender and Receiver are

Seller and MIS (i.e., SuD) since the subject is Seller. The value of Activity-Type is

provided since the Sender is not the SuD. The value of Comm-Type is asynchronous
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since it is the first activity, meaning that aS=sS, which satisfies the first item of the
second situation in the determination of Activity-Type and Comm-Type. There are no

conditions or reference use cases.

STEP 2. Building Source Model. The second step is to configure the attributes in
the use case metamodel based on the activity tables. In the sequel, we give the detailed

instantiation process.

* sysName. It is the system name.

* SuD set. First, we can retrieve the names of all SuDs from the activity tables, and
all these names will be added to the SuD set. Second, we can retrieve the SuD
sets for each SuD’s subsystem. Note that the relations between subsystems can

be determined by the scope of the use case.

» User Set. All the primary actors listed in the activity tables, except those included

in the SuD set, constitute the User Set.

» Use Case set. uName can be constructed by sudName and Use Case in the ta-

“ »

ble header, i.e. sudName+ “-"+use case; sName is the SuD in the table header;
pActor is the Primary Actor in the table header; activities is the set of all Activity-
Names in the table body; uActivitySet can be constructed from the body part of

Activity Table in the following:

(i) The activity set is built according to the activity-name, activity-type, comm-
type, sender, receiver in the body part of the Activity Table. No activity

information is required for the abort activity and the internal activities.

(i) The activity sequence is the sequence containing all the SuD’s activities in
the use case. In the sequence, the activities are connected by the following

operations:
- 73 (sequential): denoting that the activities in Main scenario are in se-
quential relation;

- $or$ (selection): describing the activities in Main scenario and their

alternated activities in Variation and exceptional activities in Extension;
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Algorithm 2: Configure Use Case Metamodel from Activity Tables

Input: Activity tables
Output: Use case model written in XML

1 text = readActivityTable();
2 Get the head of use case model get HeaderO fUC Model(text);
3 Get the SuD relations getSuD Relations(text);
4 Get the users getUsers();
5 pos =0;
6 current UC = getOneUC(text, pos), next - UC = getOneUC (text, current UC);
7 while current_UC do
8 uName = getUseCaseName(); sName = getSuDName();
9 pActor = getPrimaryActor(); pre = get PreCondition(); post = get PostCondition();
10 store the header information of each use case;
11 Initialize two string variables: strl =", str2 =*;
12 for each activity description A do
13 aName = getActivityName(a), aType = get ActivityType(a);
cType = getCommunicationType(a); refer = isUCReference();
14 sender = getSender(a); receiver = getReceiver(a); cond = getCondition();
15 aci =< “activities aName =" +aName+ “aType =" +aType+ “cType=" +cType+ “sender="
+sender+ “receiver=" +receiver+ “/ > \n”;
16 strl4+ = aci;
17 if A in main scenario then
18 if SerialNumber = 1 then
19 ‘ str24+ = alName
20 else if there are related activities in variation or extension then
21 str2 = strl+ “” +aName;
22 while get Related ActivityName() do
23 RA = getRelatedActivityName();
24 if RA contains stepj then
25 | form aloop between A and activity j(A)
26 else
27 ‘ str2 = str2+ “;(skip$or$” + RA+ )
28 output str2 and strl;
29 output ending information of a use case;
30 current UC = getOneUC (text, next - UC), next-UC = getOneUC (text, current UC);

- b*() (loop). If under condition b, j* step (activity j) can be back to '
step (activity i), ¢ < j, then all the activities between them are in a loop

relation.

If isUCReference is true for some activity, then find the referred use case
using the activity name, and replace it with the activity sequence of the

referred use case.

Algorithm 2 shows the procedure to generate the use case source model by configur-
ing the use case metamodel. For example, Table 5.1 can configure the activity class and
generate an activity instance, as shown in Fig. 5.5, contained in the corresponding use
case model. Applying Algorithms 1 and 2 to the textual use cases shown in Figure 5.2,

we can get the corresponding use case model, which is shown in Figure 5.6.



