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Abstract In model driven architecture (MDA), system requirements are first captured by UML (unified mod-
eling language) use cases with sequence diagrams to describe their intended use and implemented by classes of
objected-oriented languages in the subsequent design stages. It is important that the dynamic behavior specified
by the sequence diagrams is in full compliance with the implementation classes. This paper proposes an auto-
matic approach and tool support for generating class contracts, which define a precondition and a postcondition
for each operation of the class. The former serves as a guard to ensure invocations of the operations respect the
semantics introduced by the sequence diagrams, and the latter places the system in a legal state to facilitate
the succeeding operation calls. The contracts can be easily mapped to code of an object-oriented language such
as Java. Thus, the approach helps to bridge the gap between the requirements and design stages of system
development process. We use our model transformation tool to first generate a UML protocol state machine
from the sequence diagrams, and then derive the contracts for a controller class. The transformations take into
account the concurrency and critical constructs of the respective UML diagrams.
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1 Introduction

Capturing and specifying requirements has been recognized as an essential part of the software system
development [1]. The state-of-the-art proposal by the object management group (OMG) for eliciting
and analyzing requirements is to use the model-driven development [2, 3] as the methodology and the
unified modeling language (UML) [4] as the formalism. In the resulting model of requirements, domain
class diagrams are used to represent structural concepts and their relationships, and use cases describe
the services provided by the system. Typically, we model a use case as a UML component, while the
interface of the component provides methods through which the actors of the use case interact with
the component, and the interactions are specified as UML system sequence diagrams [5] involving only a
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Figure 1 A memory modeled as interface MIF. (a) Interface MIF; (b) interaction protocol of MIF; (c) Java code for MIF.

single actor and the component interface [6]. The system sequence diagram is important in requirement
elicitation because it is easy to use and close to users’ understanding.

In the subsequent analysis and design stages, UML state machines are defined as reactive protocols
for modeling the reactive behavior of the interface. A state machine is essentially executable and can
be validated and tested through simulated executions. Also, the interface, along with its protocols, is
realized by a controller class (use case controller) that is responsible for receiving or handling system events
[5]. The controller class is then used for object-oriented design, and finally implemented as executable
program code. Thus, it is important that the controller classes, as well as their implementations, fully
comply with the semantics introduced by the original requirements model.

Example 1. The model shown in Figure 1(a) and 1(b) describes the behavior of a memory specified
as interface MIF. It provides two methods W and R, for writing a value to and reading the content out
of the memory cell d of type Z. MIF also defines local data functionalities for the two methods as d =
v and v = d, respectively. Figure 1(b) specifies the interaction protocol for MIF, requiring that the first
operation has to be a writing operation.

It is simple and straightforward to implement the structure and data functionalities of the interface
with a Java class. However, implementation of the behavioral protocol is relatively difficult, as Java does
not directly support this mechanism. One solution is to introduce state variables through an intermediate
step of designing a state machine for the protocol. Figure 1(c) shows a Java implementation of the MIF,
where a variable start and an if statement (lines 3 and 10) are introduced to ensure the reading of d
can only occur in the condition that start is true. Line 7 sets the state variable to true to allow the
invocation of method R.

Manually designing the state machines and the implementation classes to support the behavioral
protocols, especially for complex systems, is difficult and error-prone. Automation of this process provides
considerable help for the users. It allows the designers who are not very technical to concentrate on
designing the local data functionalities of methods and using sequence diagrams to express high-level
interaction requirements. They do not need to worry about how to specify the allowable execution
conditions for the methods in the implementation classes. Thus, it helps to bridge the gap between the
functional requirements and the design that will satisfy the requirements [5, 7].

In this paper, we present an approach that first transforms the sequence diagrams of a use case to
a UML protocol state machine, based on which a controller class is then derived. The contracts of the
generated class include a pre- and a postcondition for each operation that triggers transitions in the state
machine. The precondition serves as a guard to ensure invocations of the operations follow the semantics
introduced by the sequence diagrams, and the postcondition places the system in a suitable state on which
only allowable operations can be called. From the contracts, we can directly generate Java classes and
method skeletons and fill in the skeletons with implementations of the local data functionalities (such as
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lines 6 and 11 in Figure 1), which are manually implemented or generated by other tools. The contracts
can also be further translated to, for instance, Java Modeling Language (JML) [8] scripts and annotated
to corresponding Java classes. JML is used for runtime assertions that reveal if a particular execution
of the system breaks the precondition or postcondition of a method. The assertions are automated with
existing tools. In addition, the generated protocol state machines can be used to analyze and check the
system.

