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The Unified Modeling Language (UML) has been widely accepted as a standard for modeling software sys-
tems from various perspectives. The intuitive notations of UML diagrams greatly improve the communi-
cation among developers. However, the lack of a formal semantics makes it difficult to automate analysis
and verification. This paper offers a graphical yet formal approach to specifying the behavioral semantics
of statechart diagrams using graph transformation techniques. It supports many advanced features of
statecharts, such as composite states, firing priority, history, junction, and choice. In our approach, a
graph grammar is derived automatically from a state machine to summarize the hierarchy of states.
Based on the graph grammar, the execution of a set of non-conflict state transitions is interpreted by a
sequence of graph transformations. This facilitates verifying a design model against system requirements.
To demonstrate our approach, we present a case study on a toll-gate system.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Compared with texts, graphs are more intuitive in expressing
structural information. Therefore, graphical notations have been
extensively used in software development. As a visual modeling
language, the Unified Modeling Language (UML) (Rumbaugh et
al., 2005) includes various diagrams that specify software artifacts
from various points of view. For example, the class diagram models
the static structure of a system whereas the statechart diagram de-
scribes the behavior of the objects of a class. The intuitive nature of
UML notations greatly facilitates distribution and communication
of software artifacts among different developers. However, UML
lacks a precise semantics, making it difficult to automate verifica-
tion and analysis. Providing a precise semantics for UML diagrams
has gained much attention (Bruel et al., 1998; Evans et al., 1999;
Geiger and Ziindorf, 2004; Kuske, 2001; Kuske et al., 2002).

Graph transformation offers a computational paradigm of
mathematical precision and visual specification (Varré et al.,
2002). It provides a means for specifying the semantics of UML dia-
grams. In general, graph transformation defines computation in a
multi-dimensional fashion based on a set of rewriting rules, i.e.,
productions. Each production consists of two parts: a left graph
and a right graph. The difference between the two visually indi-
cates the changes caused by a computation. Using graphs to repre-
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sent the states of a software application, the behavioral semantics
can be captured naturally through a sequence of productions, i.e.,
transitions from one graph (representing the current state) to an-
other (representing the next state). Explaining one set of visual
notations (e.g., UML diagrams) by another with a precise meaning
(e.g., graph transformation productions) reduces the gap between
the specifying language and the specified language. This has been
demonstrated by the successful applications of graph transforma-
tions to the behavioral semantics of state diagrams (Engels et al.,
2000; Kuske, 2001).

Graph-transformation-based approaches (Baresi and Pezzé,
2001; Engels et al., 2000; Gogolla et al., 1998; Kuske, 2001; Varrd
et al., 2002) are suitable for specifying the semantics of UML state-
chart diagrams since there is no need to convert from graphical
notations to textual/mathematical formalism (Crane et al., 2005).
Although some of those approaches support composite states and
firing priority, none of them covers the important features of his-
tory, junction and choice according to Crane et al. (2005). This pa-
per presents a visual yet formal approach that supports those
important features in the UML statechart diagrams. In particular,
our approach can automatically translate a UML statechart
diagram to a graph grammar with a precise semantics. The
automation relieves the burden of learning graph grammar.
Furthermore, our approach can lead to the development of a new
verification framework. Existing verification frameworks often rely
on transformation of system requirements in some formal lan-
guage, which may cause a mismatch between system requirement
and formal specification. In comparison, our approach can directly
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verify the defined behavioral semantics against system require-
ments specified in the form of sequence diagrams.

In our approach, the hierarchy of states in a statechart diagram
is automatically formalized as a graph grammar, which extends a
graph transformation system by defining an initial graph and clas-
sifying terminal and non-terminal objects. Accordingly, the state
transition is implemented through a combination of a parsing pro-
cess and a generating process. More specifically, starting from an ini-
tial graph, the generating process can generate well-formed graphs
by iteratively applying productions in the forward direction (Blos-
tein et al., 1994). The parsing process, on the other hand, can rec-
ognize the membership of a graph based on a sequence of
production applications in the reverse direction (Blostein et al.,
1994). It is used to recognize the source state of a state transition
while the generating process is to generate the target state. In addi-
tion, a set of algebraic structures are abstracted to control the se-
quence of production applications due to the complex state
entries in UML statechart diagrams. As such, our graph-grammar-
based approach provides a foundation for directly executing UML
models.

Executable UML models (Mellow and Balcer, 2002; Raistrick et
al., 2004; Schattkowsky and Miiller, 2004, 2005; Starr, 2001),
which emphasize the behavioral aspect of a software artifact,
can keep specification and implementation consistent. A UML
model can be executed by translating it to some platform-depen-
dent code through a code generator. An alternative approach is to
directly execute UML models with a precise semantics on a UML
virtual machine (UVM) (Schattkowsky and Miiller, 2004, 2005). In
our approach, the integrated behavioral semantics of class dia-
gram, statechart diagram and object diagram is defined precisely
by two sets of productions. One set of productions are organized
in the form of graph grammar that interprets the state transition
of objects; and the other set of productions specify the dynamic
reconfiguration of object diagrams. The applications of two sets
of productions are synchronized according to event dispatching.
Our approach is well supported by the methodology of automatic
visual language generation (Costagliola et al., 2004; Karsai et al.,
2003; Zhang et al., 2001b). The generated language environment
is considered to be a UML virtual machine that supports syn-
tax-correct design of visual models and simulates the execution
of integrated UML diagrams. Compared with other graph-trans-
formation-based approaches (Ermel et al.,, 2005; Gogolla et al.,
2002; Holscher et al., 2006; Kuske et al., 2002; Ziemann et al.,
2004a,b), which support the execution of integrated UML models,
our approach can handle composite states that are typically
needed in real-world modeling while it is challenging to effec-
tively recognize and generate composite states due to the state
explosion problem.