Chapter 5. An Illustrative Example 46

:activity

aName=sendsltem
aType=P
cType=asyn
condition=null
isUCReference=false

sender=Seller
receiver=NMIS

FIGURE 5.5: The activity class in the use case model based on the activity table given
in Table 5.1.

5.2 Configuring the Component Metamodel: Mapping
Use Case Models to Graphical SCA Models

By applying the transformation rules to the source model (that is, by running transfor-
mation rules specified in Figure 4.2 with the source model described in Figure 5.6 as
input), we obtain the target model (or the configuration of component metamodel), as

shown in Figure 5.7.

The following are the rules to map the target model to an equivalent SCA model.

» Each component of the target model is mapped to a SCA component;

* The pp/pr of a target component will generate provided/required port the
SCA component, respectively. For example, a text description (in pp) in tar-
get model is ’P-sendsltem-asyn’, then the corresponding port description is

(sendsItem, provided, asyn).

* The elements in innerComs of a target component become the sub-components

of an SCA component.

* The wireSet of a target component is mapped to a wire set of the SCA component.
For example, a wire description before mapping is ’submitsInformation:CL-

— P!

submitsIn formation } ’

>CS’, after mapping, it becomes {Pfubmits Information
where P2

submitsIn formation
Pl

submitsIn formation

is a port activity of component CL and

is a port activity of component CS.
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users

user
userName=Seller

:USCModel
sysName=MIS
SUDs ‘ ‘ SUDs
’T‘ subs sud

SUDs

subs sud

sudName=CS

SudName=MIS

sudName=CL

UCs

:use case

uName=MIS-Seller submits an off¢
sName=MIS
pActor=Seller
preCondition=Seller has logged in|
postCondition=null
uActivitySet=(sendsltem;
validatesDescription;
...;respondsSeller)

activities

:activity

aName=sendsltem
aType=P

sName=CS

pActor=CL

preCondition=null

postCondition=null

uActivitySet=(submitsInformation;
validatesDescription;

UCs UCs
:use case :use case
uName=CS-CL submits an offer uName=CL-CL to Seller

sName=CL

pActor=Seller

preCondition=Seller has logged in.

postCondition=null

uActivitySet=(sendsltem;
submitsInformation;

aName=submitsInformation
aType=P

...;respondsAcknowledgment) ..;tespondsSeller)
activities activities
:activity :activity

aName=sendsltem
aType=P

cType=asyn

condition=null

isUCReference=false
sender=MIS

receiver==Seller

cType=asyn
condition=null
isUCReference=false
sender=MIS
receiver=CL

2 2

cType=asyn ;% cType=asyn é cType=asyn
condition=null = condition=null 2 condition=null
isUCReference=false g isUCReference=false S isUCReference=false
send_er:Seller sender=CL sender==Seller
receiver=MIS receiver=CS receiver=CL

:activity :activity :activity
aName=validatesDescription aName=validatesDescription aName=submitsInformation
aType=null aType=null alype=R
cType=null ] cType=null cTyp_c‘:asyn
condition=null condition=null '(:ond1t10n=null
isUCReference=false isUCReference=false isUCReference=false
sender=MIS sender=CS sender=CL
receiver=null receiver=null receiver=CS

:activity é :activity é activity
aName=respondsSeller E aName=respondsAcknowledgment = aName—respondsSeller
aType=P g aType=P g aType=P

cType=asyn

activities

activities

condition=null
isUCReference=false
sender=CL
receiver=>Seller

FIGURE 5.6: The source model of MIS (three use cases) during model transformation.

* The value of the behavior of a target component is mapped to a behavior ex-

pression for an SCA component. The activities in the behavior is replaced by

corresponding port activities, and the text connectors (such as $or$,$and-or$) are

replaced by formal connectors (<1 b >, ||).