We have implemented the approach as a tool, which automates the transformations of protocol state
machines from sequence diagrams and the generation of controller classes with method contracts. We
integrated the tool into rCOS modeler, an Eclipse-based CASE tool for rCOS method [6]. The transfor-
mations are defined in the graphical notation of QVT relations language (QVT-R) [9] using our QVTR-
XSLT tool [10]. A range of interaction operators of sequence diagram, such as alt, opt, seq, neg, loop, and
break, are considered in the transformations. In particular, we support par and critical, which provide
the ability to specify concurrent and safety critical requirements. Using the interaction uses that refer
to other sequence diagrams, we can elaborate the scenarios of a complex use case by a set of sequence
diagrams and describe their relationships with a sequence diagram at a higher level. Also, the tool can
generate the state machines with graphical representations, so the users are able to immediately inspect
the transformation results visually.

The rest of this paper is organized as follows. In Section 2, we introduce the basic concepts of the
models for the transformations. Section 3 presents the main contribution — the major steps of the
transformations. We discuss transformation implementation and tool design in Section 4. Section 5
presents a case study. We compare the approach with related work in Section 6 and summarize the
conclusions in Section 7.

2 Models for transformations

This section introduces the UML artifacts we deal with: classes, interfaces, sequence diagrams, and
protocol state machines. Our work is based on a subset of standard UML 2 proposed by OMG [4].

2.1 Class and interface

As one of the most important UML diagrams, a class diagram is used to model the static structure of
a system. Within the class diagram, we can define domain concepts as classes and their relationships.
Meanwhile, a UML interface defines a contract that represents a declaration of a set of coherent public
features and obligations [4]. Both class and interface contain properties and operations whose function-
alities are specified by the pre- and postconditions. An operation can be a query that does not change
the system state.

In our model, an interface is realized by a controller class, which is an artificial class (not one in
the domain class model) specially created for the whole system or for each use case. A controller class
can act as an entry point of a system. It is responsible for initializing the system, creating permanent
objects of the system, keeping the main flow of control of the system, and receiving or handling system
events [11].

2.2 System sequence diagram

UML sequence diagram (SD) provides powerful and well-defined constructs to rigorously model complex
flows of control. A sequence diagram includes:

e a set of lifelines, each representing a participant taking part in the interaction. For a system sequence
diagram, there are only two lifelines, one represents an actor and the other represents an interface.

e a set of messages, each specifying a communication from a sender lifeline to a receiver lifeline through
a pair of send and receive events and corresponds to an invocation of an operation. In our model, we
allow only synchronous messages calling to operations defined in the interfaces.
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e an ordered set of interaction fragments, each representing a piece of the interaction. The fragments
cover lifelines from top to bottom in a time sequence. There are three kinds of interaction fragments:

— message occurrence: specifies the occurrence of the pair of events caused by an operation call.

— combined fragment: expresses varied kinds of conditional control flows. A combined fragment
consists of one or more interaction operands, which may also contain message occurrences and combined
fragments. An interaction operand can own a constraint as its guard condition. The type of a combined
fragment is decided by its interaction operator.

— interaction use: a shorthand for copying the contents of the referred interaction to where the
interaction use is. The referred interaction is usually defined in its own sequence diagram. Interaction
uses allow reuse of existing sequence diagrams and decomposition of a complex sequence diagram into
simpler ones.

The behavioral semantics of a sequence diagram can be described as a set of valid traces and a set of
invalid traces (see Sec. 14.3.11 of [4]). Here, a trace is a sequence of event occurrences. In our model, a
trace can be simplified to a sequence of calls to the operations defined in the interface.

2.3 Protocol state machine

A UML protocol state machine (PSM) is used to specify the usage protocol as the allowed call sequences
on the operations of an interface. A distinctive feature of PSM is that a transition is associated with a
precondition (guard) and a postcondition, but not with any action, and internal transition triggers cannot
be used [4]. Thus, a PSM describes the offered services and not the way they could be implemented. A
PSM includes:

e A set of vertices which are abstractions of nodes in a state machine. A vertex may either be a
pseudostate or a state, and it has incoming and outgoing transitions. If a state contains regions, it is
called a composite state, otherwise it is a simple state. In our case, a composite state is always an
orthogonal state, which means there are more than one region inside the state. These regions are called
orthogonal regions, and they execute concurrently with interleaving semantics. For pseudostates, we
support junction and choice. For convenience, if vertex A has an outgoing transition to vertex B, we call
B the outgoing vertex of A. Conversely, A is the incoming vertex of B.

e A set of protocol transitions, each representing a directed relationship between a source vertex and
a target vertex. A transition represents a single atomic communication event. It may have a pre- and
a postcondition, and it may be triggered by a referred operation that changes the system state. A
transition is enabled if its precondition evaluates to true and its source state is active. A transition
without precondition, postcondition, and referred operation is a tau transition, which can be executed
automatically and does not change the system state.

e A set of regions which contain vertices and transitions. For each region, an initial pseudostate defines
its starting point, and a final state signifies the completion of the region. A transition to a composite
state means the transitions to each initial pseudostate of its regions, and all the orthogonal regions are
activated at the same time, and each region has its own thread of execution. Completion of the orthogonal
regions represents completion of the enclosing composite state. A final state in the region directly owned
by the state machine signifies the completion of the state machine.