Various grammar formalisms (Costagliola et al., 1997; Costa-
gliola and Polese, 2000; Rekers and Schiirr, 1997; Schiirr et al.,
1995; Zhang et al., 2001a) have been proposed for different pur-
poses. Most of them use nodes to represent objects and edges to
model relations between objects in an abstract syntax. Different
from these formalisms, the spatial graph grammar (SGG) (Kong
et al., 2006) introduces spatial notions to the abstract syntax.
In the SGG, nodes and edges together with spatial relations con-
struct the pre-condition of a production application. The direct
representation of spatial information in the abstract syntax can
make productions easy to understand since grammar designers
often design rules with similar appearances as the represented
graphs. Using spatial information to directly model relationships
in the abstract syntax is coherent with the concrete representa-
tion, which avoids converting spatial information to edges.
Therefore, our approach uses the SGG as the underlying formal-
ism to specify the behavioral semantics of statechart and object
diagrams.

The contributions of this paper can be summarized as follows:

e Our approach integrates a sound formalism with visual nota-
tions to specify the behavioral semantics of statechart diagrams:
using one set of visual notations with a precise meaning (e.g.,
graph transformation) to explain another set of visual notations
(e.g., UML statechart diagrams) reduces the efforts of converting
graphical notations to textual/mathematical formalisms.

e Among the graph-transformation-based approaches, our
approach is the first to address all of the important features of
statechart diagrams, including composite state, initial pseudo-
state, final state, deepHistory, shallowHistory, join, fork, junction,
and choice. Pseudo-states are useful in practical behavior model-
ing, but they require a sophisticated mechanism to control the
state transition when entering a composite state. Our approach
defines an efficient control mechanism by mapping each specific
state entry onto a corresponding graph transformation rule.

e Our approach automatically converts the hierarchy of states to a
graph grammar, and correspondingly applies a parsing process
and a generating process to execute state transitions. This effi-
ciently addresses the state explosion problem because a small
number of productions can specify a large number of state combi-
nations. Furthermore, it can enforce a consistent state transition.

o This paper also presents a case study, which illustrates the def-
inition of an integrated behavioral semantics and the verifica-
tion of consistency between a design model and system
requirements. The integrated behavioral semantics is defined
in the form of a spatial graph grammar, which naturally repre-
sents relations through spatial configuration and thus reduces
the gap between the abstract and concrete representations of
models. Different from other verification methods, our approach
can directly apply a use case scenario (represented as a sequence
diagram) to the defined behavioral semantics without the need
of translating system requirements into some formal language.

In summary, this paper provides a visual yet formal approach to
interpreting state transitions in UML statechart diagrams. Accord-
ing to the behavioral semantics of UML statechart diagrams, we de-
fine an integrated behavioral semantics, which provides a solid
foundation for verifying a design model against system
requirements.

The rest of this paper is organized as follows: Following a run-
ning example in Section 2, Section 3 introduces the spatial graph
grammar - the theoretical foundation of our approach. Section 4
gives an overview of our approach. Section 5 illustrates the seman-
tic specification and verification based on a toll-gate system. Sec-
tion 6 discusses related work and Section 7 concludes the paper.

2. A motivating example

This section illustrates a toll-gate system (Kong et al., 2005),
which is used as a running example to illustrate semantic specifi-
cation and verification in the following sections. In a road traffic
pricing system, drivers of authorized vehicles are charged at toll
gates. The tolls are placed at special lanes called green lanes. A dri-
ver has to install a device (called an ezpay) inside his/her vehicle’s
windshield in order to pass a green lane. The registration of an
authorized vehicle having an ezpay includes owner’s personal data
(such as name, date of birth, driver license number, bank account
number and vehicle registration number). Each toll gate has a sen-
sor that reads ezpay. The information read is stored by the system
and used to debit the respective account. When an authorized
vehicle passes through a green lane, a green light is turned on. If
an un-authorized vehicle passes through it, a camera takes a photo
of the vehicle’s license plate.
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Fig. 1 presents part of the static structure of a toll-gate system.
The class TollGate models the functionality of a toll gate. It includes
seven operations, simulating various actions taken by a toll gate:

o the operation Create sets up a new toll gate;

o allowEnter indicates that the toll-gate signals the first vehicle in
the waiting list to proceed to the toll gate;

e carEnter denotes that a vehicle has entered the toll gate;

o sendReq specifies that a toll gate sends a request to the server to
verify the identity of a vehicle;

e getAcq acknowledges the receipt of a confirmation from the
server;

o carExit simulates the normal exit of an authorized vehicle; and

e carRunaway models the run-away of an un-authorized vehicle.

The class Server represents a database system including three
operations:

o C(reate establishes a server;
e getReq indicates the receipt of a request from a toll gate; and
o Verified verifies whether a vehicle is authorized or not.

The association Retrieve between Server and TollGate specifies
the communications between the server and a toll gate. The class
Camera simulates a camera with two operations:

e Picture takes pictures of an un-authorized vehicle; and
o turnOff turns off the camera.

The class Light represents traffic lights, which signal vehicles by
operations turnGreen and turnRed. A camera and a traffic light are
controlled by a toll gate demonstrated by associations Manage
and Control, respectively. The class Car represents vehicles:

e Create indicates the arrival of a vehicle waiting to enter a toll
gate;

e Enter denotes that a vehicle enters a toll gate; and

e Exit/runAway specifies the leaving of an authorized/un-autho-
rized vehicle.

The class Car connects with TollGate, Light and Camera through
different associations.
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Fig. 2 shows five statechart diagrams corresponding to the five
classes in Fig. 1. Each statechart diagram consists of a set of states
interconnected through transitions. According to Fig. 2(c), for
example, a Server object can be in state Idle or Busy, and its state
transition is triggered by method invocations. When taking com-
posite states into account, active states are organized as a tree.
For example, if state Scan is active in Fig. 2(a), the state configura-
tion is a two-level tree, which has state Busy as the root and state
Scan as the leaf.