Based on the above rules, we obtain a SCA model of MIS (the one as shown in Fig-

ure 3.5). While the formalized representation can be used for the analysis, the informal

representation provides a good picture for designers to understand the system.
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:Component

cName=MIS

pp=""P-respondsSeller-zyn,P-submitsltem-syn”
pr="P-validatesOffer-syn,P-givesResponse-syn,
P-givesResponse-syn,P-providePrice-syn,
P-provides Assessment-asyn,P-submitsPrice-syn”
behaviors="sendsItem;validatesDescription;(skipfor$abort);

(skip$or$providesAssessment);providePrice;
submitsPrice;validatesContact;verifiesHistory;

(skip$or$abort );validatesOffer;givesResponse;

innerComs ;
wireSet=""

(skip$orPabort );listsOffer;respondsSeller;”

innerComs

:Component

:Component

cName=CS
pp="P-submitsInformation-syn,
P-respondsAcknowledgment-syn”

pr="P-validatesOffer-syn,P-validateSeller-syn,
P-givesResponse-syn,P-entersPrice-syn,
P-inputPrice-syn,P-permitsSeller-syn,
P-providesAssessment-asyn”

behaviors=submitsInformation;validatesDescription;
(skip$oBabort);(skipBorBprovides Assessment);
inputPrice;entersPrice;validatesContact;
validateSeller; permitsSeller; (skip$or$abort);
validatesOffer;givesResponse; (skipBorfabort);
listsOffer;respondsAcknowledgment;”

wireSet="respondsAcknowledgment:CS— >CIL,

entersPrice:CL— >CS8 inputPrice:CS— >CL,

submitsInformation:CL— >CS”
G :77 ”

cName=CL

pp=""P-entersPrice-syn,P-respondsSeller-syn,
P-inputPrice-syn,P-submitsltem-syn”
pr="P-respondsAcknowledgment-asyn,P-providePrice-syn,
P-submitsInformation-syn,P-submitsPrice-syn”
behaviors="sendtsltem;submitsInformation; (skipfor$abort)
(skip$or$abort);input Price;providePrice;

submitsPrice;entePrice;

respondsAcknowledment;respondsSeller;”

wireSet="respondsAcknowledgment:CS— >CL,
entersPrice:CL— >C8 inputPrice:CS— >CL,
submitslnformation:CL— >CS8”

Q=""

FIGURE 5.7: The target model of MIS (three components) generated from model trans-
formation.
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Experiments

In this chapter, we demonstrate the effectiveness and efficiency of the proposed ap-
proach. We have implemented our approach with a prototype, which is a plugged-in
software of the Eclipse. We will first give a brief introduction of the prototype and then

give the detailed experimental results.

6.1 Description Of the Prototype

The implemented prototype consists of four parts: the textual use case editor, the source
model generator, the model transformer, and the SCA model displayer. The textual use
case provides an interface for users to write or import textual use cases and further con-
duct grammar checking and sentence style checking on these use cases. The source
model generator applies the Stanford Parser to analyse textual use cases, the resulting
information is used to build activity tables and then to generate the use case models. The
model transformer accepts the use case model provided by the source model generator
as input, and then runs the model transformation program to produce the component
model. At last, the SCA model displayer extracts information from the component
model to draw a SCA model. For the prototype, the use case editor, the source model
generator and the SCA model displayer are implemented in Java, but the model trans-

former is implemented in ATL.

49
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6.2 Experiments

We have conducted more experiments using our prototype. The examples are taken
from the existing literature and the website. These examples cover Car Instrument
Cluster System (CICS) [8], Elevator System (ES) [49], Nighttime Bank Deposit System
(NBDS) [39], Supermarket Checkout System (SCS) [50], and ATM '. We have asked
the company ”Zhejiang Innovation Central Software Co. LTD”? to manually build the
SCA models. These examples took 2 experienced team leaders 6 hours to complete the
SCA diagrams. For the justification, all these five examples have been implemented by
their teams based on their design models. The systems have been tested to satisfy the
requirements. We use Comp(#) to represent the number of components, Sub-comp(#) to
represent the number of the subcomponents, PP(#) to represent the number of provided
ports, PR(#) to represent the number of required ports, and Rel(#) to represent the num-
ber of relations in the wireset. Table 6.1 shows the statistics data produced by two team

leaders.