The semantics for PSM, as described in the UML specification, is run-to-completion: a transition
completes only after the completion of its referred operation. Thus, while executing an operation, no
other operation calls can be processed by the PSM. The semantics is captured by a set of traces of
operation calls, each starting from the initial state, going along the outgoing transitions, and to the final
state of the PSM.

3 Transformations from requirements models to contracts

The transformations start from a requirements model. It consists of component interfaces that represent
use cases, system sequence diagrams which describe the interactions between the actors and the interfaces,



Li D, et al. Sci China Inf Sci December 2014 Vol. 57 128102:5

<<Relation>>
ReceiveEventToState

{where=cpos=position(); stids=GetStlds(mid); stnm=upperS+cpos;

if condi !="" then SetConstrain(fr,tran, pre’,condi) endif; }
<<Domain>> <<PrimitiveDomain>3 -
. . ] i <<Domain>>
iop : InteractionOperand condi : String X
reg : Region
fragment <<PrimitiveDomain>>
upperS : String
fr : MessageOccurrence transition
xmi:id = "mid" A subvertex tran : Transition
seq i ¢ psm st : State target R N
e e name = "opnm
event C E name = "stnm" xmi:id = "stids.tranid"
: CallEvent xmi:id = "stids.stid"
operation
p referred
op : Operation preSt : State 0 X
— - - source op : Operation
name = "opnm" xmi:id = "stids.prestid"

Figure 2 QVT-R rule for message occurrence.

and domain class diagrams for specifying the static structure of the system. Our approach consists of the
following transformation steps: (1) first, we synthesize a protocol state machine for an interface from its
system sequence diagrams; (2) then we label the protocol state machine by attaching every vertex with
state and critical tokens; (3) and this is followed by the generation of a controller class which implements
the interface and the labeled protocol state machine.

The transformations are specified with the graphical notation of QVT-R, a standard transformation
language proposed by OMG. It provides a concise, intuitive, and yet powerful way to define model
transformations. In QVT-R, a transformation is defined as a set of relations (rules) between source
and target metamodels, where a relation specifies how two object diagrams, called domain patterns,
relate to each other. Optionally, a relation may have a pair of when- and where-clauses specified with
object constraint language (OCL) to define the pre- and postconditions of the relation, respectively. A
transformation also includes queries and functions.

3.1 From sequence diagrams to protocol state machines

The transformation requires that: given a system sequence diagram SD, and a generated PSM, a call
event to an operation of the interface in the SD becomes a transition of the PSM that is triggered by the
same operation, and all valid traces of the SD, after restriction to calling of non-query operations, are the
traces of the PSM. The transformation is performed by taking input a requirements model, indicating as
argument the lifeline which represents the interface we want to translate, and then producing a protocol
state machine and its graphical representation. In the following, we discuss how to deal with different
kinds of interaction fragments.

3.1.1 Message occurrences

For the message occurrence of a receiving event, the relation shown in Figure 2 is applied. The source
domain pattern (left) of the relation matches a message occurrence fr with a call event and a connected
operation op. As parameters of the relation, the primitive domains condi and upperS are the guard
condition and the name of the parent state, respectively. In the where clause, a unique name stnm is
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Figure 3 Applying the rule for message occurrence.
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Figure 4 Applying rule for loop. Figure 5 Applying rule for opt.

defined as upperS + cpos, where cpos is the position of fr in the list of all current fragments. Then, the
target domain pattern (right) constructs a new state st, assigns its name to stnm, and adds a transition
tran from the previous state to the state st. The transition refers to operation op and attaches a precon-
dition if there is one by invoking relation SetConstrain in the where clause. This straightforward strategy
ensures that all traces of a SD are also traces of the generated PSM. Figure 3 shows the transformation of
a simple sequence diagram by applying this relation. Since UML does not allow that a transition referred
to an operation starts from the initial pseudostate, we add a state with name Init before the state S 1.