A UML statechart diagram visually describes the behavior of an
object. However, its semantics is only informally specified through
natural language, which is not suitable for automatic execution
and verification. This paper provides a visual yet formal approach
to defining the behavioral semantics of UML statechart diagrams.
Furthermore, we combine the behavioral semantics with dynamic
configurations in object diagrams as an integrated behavioral
semantics, which provides a solid foundation for verifying a design
model against the system requirements. In the verification frame-
work, the integrated behavioral semantics is defined through
graph transformation and the system requirements are presented
as sequence diagrams. Taking the toll-gate system as a running
example, Section 5.1 informally describes behavioral semantics of
UML statechart diagrams. Especially, it focuses on composite states
and discusses how to formalize the hierarchy of states as a graph
grammar while the appendix gives a formal and complete specifi-
cation, which covers all of important features in UML statechart
diagrams. Section 5.2 defines the dynamic reconfiguration in object
diagrams through graph transformation. Section 5.3 combines the
behavioral semantics in Section 5.1 and dynamic reconfiguration in
Section 5.2 together. Based on the integrated semantics, Section 5.4
discusses the verification between a design model and system
requirements.

3. Spatial graph grammars and transformations

Visual languages (Burnett, 2008) provide a direct representation
to model structures and concepts in a visual fashion (Cox and
Smedley, 2000). Graph grammars (Rozenberg, 1997) with their
well-established theoretical background can be used as natural
and powerful syntax-definition formalism to specify visual
languages.

TollGate

Server

0..1 #
Retrieve

getReq(Car c, TollGate t) carExit( )

Verified(Car c, TollGate t)
Create( )

1| Create()

allowEnter(Car c)
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sendReq(Car c)
getAcq(Car ¢) 1 1

carRunaway( )

Light
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Manage
Wait
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0..1

Charge
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Picture(Car c, TollGate t) Photo

turnOff( ) 0..1 0..1
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0.1
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Enter(TollGate t)
Exit(TollGate t)
runAway(TollGate t)

Fig. 1. The static structure of a toll-gate system.
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Fig. 2. Statechart diagrams for the toll-gate system.

L]

Statement,

Statement [:= | Statement,

(a) Separate left and right graphs

If Statement
{destroyed} {new}

{destroyed}/ \destroyed}

Statement; Statement,
{destroyed}| |{destroyed}

/ {destroyed}

EndIf
{destroyed}

(b) Combined left and right graphs

{destroyed}

Fig. 3. Left and right graphs.

A graph grammar consists of a set of productions, each of which
has two graphs called left graph and right graph. As presented in Fig.
3(a), we can use two separate graphs to represent the left and right
graphs. This representation is analogous to the grammar definition
in textual formal languages, and is used to present the automati-
cally derived graph grammar from a statechart diagram. Alterna-
tively, the left and right graphs can be combined into one graph
as shown in Fig. 3(b) (Baresi et al., 2003; Fischer et al., 1998), in
which nodes and edges tagged with {destroyed} are to be removed
in a production application while those tagged with {new} are to
be created. This presentation is more concise when there are many
overlaps between the left and right graphs, and is used to specify
the dynamic reconfiguration of object diagrams.

Applying a production to a graph (i.e., a host graph) is referred to
as a graph transformation, which can be classified as an L-applica-
tion (in the forward direction) or R-application (in the reverse
direction). A redex is a sub-graph in the host graph which is iso-
morphic to the right graph in an R-application or to the left graph
in an L-application. A production’s L-application to a host graph is
to find in the host graph a redex of the left graph of the production
and replace the redex with the right graph. The language, defined
as all possible graphs that have only terminal nodes, can be derived
through L-applications (i.e., a generating process) from an initial

graph. On the other hand, R-applications (i.e., a parsing process)
are a reverse replacement (i.e., from the right graph to the left
graph), and are used to check the syntactical correctness of a graph.

Being context-sensitive, the spatial graph grammar formalism
(SGG) (Kong et al., 2006) allows both left and right graphs to have
multiple nodes, and thus is expressive in specifying various types
of graphs. Different from other graph grammar formalisms, the
SGG introduces spatial notions to the abstract syntax. In the SGG,
the spatial information not only contributes to the representation,
but also explicitly conveys structural and semantic information. In-
stead of using attributes/edges to specify an order over a collection
of objects, for example, the SGG can specify the order based on the
spatial placement of the objects (e.g., the left object has a smaller
index than the right one). The direct representation of spatial infor-
mation in the abstract syntax reduces the gap between the con-
crete representation of models and the specification of
productions. Due to spatial specifications in the abstract syntax, a
graph transformation in the SGG may adjust the current spatial
configuration. The SGG applies syntax-directed computations
through action codes to derive new spatial properties from the cur-
rent spatial attributes. An action code is associated with a produc-
tion, and is executed when the production is applied. Writing an
action code is like writing a standard event handler in Java. In
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Fig. 4. An SGG production.

addition to left and right graphs, therefore, an SGG production also
includes a spatial specification and action code as shown in Fig. 4,
which transforms an if-structure (i.e., nodes and edges labeled with
{destroyed}) to a statement node (i.e., the node labeled with
{new}). Especially, spatial information is used to distinguish the true
and false branches: the left path indicates a true branch while the
right one means a false branch.

Due to the multi-dimensional nature of graphs, we need to ad-
dress the embedding issue in a graph transformation (Rekers and
Schiirr, 1997), i.e., establishing relationships between the sur-
rounding of a redex and its replacing graph in the host graph.
Inherited from the Reserved Graph Grammar (Zhang et al,
2001a), the SGG addresses the embedding issue through the mark-
ing technique, which identifies connecting points of edges as
marked and un-marked ones. In an SGG production, a marked con-
necting point is highlighted with a “” followed by a subscript,?
which is called a marking identity and is used to distinguish
marked points from each other. Informally, the semantics of
marked points can be stated:

In a production, if the connecting point CP; of an edge E is marked
and the node attached to the other connecting point CP, of E is deleted,
CP, is redirected to a node having the same marking identity as CP;.