TABLE 6.1: SCA statistics data produced by two team leaders.

Systems | Comp(#) | Sub-comp(#) | PP(#) | PR(#) | Rel(#)
CICS 3 2 6 4 5

ES 3 2 10 12 12
NBDS 6 5 15 14 15
SCS 4 3 12 11 14
ATM 3 2 13 11 12

Meanwhile, we used our prototype to design the SCA models. Table 6.2 shows the
statistics data produced by our prototype and Table 6.3 shows the ’correct’ data (assume

that the data from industry is correct) produced by our prototype.

To measure the accuracy of our method, we compute the Precision and Recall based

on the following formulas:

N
Precision = M x 100%,

Thttp://www.math-cs.gordon.edu/courses/cs320/ATM
2www.centralsoft.com.cn
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TABLE 6.2: SCA statistics data produced by our prototype.

Systems | Comp(#) | Sub-comp(#) | PP(#) | PR(#) | Rel(#)
CICS 3 2 6 4 5

ES 3 2 10 12 10
NBDS 6 5 14 14 12
SCS 4 3 11 10 13
ATM 3 2 15 11 12

TABLE 6.3: The correct SCA statistics data produced by our prototype.

Systems | Comp(#) | Sub-comp(#) | PP(#) | PR(#) | Rel(#)
CICS 3 2 6 4 5
ES 3 2 9 12 8
NBDS 6 5 13 14 11
SCS 4 3 10 9 12
ATM 3 2 13 11 10

TABLE 6.4: Accuracy Analysis of our prototype

Single System | Precision | Recall All Systems Precision | Recall
CICS 100% 100% Components 100 % 100%

ES 91.9% 87.2% | Sub-components 100 % 100%
NBDS 96.1% 89.1% PP 91.1% | 91.1%
SCS 92.7% 86.4% PR 98% 96.2%
ATM 90.7% | 95.1% Relations 88.5% | 79.3%

N
Recall = S X 100%,

where /N is the number of correct parts of the data produced by our method, M is the
number of data produced by leaders, and S denotes the complete number of the correct
data, that is, the data of the SCA model produced by the team leaders. Precision shows
the effectiveness of discovering the design parameters of SCA that are meaningful con-
ceptually in the application domain, and Recall measures the coverage of the correct
parts of the generated model to the whole correct model. Table 6.4 shows the Precision

and Recall for each system and different indexes of overall systems.

Table 6.4 shows that our prototype has a quite high accuracy for each system. In
our experiments, the generated SCA component model of CICS is the same as that
constructed by team leaders. For system ES, its Precision and Recall are 91.9% and

87.2%: one port description is not matched with the correct one, which leads to two
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wrong wire descriptions, also there are another two wires not generated. For NBDS,
its Precision and Recall is 96.1% and 89.1%: one port is omitted and one port is not
described in the right way, as a result, one wire description is wrong and another three
wires are omitted. For SCS, its Precision and Recall are 92.7% and 86.4%: two ports
are omitted and one port is not described properly, thus the wires between them are
omitted and a wrong wire is generated. For ATM, the Precision and Recall of ATM are
90.7% and 95.1%: two additional ports are generated and this introduces two wrong

wire descriptions.

Also, Table 6.4 shows that our prototype works quite well in the different levels
of the component model. Firstly, the Precision and Recall in the component and sub-
component model are 100%, which shows that our prototype can capture the global sig-
nature of the SCA component model successfully. Secondly, the Precision and Recall
of the port level are all higher than 90%, which indicates that our prototype is capable
of generating most of the ports correctly although there are some mistakes in the port
level. The main reason for the inaccuracy in the port level is that the ambiguous de-
scription of the textual use cases leads to misunderstanding of the activity, which leads
to the wrong ports. There are two kinds of mistakes for ports: 1) The number of ports is
wrong. If the NLP treats an interactive activity as an internal activity, then it is possible
that a port of a component may be omitted; or if the NLP treats an internal activity as an
interactive activity, then a port may be added to the component. 2) The information of
a port is inconsistent. The algorithm to extract the Activity-Type and Comm-Type from
an activity is sensitive such that small changes will impact the analysis process. Also, if
the participants are not specified clearly in an activity description, then the description
of the Activity-type, Sender and Receiver will contain inconsistent data. The Precision
and Recall of the wire set level are much lower than the previous two levels. The main
reason is that the wire set of the component is related to both the port description and
port relations. However, it is apparent that our prototype can correctly generate at least

one-half wires for each system.
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6.3 Threat to Validity