3.1.2  Combined fragments

A combined fragment contains one or more interaction operands, which in turn may include more message
occurrences and other combined fragments. After transforming the combined fragment itself, the contents
of each operand need to be recursively processed. The transformation rules for the combined fragments
are quite similar. We therefore do not dwell on the rules themselves but merely use examples to illustrate
the translation results.

e alt, break, loop, opt: These interaction operators are used to designate a choice of behavior that
is controlled by a guard constraints. For example, a loop represents the iterative application of its
operand until the guard evaluates to false, and the alt operator allows the modeling of the classic “if-
then-else” logic. We generate for each of them a pair of pseudostates (junction or choice) to denote the
starting and finishing of the construct along with transitions between the two pseudostates to represent
the control flows of the combined fragment. Figures 4 and 5 show the translations of operator loop
and opt, respectively. In the diagrams of the generated state machines, a larger solid circle represents a
junction pseudostate, a smaller solid circle represents an initial pseudostate, and a choice is represented
as a diamond-shaped box.

e par, critical: The par operator is used to model a parallel composition of its operands. Each operand
represents a thread of execution done in parallel. The behaviors of the operands can be interleaved in
any order as long as the ordering imposed within each operand is preserved. The critical operator is
closely related to the par fragment. It defines a critical area in which the traces of execution cannot be
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Figure 6 Applying rules for par and critical.

interleaved by other messages. The critical operator is important in modeling a sequence of behaviors
that must be contiguously handled.

Figure 6 gives an example of a par fragment with a critical area. A par fragment leads to a composition
state containing two or more orthogonal regions. This preserves the traces of the par-block because the
UML semantics for orthogonal regions is interleaving of events from different regions. Inside a region,
we generate a state machine for each operand of the par. These state machines each have an initial
pseudostate and a final pseudostate. All state machines of the orthogonal regions reaching the final
states activate the transition leaving the composite state. For a critical fragment, we generate two
junction pseudostates to mark the start and end of the critical area. These pseudostates will be labeled
with critical tokens in the subsequent step.

e seq, neg: As we generate one PSM per lifeline, the sequence of actions is already decided by the
order of events along the lifeline, so the seq operator does not bring any new semantics. We simply add
two junction pseudostates to indicate the start and end points. For the neg fragment, we just ignore
the operator and its content. This is because negative behavior shall not be implemented by the state
machine. We only map the positive behaviors of a sequence diagram to the protocol state machine.

3.1.3 Interaction uses

An interaction use is shown as a combined fragment where the operator is called ref. It can refer to an
interaction which in turn may contain other interaction uses, and this process can be recursive. However,
a ref cannot contain an interaction use which refers to the interaction itself to avoid infinite loop. As
shown in Figure 7, a pair of junction pseudostates is generated to indicate the start and end of the
interaction use, and then the referred interaction is subsequently processed.

Redundant constructs of the generated PSM, for example, the two adjacent junction pseudostates in
Figure 7, can be optimized to make the PSM more concise (and better readable for humans).

3.2 Labeling protocol state machines

From the generated PSM, we are going to construct the specification for the controller class. Therefore,
we have to calculate the conditions for triggering a transition, including its source state, precondition,
and the critical constraints. Since UML allows a model element to be associated with a set of constraints,
we use this to attach this information to the vertices.

We introduce a state variable of type, for simplicity, string, for each region of the PSM to indicate
the current state of the region. The state variable of the uppermost region by default is named “state”
(actually ¢ state” in the model). In addition, we introduce a critical variable that holds a boolean value
{ON,OFF} for each region generated from a par fragment with critical areas.
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To label the protocol state machines, we define a QVT-R in-place transformation in which both source
and target metamodels are the same PSM. This labeling process is carried out by traversing the PSM to
label each vertex with tokens referred to the state and critical variables. In the following, we discuss the
rules for labeling constructs of the PSM using examples.

e Labeling simple states: A simple state is labeled with a token that sets its region’s state variable
to the name of the state. For example, the state S 1 1 in Figure 8 is labeled with state=“S 1 1”.

e Labeling pseudostates: If all its incoming vertices are labeled, we give a pseudostate a state token
that is a disjunction of the predicates from the incoming vertices. Each predicate is a conjunction of
the incoming transition’s precondition and the incoming vertex’s state label. As shown in Figure 8, the
junction state is labeled as (state="Init” and not(c)) or state="S 1 17, where c is the guard condition of
the opt fragment in Figure 5.

e Labeling composite states: A composite state is provided with a prestate token that represents
the enter condition, and a state token which represents the exit condition. The prestate token is labeled
in the same way as the pseudostates, and the state token indicates all its contained regions reach the
final states. Figure 9 shows an example of the labeled composite state.

e Critical labeling: If a composition state is generated from a par fragment with critical areas,
critical tokens are given to the regions and related states:

— Region labeling: Each region is given a critical label that indicates the critical variables of all
other orthogonal regions should be OFF. For example, as shown in Figure 9, the region 1 1 is labeled
with a critical token critical 1 2=0FF.

— State labeling: Recall that a critical area in a SD becomes a pair of junction pseudostates in
the PSM. We label the outgoing vertex of the starting junction pseudostate with a token to turn on the
critical variable of the region, and the incoming vertex of the finishing junction pseudostate a token to
turn off the critical variable. As shown in Figure 9, the state S 1 1 1 1 is labeled with critical 1 1=0N
and the state S 1 1 1 2 with critical 1 1=0OFF.