For example, the production in Fig. 4 defines two marked
points, which are used to embed the new statement node into the
host graph. More specifically, Fig. 5(a) gives a host graph, which in-
cludes a redex matching the destroyed sub-graph of the production
in Fig. 4. Removing the redex from the host graph causes two tem-
porary dangling edges as shown in Fig. 5(b). Since the newly cre-
ated Statement node is designated with the marking identities 1
and », the dangling edges are redirected to the statement node
as shown in Fig. 5(c).

1 The dashed lines and rectangles in the production represent dummy edges and
nodes, which are only used for specifying marked points.

2 If a production only specifies one marked connecting point, it does not need a
subscript.

4. Overview of the approach

Fig. 6 presents an overview of our graph-grammar-based ap-
proach to interpreting UML statechart diagrams. A statechart dia-
gram, made up of a set of states and transitions, specifies the
behavior of objects of a class during lifetime. States are connected
through transitions, each of which consists of an event, a guard and
an action. A state transition is triggered and the corresponding ac-
tion is performed when the event occurs with the guard condition
satisfied. States in a statechart diagram are organized in a hierar-
chical structure: a composite state at a high level of abstraction
can be decomposed into a set of sub-states. Due to the hierarchy
of states, more than one state can be active at the same time. These
active states construct a tree (i.e., a state configuration) starting
with the top-most composite state as the root down to single ac-
tive states as leaves. The hierarchical structure of states empowers
statechart diagrams in system modeling while it also challenges
the recognition of source states due to state explosion: a small
number of states can cause a large number of different combina-
tions. The state explosion can be addressed by a graph grammar
in which a set of productions can effectively specify and derive
all well-formed state configurations. Our approach automatically
formalizes the hierarchy of states in a statechart diagram as a
graph grammar. More specifically, a non-terminal node in the de-
rived graph grammar indicates a state configuration, and a termi-
nal node represents a single or composite state. One production
specifies the hierarchical relationships between a composite state
and its direct sub-state(s) while a graph grammar integrates those
local hierarchical relationships together and is able to derive all
state configurations complying with the given statechart diagram.
Based on the automatically derived graph grammar, the recogni-
tion of source states is implemented through a parsing process,
and the generation of target states is realized by a generating pro-
cess. Due to the complexity of state entries, a set of algebraic struc-
tures, which map state entries to productions, are used to control
the generating process.

Our approach provides a formal foundation to directly verify the
consistency between system requirements and a design model. At
run-time, a system state is determined by both the structure and
the state of each individual object. Accordingly, the evolution of
system states is simulated by dynamic reconfiguration in object
diagrams (e.g., creating/destroying objects and links) accompanied
with state transition of objects, which are synchronized by call
events. In a statechart diagram associated with class C, a call event
(Kuske et al., 2002) is of the form op(p;, . . .,pn), Where op is an oper-
ation triggered from object o of class C and p,-p, are parameters. A
call action is of the form:

(1) Lop(ps,---,Dn), i.e., the operation op(ps,...,pn), is triggered
from the object which is retrieved by navigating the link [ from
object o; or

(2) pi.op(p1,- - -,pn), i.e., the operation op(py,...,pn) is triggered
from object p; which is passed from the parameter set.

In order to represent the system state at run-time, we extend
object diagrams by associating a state configuration with each ob-
ject. Furthermore, each object has an event queue storing call
events. In an integrated diagram as presented in Fig. 7, we use rect-
angles to represent objects, rounded rectangles to denote states,
and ellipses to indicate call events. The root of a state configuration
connects to its designated object through a current link. Further-
more, the spatial relation inside is used to specify that a call event
(e.g., sendReg(c)) belongs to the event queue of a TollGate object.
The behavioral semantics of integrated diagrams is defined by a
graph transformation system and a graph grammar synchronized
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through call events as in Fig. 8: dynamic reconfiguration is per-
formed through a graph transformation system while state transi-
tion of objects is implemented through an automatically derived
graph grammar.

The designers must ensure that the defined behavioral seman-
tics is consistent with system requirements. Fig. 9 presents our

verification framework to validate the consistency between a de-
fined model and system requirements. Use cases have been univer-
sally adopted for requirement specification. In our verification
framework, each use case scenario can be represented as a se-
quence diagram. The ordered sequence of operation invocations re-
corded in a sequence diagram triggers the system evolution
according to the integrated behavioral semantics. If all the method
invocations in a sequence diagram are successfully applied to an
initial system state, then the initial system state, the use case sce-
nario and the integrated behavioral semantics are consistent with
each other. Otherwise, the designers have to investigate an incon-
sistency among them.

In summary, we propose a visual approach which automatically
assigns precise behavioral semantics to statechart diagrams. Then,
we define an integrated behavioral semantics by combining the
behavioral semantics of statechart diagrams with dynamic recon-
figuration in object diagrams. The integrated behavioral semantics
can be directly validated against system requirements.

5. An integrated behavioral semantics of UML models

This section uses the toll-gate system (Section 2) as a running
example to illustrate the semantic specification and verification.

5.1. Behavioral semantics of statechart diagrams based on graph
grammar

The hierarchical structure of states in a statechart diagram is
automatically formalized as a graph grammar in our approach.
Each state S in a statechart diagram generates a terminal node St
and a non-terminal node Sy. From the semantic point of view,
the terminal node St represents the state itself, and the non-termi-
nal node Sy indicates a state configuration starting from S down to
sub-states contained by S. For example, in the state configuration
shown in Fig. 10, the non-terminal node Busyy denotes the state
configuration starting from state Busy and the terminal node Busyr
means state Busy itself.

Each production in a graph grammar defines the hierarchy be-
tween a composite state and its direct sub-states. Productions
are automatically generated according to the following rules:

As visualized in Fig. 11(a), a concurrent composite state s with i
direct sub-states (xy,...,X;) generates a production such that the
left graph includes only one non-terminal node sy and the right
graph is a two-level tree having node st as the root with i child
nodes from Xy to X;n.

Fig. 11(b) depicts that a sequential composite state s with i
direct sub-states (xq,...,x;) generates i productions. In each pro-
duction, the left graph has only one non-terminal node sy, and
the right graph is a two-level tree having node st as the root with
one child node x,,x (1 <m<i).
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Fig. 12. The dynamic reconfiguration for operations in class TollGate.