The above experimental data and analysis show that our method is quite effective in
transforming the use case model to SCA component model, while there are some threats

to the evaluation of the effectiveness of our method.

Firstly, the completeness and precision of the textual use cases are crucial. Because
the extraction of the use case model relies on the NLP technique, the constructed SCA
model would be inaccuracy if the initial textual use cases are not well configured. It
is worthwhile to investigate the characteristics of the commonly used software require-
ments which are specified by textual use cases to find a more flexible way to extract the

use case model.

The second threat is the generalization of our method. In this paper, only some
small examples, such as MIS, ATM, etc, are studied and analysed. They are quite
simple examples of service composition. Hence, we should apply our method to some

more complicated service-based software.

The third threat is the correctness of our transformation tool. Our transformation
tool includes the analysis of the textual use cases, the generation of the use case model,
the transformation from the use case model to the component model, and the graphic
display of the SCA component model. The tool is tested to guarantee its correctness,

and each sub-part of the tools is tested individually, then, the whole tool is tested.

The further threat is the evaluation of the accuracy of the result component model.
If developers of the transformation tools also participate in the experimentation, it will

cause some inaccuracies.
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Conclusion

In this thesis, we proposed a metamodel-driven method to transform textual use cases
to service component models automatically. We first extracted the common features of
use cases and service components, based on which we proposed the metamodels of use
case models and component models. Then, we proposed the uniform transformation
rules that can map use case models to component models based on the definitions of
metamodels; moreover, we give a rigorous proof of the correctness of the proposed
rules. The experimental results show that our method can be used to transform CIMs

into PIMs more efficiently.

In the future, we will improve the proposed method in the following directions.

* We will support more sentence structure types in our sentence base. Currently,
the sentence base contains six types of sentence structures. However, it cannot
describe all kinds of requirements, such as those described by model verbs and
fuzzy words. For example, the current sentence structure types cannot deal with
the requirements “The application may retry the connection up to three times un-
der unstable network conditions”, where the sentence contains the model verb
“may”, and “The system should respond within roughly 5 seconds under normal
conditions”, which contain a modal verb “should” and a fuzzy word “roughly”.

They cannot be addressed by current sentence base. Note that modal verbs and
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fuzzy words are common in specifications where flexibility is essential. There-
fore, in the future, we aim to increase the support of sentence types to write more
requirements. For example, we plan to incorporate new components to handle
modal verbs and fuzzy terms, associating fuzzy numbers with appropriate mem-

bership functions to accurately interpret these terms.

» We will investigate the application of large language models (LLM) to configure
the use case metamodel from textual requirements. Currently, natural language
processing (NLP) techniques are used to extract information from textual use
cases. Then the retrieved information is used to instantiate the attributes of the
use case metamodel. Due to the nature of NLP techniques, some information may
be lost. Therefore, more advanced techniques may be required to extract more
information to generate richer component models. With the rapid development of
LLM techniques, in the future, we can apply LLM to help the instantiation of the

use case metamodel and the transformation.

* We will provide more types of use case metamodels to support more PIMs. The
use case metamodel will determine the use case model, which in turn will deter-
mine the system design model. Therefore, the type of use case metamodel plays a
critical role in generating the formal design model. In this thesis, since we focus
on component-based software system design, we put some expert design knowl-
edge into the use case metamodels. However, the use cases themselves do not
explicitly display any system design information. Therefore, in the future, we
can consider more types of use case metamodels to support more types of system

design, such as object-oriented design.
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