— Final state labeling: If there is a tau transition from a vertex to the final state, we label the
vertex with state="Final”, cf. state S 2 in Figure 8.

By recursively applying the above rules, a PSM is gradually transformed into a labeled protocol state
machine. The transformation completes when no more rules can be applied.

3.3 Generation of controller classes

Given an interface I and its PSM, an implementing controller class C' meets the following requirements:
e an operation of I becomes an operation of C; with the same signature and data functionality definition
(if any), and the operation of C' may contain additional pre- and post-constraints;
e a property of primitive type becomes a property of same type in C;
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Figure 9 Labeled PSM from Figure 6.

e a property of class type becomes an association from C' to that class, and the name of the association
is the same as the property’s;

e all initial constraints and invariants of I become those of C

e all traces of the PSM can be executed in C;

e any trace, if it cannot be executed in the PSM, must be blocked in C.

We define another QVT-R transformation for the generation of controller classes. However, implement-
ing the static structure of I in C' is straightforward. In the subsection, we focus on the implementation
of the dynamic behavior defined in the protocols. Taken as input an interface with a labeled protocol
state machine, the transformation generates initial constraints and adds pre- and postconditions to the
operations.

3.3.1 Adding initial constraints

The state and critical variables introduced in the labeling process become attributes of the controller
class, and they have to be initialized when the class is instantiated. For example, the following initial
constraints derived from Figure 9 are added to the class declaration:

state="“Init”; state 1 1="Init”; state 1 2="“Init”; critical 1 2=0FF; critical 1 1=0FF;

3.3.2  Deriving comprehensive pre- and postconditions for transitions

A transition may already hold a precondition representing the guard of the corresponding operand.
To obtain the comprehensive pre- and postconditions for the transition, we have to consider its source
and target vertices. For the precondition, we include the state tokens on the source vertex and all its
parent states, as well as the critical tokens for the source vertex and all its parent regions. For deriving
postcondition from the target vertex, we consider only the tokens on the vertex itself, since we assume
that the execution of the referred operation will not change the state and critical variables. For example,
the following pre- and postconditions are generated for transition m in Figure 9:

pre: (state 1 1=“Init” and critical 1 2=0OFF) and state=“Init”;

post: state 1 1="S 111 1” and critical 1 1=0N;
While the pre- and postconditions for transition f are:

pre: (state 1 2=“Init” and critical 1 1=0OFF) and state=“Init”;

post: state 1 2=“Final”;
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Table 1 Transformations and generated XSLT code.

Transformation No. of relations No. of queries No. of functions Lines of generated XSLT code
SD to PSM 44 21 19 3489
Labeling PSM 29 26 3 1286
Interface & PSM 19 18 3 2228

to controller class

Total 92 65 25 7013

It is obvious that the invocation of f cannot immediately follow the invocation of m, as the variable
critical 1 1 has been turned on in the postcondition of m. This preserves the semantics of the critical
fragment defined in the sequence diagram of Figure 6.

3.3.3 Generating pre- and postconditions for operations

In this step, we compose the individual pre- and postconditions of transitions referred to the same
operation together to obtain a complete specification for the operation. The precondition of the operation
is the disjunction of all transition’s preconditions, and we use “if-then-else” expressions to compose the
postconditions of the transitions. For example, let m; and ms be two transitions of operation m, pry, pro
and psty; and pste be the pre- and postconditions of the two transitions, respectively. For operation m in
I, we denote the pre- and postconditions of its functionality definition by p and R, respectively. We get
the following specification for operation m of C:
m() { pre: (pr; or prs) and p;
post: if pry; then (pst; and R) else if pro then (pst: and R) else skip;}

4 Tool implementation

The transformations described in this paper are implemented in the QVTR-XSLT tool [10]. The tool
supports the graphical notation of QVT-R and the execution of a subset of QVT-R by means of XSLT
[12]. Tt provides a graphical editor in which a transformation can be specified using the graphical syntax,
and a code generator that automatically generates executable XSLT programs for the transformation.

Using the QVTR-XSLT tool, the three transformations are specified as three transformation models
that contain source & target metamodels and transformations which consist of relations, queries, and
functions, including a set of relations that produce the corresponding visual presentations for the gener-
ated PSM. Table 1 gives the number of relations/queries/functions and lines of generated XSLT code for
each transformation. The generated XSLT programs can be directly executed under a XSLT processor,
such as Saxon or Xalan, and subsequently transform a requirements model, which is stored as a pair
of XML files in the formats of EMF (for UML semantic model) and DI (for visual representation), into
controller classes with contracts. However, it is boring and repetitive to execute a transformation in
this way. For the convenience of the users, we have integrated the XSLT programs into rCOS modeler,
a CASE tool for formal model construction, analysis, and verification. The rCOS modeler provides a
UML-like multi-view and multi-notational modeling and design platform with the ability to add plug-
ins. It is implemented on top of the Eclipse platform for ensuring compatibility with other UML-based
software engineering tools. Topcased is used to support graphic design of models. We develop a set of
Java classes to invoke the XSLT programs with necessary arguments. The Java classes are plugged into
the rCOS modeler.