5.2. Dynamic reconfigurations

As an instance of a class diagram, an object diagram presents a
snapshot of a static structure at a point in time. Each object has
a set of operations. The execution of an operation is simulated by
a dynamic reconfiguration, such as creating or destroying an object
in an object diagram. For example, the operation Create defined in
class TollGate creates a TollGate object, a Camera object, and a Light
object. A dynamic reconfiguration is specified through a graph
transformation rule, in which the left graph defines the pre-config-
uration and the right graph specifies the post-configuration. A pro-
duction application, i.e., a graph transformation, is triggered when
its corresponding operation is invoked.

Fig. 12 presents six operations defined in class TollGate.? Produc-
tion 1 specifies the operation Create, which simulates the scenario of
creating a new toll gate. Due to the 1-to-1 cardinality between class Toll-
Gate and class Camera, the creation of a Camera object is associated
with the creation of a TollGate object (same for the creation of a Light
object). The operation allowEnter, as defined in Production 2, models
that the first arriving vehicle is forwarded to an empty toll gate. Instead
of using attributes, the arriving order of vehicles is visually represented
through the spatial arrangement among Car objects, i.e., a Car object
locating to the east indicates that it comes earlier. Based on the spatial
specification and negative application condition (Ermel et al., 1999),
Production 2 specifies that no other Car object locates to the east of
the Car object ¢, which implies that c is the earliest arriving vehicle.
Therefore, object ¢ is forwarded to the toll gate, simulated by establish-
ing the Charge link and destroying the Wait link between a TollGate ob-
ject and object c. Production 3 illustrates the operation sendReq, which

e Fig. 11(c) shows a simple state s that generates a production
such that the left/right graph is made up of one node sy/sr.

Based on the above rules, the hierarchy of states is formalized as
a graph grammar. For example, corresponding to the statechart
diagram in Fig. 2, the sequential composite state Busy generates
five productions since it has five direct sub-states while each sim-
ple state produces one production.

Based on the generated graph grammar, the recognition of a
source state can be performed by iterative R-applications in a bot-
tom-up fashion until the corresponding non-terminal node of the
source state is abstracted or 4 is reached. On the other hand, gen-
erating a target state is realized through iterative L-applications in
a top-down fashion. However, different state entries (such as de-
fault entry and explicit entry) and pseudo-states (such as shallowHi-
story and deepHistory) complicate the process of target-state
generation, which requires a sophisticated control mechanism to
control the sequence of production applications. For example, the
sequential composite state Busy generates five productions, and
the generation process needs to determine which production
should be applied when a default entry to state Busy is triggered.
Such a control mechanism is defined as a mapping between state
entry and production. For example, state Forwarding in Fig. 2 is
designated as the default state when the composite state Busy is
initialized. Accordingly, this default entry is mapped to such a pro-
duction that the left graph is a non-terminal node of state Busy and
the right graph is a two-level tree, where the root is the terminal
node of state Busy and the leaf is the non-terminal node of state
Forwarding. A detailed description of the control mechanism is pre- 3 The execution of an operation may not necessarily cause a dynamic reconfigu-
sented in the appendix. ration, and Fig. 12 only presents those operations which can change the structure.
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Fig. 14. Combining dynamic reconfiguration with call events in class TollGate.

sets up a communication between a toll gate and a server modeled by the
establishment of a Retrieve link. Production 4 defines the operation ge-
tAcq, which disconnects the communication between a toll gate and a
server after the request of an inquiry is completed. Production 5 illus-
trates the operation carExit: an authorized vehicle exits a toll gate by
destroying the Charge link between a TollGate object and a Car object
and by removing the Signal link between a Light object and the Car ob-
ject. Similarly, Production 6 defines the operation carRunaway that sim-
ulates the run-away of an un-authorized vehicle.

Fig. 12 presents dynamic reconfigurations caused by operations
in class TollGate while Fig. 13 defines dynamic reconfigurations
corresponding to other operations. Fig. 13(a) specifies the opera-
tion Create in class Car, which simulates the arrival of a vehicle:

the negative application condition and the spatial specification
West(c,,cq) define that object c; is the last vehicle in the waiting
list, and the newly arrived Car object c is placed west to c; accord-
ing to the action code, so object ¢ becomes the last vehicle in the
waiting list. Fig. 13(b) defines the operation turnGreen in class Light
that establishes a Signal link between a Car object and a Light ob-
ject. Fig. 13(c) demonstrates the operation Picture in class Camera
that sets up a Photo link between a Camera object and a Car object.

5.3. Integrated behavioral semantics

A state transition can stimulate a call action causing an opera-
tion to be invoked. For example, according to the statechart dia-



300 J. Kong et al./The Journal of Systems and Software 82 (2009) 292-306

Red

«current»l

@ (@)

«current» «current»

t:TollGate

allowEnter(c

«current» |c,:
Idle | «current»

Control

y
:Light

(b)
Idle «current» Red
«current» «current»
y v
::> [Camera |Ma&| TollGate ‘Light
Charge

Wait
«current» @

«current»
Idle T «current»

Fig. 15. A system state transition.

:Usﬂ

allowEnter(c, |

| t: TollGate | | ¢;:Car |

Exit(t)

Fig. 16. A sequence of operations.

gram in Fig. 2(a), operation allowEnter triggers the state transition
of a TollGate object from state Idle to state Busy, which stimulates a
call action Enter in a Car object. In order to maintain call events,
each object has an event queue, which records call events. The dis-
patch of a call event may trigger a state transition of an individual
object as well as a dynamic reconfiguration. This sub-section spec-
ifies an event-driven graph transformation system, which com-
bines the dynamic reconfigurations with the maintenance of call
events.

Fig. 14 gives the event-driven graph transformation rules corre-
sponding to the operations in class TollGate. The difference be-
tween Figs. 12 and 14 is that the productions in Fig. 14 include
call events. In Fig. 14, rectangles represent objects and ellipses de-
note call events. Since the state transition triggered by operation
Create does not stimulate a call action, Production 1 in Fig. 14 is
identical to Production 1 in Fig. 12. According to the statechart dia-
gram in Fig. 2(a), the state transition triggered by allowEnter (Pro-
duction 2) invokes a call action Enter, which is stored in the event
queue of a Car object c. Instead of using links, the belonging rela-
tionship between an event and its object is visually defined
through a spatial arrangement: the event is placed inside the ob-
ject. For example, in Production 2, the event allowEnter, which is
dispatched and labeled with a destroyed tag, is placed inside the
TollGate object t and the stimulated call event Enter is put corre-
spondingly inside the Car object c. Similarly, Productions 3-7 de-
fine other operations in the class TollGate. Especially, the
statechart diagram in Fig. 2(a) uses a choice pseudo-state to split
transitions into multiple outgoing paths on which the decision is
made based on the condition of a guard. Therefore, two produc-
tions corresponding two dynamic conditional branches are defined
for the operation getAcq. Operation carEnter (as defined in Produc-
tion 7) only includes the update of call events without a dynamic
reconfiguration.

5.4. Verification

An integrated diagram is used to represent the run-time system
state at a point in time: an object diagram indicates a snapshot of
structures and each individual object in the object diagram has an
active state configuration. For example, Fig. 15(a) presents an ini-

tial system state in which the root of each state configuration is
connected to its associated object through a current link.

Given an initial system state, we can evolve the system states
by applying ordered operations in a sequence diagram to the initial
system state based on an integrated behavioral semantics. Each se-
quence diagram represents a use case scenario and each operation
in the sequence diagram has a formal behavioral semantics defined
in terms of graph transformation. For example, in Fig. 15(a), the
execution of operation allowEnter, whose semantics is defined
through Production 2 in Fig. 14, causes a dynamic reconfiguration
which changes the structural configuration by destroying the Wait
link and creating a Charge link between a TollGate object and a Car
object. In addition to dynamic reconfiguration, this call event also
fires a state transition: the state of the TollGate object t is transited
from Idle to Busy with a default sub-state Forwarding. Fig. 15(b)
gives the new system state after operation allowEnter.

If the ordered method invocations in a sequence diagram have
been successfully applied to an initial system state, it indicates that
the use case scenario, integrated behavioral semantics and the ini-
tial system state are consistent with each other. Otherwise, the de-
sign model is inconsistent with system requirements. For example,
Fig. 16 presents a sequence diagram including two ordered method
invocations, which are not applicable to the system state of Fig.
15(a) since a Car object in the state Wait (the initial state of a car
object) cannot react to the operation Exit. The incompatibility be-
tween the integrated behavioral semantics and the sequence of
operations requires the designer to investigate the designed model
and the use case scenario. In the above example, the sequence dia-
gram is not a valid use case scenario since a car cannot exit a toll-
gate even before it enters the tollgate.

6. Related work

In their seminal work, Harel and Namaad (1996) described the
semantics of statecharts as implemented in the STATEMATE sys-
tem, a commercial tool designed for the specification and design
of real-world systems. Maggiolo-Schettini et al.(1994, 1996) inter-
preted statecharts through graph rewriting systems and described
the evolution of a statechart by means of derivation sequences.

As an object-oriented variant of classical statecharts, UML state-
chart diagrams have received much attention. Different ap-
proaches have been published to interpret UML statechart
diagrams. Crane et al. (2005) conducted a survey on the formal
semantics of UML statechart diagrams, by classifying them into
mathematical models, rewriting systems and translation ap-
proaches. Graph transformation, belonging to rewriting systems,
has been recognized as a powerful tool to formalize the semantics
of languages with dynamic features (Maggiolo-Schettini et al.,
1996), which has been applied to specify behavioral semantics of
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UML statechart diagrams. According to Crane et al. (2005), only
half of the graph transformation based approaches support com-
posite state and the priority of conflicting transitions, and none
of them covers such advanced features as history, junction and
choice. Our approach supports all of the advanced features in the
UML statechart diagrams, including composite states, history, join,
fork, junction, and choice. Furthermore, our approach provides a
unique automation mechanism that automatically assigns a formal
semantics to a statechart diagram without manual efforts.

Kuske (2001) explored the behavioral semantics of statechart
diagrams through structured graph transformation. State hierar-
chies over a set of states are defined through a transformation unit,
which includes a set of productions, initial and terminal graph
class expressions, a control condition imposed on the production
applications, and other transformation units. An active state is con-
sidered a sub-graph inside a hierarchy of states. A state transition
is performed as the application of a production, where the left
graph indicates the current active state and the right graph denotes
the new state configuration. Engels et al. (2000) uses graph trans-
formation rules to specify a goal-oriented interpreter for state ma-
chines. This approach extends the static meta-model with a
specification describing a system’s behavioral semantics. The
semantics is given in the form of collaboration diagram, which
makes the specification compatible with the UML standard. How-
ever, Engels’s approach does not consider composite states.

Engels et al. (2001) later interpreted state diagrams by mapping
them onto a semantic domain of the Communicating Sequential
Processes (CSP) (Hoare, 1985). The mapping is defined by a hybrid
rule-based language, which combines textual grammar rules
(specifying CSP expressions) with graphical patterns (specifying
the abstract syntax of statechart diagrams). Baresi and Pezze
(2001, 2005) provided a general framework to interpret diagram
notations in terms of denotational semantics by mapping the ab-
stract syntax of some visual language to a semantic domain
through two sets of productions. One set defines the abstract syn-
tax models and the other specifies the semantic models. The appli-
cation of a production in the abstract syntax grammar can trigger
the application of the corresponding production in the semantic
grammar. Zhao et al. (2004) transformed the UML state diagrams
to Petri-nets based on graph transformation. Hu and Shatz (2006)
proposed a process for deriving a state-transition model from a
UML state diagram, and then mapping to a colored Petri net, which
is supported by a set of automatic analysis tools. Different from
those approaches that depend on a set of mapping rules designed
by experts, our approach automates the process of formalizing
UML statechart diagrams based on graph grammars.