With the graphical interface of rCOS modeler, a user can first design a requirements model that
consists of component interfaces to represent the use cases, and system sequence diagrams to describe the
interactions of the interfaces. As shown in Figure 10, the user can then select an interface lifeline from a
sequence diagram and invokes the SD to PSM transformation from a popup menu. She can immediately
check and label the generated state machine in the view of state diagram. Then from the view of the
component diagram, the transformation of generating the controller class can be invoked. The user can
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Figure 10 Generate state diagram by invoking the SD to PSM transformation.

inspect the generated class in the view of class diagram or outputs a textual specification of the class
definitions. The example diagrams for the paper, except the ones defining the metamodels and QVT-R
rules, are the results of those transformations after minimal visual tidy up.

Also, we rely on rCOS modeler to check the correctness of the transformations by ensuring the input
and output models are consistent and syntactically correct. The rCOS modeler provides a set of tools
for model validation and verification. First, a set of OCL rules is integrated into the modeler to check
the completeness and static consistency of different diagrams of a model. Then, we check the dynamic
consistency of the model: the state machine must accept all interaction sequences described by the system
sequence diagram, and any implementation of the interface must not be deadlock if invoked according
to the protocol given through the state machine [13]. This is done by translating the sequence diagram,
the state machine, and the controller class into CSP (Communicating Sequential Processes) processes
[14] and using the CSP model checker FDR2 [15] to check the deadlock freedom of these CSP models
against each other. The translation and checking processes are also fully automatic in the rCOS tool.
More details of the validation and verification can be found in [13].

5 Case study

The case study describes the patient reception process at a clinic. A patient arrives at the clinic and
stops first at the reception desk. The staff here welcomes the patient and checks if he is recorded in the
clinic’s system (with key information such as name). For a new patient, the staff creates a unique patient
ID, an ID card, and a label showing the waiting number. Both the card and the label need to be printed
out, and the printing of the ID card must immediately follow the creation of the card. With the ID card
and the label, the patient is sent to a specific doctor’s waiting queue. If the patient has visited the clinic
before, the staff only needs to produce a label, print it out, and send the patient to the waiting queue.
As shown in Figure 11, the case study is represented as use case Reception and modeled by a component
with interface ReceptDesk. The left-hand side of Figure 12 defines the properties and operation signatures
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Figure 11 Use case and component.

Reception_Ctr

<<ContractInterface>><<interface>>: +_state :String
ReceptDesk + _state_2 2 1 : String
(from Reception) + _state_2 2 2 : String

+ _critical_2_2 2 :boolean

+ isNew: boolean + _critical 2.2 1 :boolean

+ welcome (String: name) <] —] +isNew: boolean

+ createID (String: name) + welcome (String: name)
+ createIDcard (int: id) + createID (String: name)
+ createLabel (int: id) + createIDcard (int: id)

+ printIDcard (int: id) + createLabel (int: id)

+ printLabel (int: labno) + printIDcard (int: id)

+ waitQueue (int: labno) + printLabel (int: labno)

+ waitQueue (int: labno)

Figure 12 Interface and generated controller class.

of the interface, and we also specify local data functionalities of the operations. For example, the operation
welcome is defined as:
welcome(name : string) {
if found(name) then isNew=false else isNew=true; }
where found is an abstract function to check whether the patient is in the clinic’s database. We omit all
other data functionality definitions to save space.

The system sequence diagram shown in Figure 13 describes the scenario of the use case. The isNew
condition of the alt fragment determines whether the patient is a newcomer. We use a par fragment to
express that the staff can create either the ID card or the label first. Both of them need to be printed.
A critical operator is adopted to ensure that the ID card is printed immediately after its creation.

Applying the transformations discussed previously, we first transform the sequence diagram into the
PSM illustrated in Figure 14. After labeling it, we generate the controller class Reception Ctr. The
right-hand side of Figure 12 depicts the structure of the class, while the class initializing constraints and
the operation specifications are listed below in Figure 15.

The controller class can be further mapped to a Java class in a simple and straightforward way. Figure
16 shows an excerpt of a possible Java implementation, where Java assert statement provides an easy
means to check the preconditions and throws an exception if the checking fails.

Validation. An implementation system must follow the semantics introduced by the sequence diagram
shown in Figure 13. We exemplify the following properties that the system has to satisfy:

e P1: Operation welcome must be the first operation executed after initialization of the system.

e P2: For a new patient, both operations createlDcard and createLabel should be executed, and they
can be invoked in any order.

e P3: The invocation of operation printIDcard must immediately follow the execution of operation
createlDcard.
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Figure 14 Generated protocol state machine.