McUmber and Cheng (2001) introduced a general framework,
which can transform UML models into specifications of a formal
language based on homomorphic mapping between meta-models
of the UML and the formal language. Cheng and Wang (2002) for-
malized OMT'’s (i.e., Object Modeling Technique - Rumbaugh et al.,
1991) dynamic models in terms of the formal specification lan-
guage LOTOS (Bolognesi and Brinksma, 1989). In contrast, we use
graph grammars as the underlying formal basis, which reduces
the gap between UML models and targeting specifications by using
graphs to interpret graphs.

Varr6 et al. (2002) gave a rule-based, visual specification of
statechart semantics through model transition system, which is a
combination of meta-modeling and graph transformation with ex-
plicit control structures. This approach is featured by separating
purely syntactic (such as states and transitions) and derived static
semantic concepts (such as conflicts and priority) of statecharts
from their dynamic operational semantics. This feature makes
the approach flexible to be applied to different statechart variants.
However, this approach does not discuss some important features,
such as fork and join, in statechart diagrams.

Burmester et al. (2004) provides a round-trip engineering sup-
port for UML and Java. Especially, it tightly integrates the UML
class and UML behavior diagrams with a visual programming lan-
guage. Geiger and Ziindorf (2004) used the Fujaba approach to
exemplify the specification of the behavioral semantics of state
diagrams. In order to process composite states, this approach needs
to perform a model transformation to obtain a plain state machine
by removing composite states from an original state machine while
our approach can directly work on state machines including com-
posite states.

In a statechart diagram, the intended meaning of the arrows
touching the boundary of a composite state is asymmetric: the ar-
rows pointing to the boundary denotes an initial pseudo-state
while the arrows pointing away from the boundary denote the
internal structure of the state (Gogolla et al., 1998). Gogolla et al.
(1998) flattened a state diagram by means of graph transformation
to make the intended semantics explicit. This approach, however,
does not discuss the execution semantics of state transitions.

Our work is related to the research in formalizing UML state
diagrams using various formal approaches. Jin et al. (2004) defined
the syntax of UML statechart diagrams through the Graph Type
Definition Language and specified the dynamic semantics by Ab-
stract state Machines parameterized with syntactically-correct
attributed graphs. Lilius et al. (1999) translated a state machine
into a term rewriting system. Kwon used conditional term rewrit-
ing systems to translate state diagrams into the input language of
the model checker SMV (McMillan et al., 1992) for model checking
(Kwon, 2000). Latella et al. (1999) first mapped statechart dia-
grams to extended hierarchical automata and then defined an
operational semantics for these automata. Labeled transition sys-
tem is used as the underlying model to precisely specify UML ac-
tive classes with an associated statechart (Reggio et al., 2000).
von der Beeck (2002) developed a precise structured operational
semantics (SOS) for UML-statecharts. Abstract state machine is used
by Borger et al. (2000) to define the dynamic semantics of UML
state machines. None of those approaches uses graph
transformation.

Some researches are related to assign a formal unambiguous
semantics to integrated UML models. Kuske et al. proposed an
integrated formal semantics based on graph transformation for
central aspects of UML class, object and state diagrams (Kuske
et al., 2002): graph transformation rules are used to interpret
operations in UML class diagrams and execute state transitions
in UML statechart diagrams; and then an integrated semantics
is given based on a combination of graph transformation rules
associated with operations and those associated with state transi-
tions. Later, this approach has been extended with UML sequence
and collaboration diagrams, which capture the sequence of pro-
duction applications (Gogolla et al., 2002). Holscher et al. (2006)
and Ziemann et al. (2004a,b) provided a framework for an auto-
matic translation of an integrated UML model, including class, ob-
ject, use-case, collaboration and state diagrams, into a graph
transformation system, which simulates the evolution of the
modeled system. This approach gives a formal semantics for a
substantial part of the UML and has a minimal impedance mis-
match between the original UML model and the semantic do-
main. Ermel et al. (2005) extended the above integrated
transformation-based semantics with animation views, which de-
fine model-specific scenario animations in the application do-
main. Those approaches provide an integrated semantics for
UML diagrams. However, they are limited to simple states while
our approach is applicable to composite states, which complicate
the semantic specification since active states could be repre-
sented as a tree instead of a single node. Our approach uses the
spatial graph grammar (SGG) (Kong et al., 2006) as the specifying
language to define the integrated semantics. When handling
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complex models (such as an integrated diagram of object and
state diagrams), we can offer a concise representation by using
spatial relations to denote structural relations between objects.
Such a spatial specification (e.g., the usage of spatial relation to
model an order among objects in the above running example)
can be directly defined in the SGG abstract syntax, which reduces
the gap between the specifying language and the specified
language.

Our work is also inspired by the need for software architecture
specification and its dynamic evolution. Many architectural descrip-
tion languages (ADLs) (Medvidovic and Taylor, 2000) have been
proposed to model and analyze software architectures. Based on
formal models, those languages allow users to define software
architectures without ambiguity, and thus are suitable for auto-
matic reasoning. They are tailored for expert users. On the other
hand, the UML (Rumbaugh et al., 2005) offers a visual conceptual
tool to improve the distribution of software designs among design-
ers by representing models with an intuitive appearance. Medvido-
vic et al. systematically presented two strategies to model software
architectures in the UML (Medvidovic et al., 2002). Focusing on the
usability of concepts, Garlan et al. proposed several alternatives to
map concepts from ADLs to the UML (Garlan et al., 2002). Both
works exhaustively discuss the strength and weakness of each
method. Emphasizing the analysis and validation of designed mod-
els, Baresi et al. uses the UML notations to specify the static aspect
of architectural styles paired with graph transformation for model-
ing dynamic reconfiguration (Baresi et al., 2003). Taentzer et al.
(1998) used distributed graph transformations to specify dynamic
changes in distributed systems. The changes are organized in a
two-level hierarchy. One is related to the change in a local node
and the other to the structure of the distributed system itself.
Métayer (1998) presented a formalism for the definition of soft-
ware architectures in terms of graphs. Dynamic evolution is de-
fined independently by a coordinator. The above researches
emphasize the specification of software architectures and dynamic
evolution while they do not discuss the semantics of UML state
diagrams.