Initial: _state="Init", state 2 2 1="Init", state 2 2 2="Init", critical 2 2 2=OFF, critical 2 2 1=0OFF;

welcome(name:String) {
pre: _state="Init";
post: (if found(name) then isNew=false else isNew=true) and _state="S 1";
}
create] D(name:String) {
pre: isNew and _state="S 1";
post: _state="S 2 1" and state 2 2 1="Init" and state 2 2 2="Init";
}
createlDcard(id:int) {
pre: state 2 2 1="Init" and critical 2 2 2=OFF and _state="S 2 1";
post: state 2 2 1="S 2 2 1 1"and critical 2 2 1=ON;
}
createLabel (id:int) {
pre: (_state 2 2 2="Init" and critical 2 2 1=OFF and _state="S 2 1") or (not(isNew) and _state="S 1");

post: if (_state 2 2 2="Init" and _critical 2 2 1=OFF and _state="S 2 1") then state 2 2 2="S 2 2 2 "
else if (not(isNew) and _state="S _1") then _state="S—2 1" else skip;
}
printIDcard(id:int) {
pre: state 2 2 1="S 2 2 1 1"and critical 2 2 2=OFF and _state="S 2 1";
post: _state 2 2 1="Final" and _critical 2 2 1=OFF;
)
printLabel(labno:int) {
pre: (_state 2 2 2="S 2 2 2 1"and critical 2 2 1=OFF and _state="S 2 1") or _state="S-2 1";
post: if (_state 2 2 2="S 2 2 2 1"and critical 2 2 1=OFF and _state="S 2 1") then _state 2 2 2="Final"
else if state="S—2 1" then state="S—-2 2" else skip;
}
waitQueue(labno:int) {
pre: (_state 2 2 1="Final" and state 2 2 2="Final") or _state="S-2 2";
post: if (_state 2 2 1="Final" and state 2 2 2="Final") or state="'S—2 2" then state="Final" else skip;

}

Figure 15 Method contracts for controller class Reception Ctr.
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public class Reception {
static final boolean ON =true, OFF =false;
private String _state="Init", state 2 2 1="Init", state 2 2 2="Init";
private boolean critical 2 2 2=OFF, critical 2 2 1=OFF; isNew;

public void welcome(String name) {

—_n

assert _state=="Init"; // precondition
if (found(name)) { isNew=false; } else { isNew=true; } /data functionality
if (_state=="Init"){ state="S 1";} //postcondition

public void printLabel(int labno) {
// precondition
assert (_state 2 2 2=="S 2 2 2 1" && _critical 2 2 1==OFF && _state=="S 2 1")| _state=="S-2 1";
...... //data functionality
//postcondition
if (state 2 2 2=="S 2 2 2 1" && _critical 2 2 1==0FF && _state=="S 2 1"){
_state_ 2 2 2="Final";
} else { if (_state=="S-2_1") {_state="S-2 2";}}

Figure 16 An excerpt of a Java implementation for controller class Reception Ctr.

e P4: Operation printLabel cannot be invoked before the execution of operation createLabel.

e P5: Operation waitQueue can only be invoked after the executions of both operations printLabel
and printIDcard.

Let S be an object of Java class Reception shown in Figure 16, then:

e The instantiation of & makes state=“Init”, thus only the precondition of operation welcome is
satisfied and the operation can be invoked. Property P1 is held.

e After the execution of createlD, S is in a state where both the preconditions of createlDcard and
createLabel are satisfied, and each may be invoked. Thus, property P2 holds.

o If the createlDcard is executed, S is in a state of critical 2 2 1=0ON, where neither the createLabel
nor the printLabel can be invoked until the execution of printIDcard, which turns the critical variable
critical 2 2 1 to OFF. Therefore, property P3 is satisfied.

e Fxecution of the printLabel makes & in a state of state=“S-2 2”7, in which the precondition of
createLabel is not satisfied. Thus, property P4 holds.

e The precondition of waitQueue requires S in a state of state 2 2 1=“Final” and state 2 2 2=“Final”,
that can only be met after both the printLabel and the printIDcard are executed. Property P5 therefore
holds.

Thus, we can say S satisfies all identified properties, and the behavior introduced by the sequence
diagram of Figure 13 is followed by the Java implementation and the controller class.

6 Related work

The transformation from scenario-based interaction diagrams to state-based models is one of the key
activities in OOAD [16]. It allows designers to concentrate on modeling system requirements and auto-
matically get executable and simulatable state models which are required in design processes. Algorithms
that transform scenarios into state machines are often called synthesis algorithms. Many approaches have
been proposed to address the algorithms. Amyot and Eberlein [17] and Liang et al. [18] have evaluated
more than 20 of them. However, most of the works date back before UML 2.0. The scenario languages
they used lack control constructs, such as combined fragments and interaction uses introduced in UML
2.0 sequence diagrams. Scenarios are written in isolation and their relationships are not specified [19].
Therefore, the problem that mainly captured researcher’s attention is how to decide the relationships
between different scenarios. These approaches require a significant additional modeling effort from the
users [19].
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The work of [20] deals with most combined fragments of UML 2.0, such as alt, opt, loop, and par,
but leaves out the interaction uses. The transformation is defined through graph transformations based
on concrete syntax. In [21], an algebraic framework for synthesizing statecharts from UML 2.0 sequence
diagrams was proposed. Only three operators (seq, alt, and loop) are supported, and the approach
takes sequence diagrams in textual format as inputs. The aforementioned [19] uses interaction overview
diagrams, instead of interaction uses, to specify relationships between scenarios. This is the only work we
have seen that supports the interaction overview diagrams. Most work in this area focus on the synthesis
algorithms, whereas the integration in industrial practice remains implicit, and many of the approaches
are not supported by tools [22, 23].

Our SD to PSM transformation is similar to the ones described in [19, 20] in that we support most
of the combined fragments of UML 2.0, including the interaction uses. Particularly we translate parallel
into PSM’s orthogonal regions, and we support critical fragments, which we think is important in terms
of defining critical applications, but never mentioned in the literature about synthesis. We integrate
multiple scenarios of a single interface through interaction uses. Our transformation generates PSM
suitable for the definition of contract protocols.

Our approach to label the state machines is similar to the techniques used in [24], where state vari-
ables are introduced to represent the current configuration. The system controls a single variable which
represents the message sent by a system object in the current step. Then, the current state of the system
automaton can be represented by the variable, ranging over its states. In our approach, we define a state
variable for each region of the PSM and simply use the name of a state as the value of the state variable.
However, the algorithm we used to label the state machines is unique as we consider hierarchical state
and critical variables. The work of [25] also generates class contracts, as a pre- and a postcondition for
each operation, from a protocol state machine with state invariants. The invariants are manually added
to each state of the state machine. Our approach uses labeled PSMs to generate the contracts, and the
labels are automatically produced from the sequence diagrams.

In the work of [26], the functionality specification of a transition is specified in terms of a design as
a pair of pre-/postconditions, and an integrated specification of method m is defined as disjunction of
the functionality specifications of all transitions that may react to the invocation of m. The approach
integrates state machines with classes and gives complete behavior definitions for the methods. The work
of [13] provides full model and code generation for the approach. The transformation for the generation
of method bodies presented in this paper is also based on this approach, but with an extension to support
concurrency and critical constructs.

7 Conclusion

In this paper, we propose an approach and its tool implementation for automatically processing sequence
diagrams of use cases into controller classes with method pre- and postconditions as the contracts that
enforce the semantics of the sequence diagrams through an intermediate step of generating protocol state
machines. We support the standard features found in UML 2.0 sequence diagrams and take into account
concurrency and critical sections. The generated model can serve as a starting point for the next phase of
model-driven development, for example, detailed object-oriented design, or be used to generate program
code. With the help of the class contracts, designers can more focus on realizing the data functionality
of a method itself, less worrying about in which system states the method is allowed to be invoked.

The approach is specified as several model transformations using the graphical notation of QVT Re-
lations. The QVT-R specifications are automatically transformed to executable XSLT programs and
integrated into a CASE tool. We expect the tool to be useful in bridging the gap between requirements
and design models.

However, system requirements are usually specified as a set of use cases, and there exist relationships
among them. A use case may be a variation of some other use case (the extend relationship) or may
incorporate one or more use cases using the include relationship. Without support to the relationships, the
scalability and usability of our approach will be seriously affected. A solution for the problem is considered
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as future research. In addition, UML includes state invariants as a way of defining additional conditions
along the lifelines of sequence diagrams. These conditions can be added to the pre-/postconditions of the
corresponding transitions in the generated state machines. This mechanism allows very convenient and
fine-grained control over sequence diagrams, and we consider to support it in our approach. Moreover, as
the generated state machine could become quite complicated, it is necessary to optimize it by removing
redundant states and null transitions. Also a readable layout of the state machine is a challenging problem,
as we produce the graphical representations for the state diagrams as well. Future work includes applying
the tool to more middle- and large-scale case studies, for the purpose of promoting the usefulness and
ease of use of the tool, and evaluating its practical applicability in real software projects.

The transformations described in this paper are not isolated. They are part of model transformations
we developed to support all phases of component-based, model-driven development [6]. These will cover
small-step structural refinements of the class models, OO design through applying design patterns, and
the mapping of OO- to component-based models [27, 28]. However, there are still many challenges in
automating these model transformations, and our work is ongoing.
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