7. Conclusion

This paper has presented a visual yet formal approach to inter-
preting state transitions in UML statechart diagrams based on graph
grammar and graph transformation. Instead of manually designing
a graph grammar, our approach automatically derives the graph
grammar to formalize the hierarchy of states from a statechart dia-
gram, which makes our approach compatible with UML since users
do not have to understand graph grammar. Furthermore, our ap-
proach supports all of the important features of statechart dia-
grams, including composite state, initial pseudo-state, final state,
deepHistory, shallowHistory, join, fork, junction, and choice. Based
on our behavioral semantics of the UML statechart diagram, we
present an integrated behavioral semantics, which includes dy-
namic reconfiguration in object diagrams and state transitions in
statechart diagrams. The integrated behavioral semantics allows
designers to validate a design model against system requirements.

The graph grammar and graph transformation approach pro-
vides a solid foundation for design verification without converting
the design to some formal language. We will further investigate
the verification between a design model and system requirement,
such as consistency and reachability. In particular, we are inter-
ested in modeling secure software. Statechart diagrams are used
to model the behavior of a system and sequence diagrams repre-
sent potential attacks. According to the behavioral semantics based
on our approach, we can validate the vulnerability of a design
model against potential attacks.
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Fig. 17. A statechart diagram.
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Appendix. A formal semantics of UML statechart diagrams

Section 5.1 gives an informal description on the behavioral
semantics of UML statechart diagrams while this section gives a
formal and complete description. UML statechart diagrams have
been widely used to model the behavior of system objects. A state-
chart diagram as presented in Fig. 17 is made up of various states
and transitions between those states. A state, which can be speci-
fied as a simple state, a sequential composite state or a concurrent
composite state, indicates a stage in which an object can be. States
are organized in hierarchy, i.e., a composite state at a higher level
can be decomposed into several sub-states. A directed edge con-
nects a source state with a target state, indicating a state transition
in response to an event. Each transition has a label in the form of
trigger[guard]/effect*: the trigger specifies an event that fires a state
transition; the guard defines an enabling condition of a state transi-
tion; and the effect indicates actions to be executed.

Definition 1. A statechart diagram is abstracted as a tuple (S, T, E,
src, dst, hie, trigger, guard), where

S is a set of states;

T is a set of transitions;

E is a set of events;

src, dst: T — 25 are partial functions® those map a transition to its

source state(s) and target state(s), respectively;

e hie: S — S is a partial function that defines the hierarchical rela-
tions between states such that hie(s;) = s, if s; is the direct sub-
state of sy;

e trigger: T — E is a partial function that defines the trigger of a

transition; and

4 In Fig. 17, the symbol t;, which prefixes trigger[guard]/effect, is used to differen-
tiate transitions.

5 A partial function on aset V is simply a function whose domain is a subset of V. If f
is a partial function on V and v € V, then we write f{v)| and say that f{v) is defined to
indicate that v is in the domain of f; if v is not in the domain of f, we write f{v) 1 and
say that f{v) is undefined.
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L]
guard: T — A is a partial function where A is a set of attributes.

Sse» Scc and S are three disjoint sub-sets in S, which represent
sequential composite states, concurrent composite states and sim-
ple states, respectively. In general, a single transition connects one
source state and one target state. Pseudo-states fork and join are
introduced to connect multiple transitions into a more complex
state transition path. For example, the fork pseudo-state in Fig.
17 connects transitions ty, t; and t3 into a compound transition that
leads to several orthogonal target states. In Definition 1, src and dst
handle a fork compound transition as a whole: (1) the transition
targeting the fork is used to represent the whole compound transi-
tion; (2) the source state of a fork compound state transition refers
to the source of the edge targeting the fork; (3) the target states of a
fork compound state transition are the targets of edges leaving the
fork. A join compound transition is handled in a similar way. There-
fore, in Fig. 17, transition t;/t;; represents the fork/join compound
transition:  src(t;) ={A}, dst(t;)={Y,Z}, src(t;;)={CE} and
dst(t11) = {F}.

In a hierarchical state machine, an object can have several active
states simultaneously. If a simple state is active, all the composite
states that either directly or transitively contain the simple state
are also active (Object Management Group, 2005). Active states
are organized as a tree, i.e., a state configuration, starting with the
top-most state down to single innermost states. The hierarchical
organization of states can cause an interlevel transition, in which
the source state and the target state are at different levels of a hier-
archy of states. In order to handle interlevel transition, the least
common ancestor (LCA) of a state transition t is defined as the lowest
composite state that contains all source and target states of t.°
Based on the least common ancestor, the main source of a state tran-
sition is either (1) the LCA of t if LCA is a concurrent composite state,
or (2) a direct sub-state of LCA, which contains all source states, if LCA
is a sequential composite state (Jin et al., 2004). The main target of a
state transition can be defined similarly. For example, the state tran-
sition t¢ from J to E in Fig. 17 is an interlevel transition, where the
main source is state P and the main target is state X.

Definition 2. A tree is defined as a tuple (N, par), where N is a set of
nodes and par : N — N is a partial function which maps a node to its
parent.

In a statechart diagram, state S generates a terminal-node Sy
and a non-terminal node Sy. Then, the state hierarchy is formalized
as a graph grammar. Definitions 3-5 (refer to Section 5.1 for an
informal description) define the production generation for a
concurrent composite state, a sequential composite state and a
single state, respectively.

Definition 3. Given a statechart diagram §, T, E, src, dst, hie, trigger,
guard), Vs € S, state s generates a production p = (Lg, Rg) where

e Lg=({sn}, par) is a tree with only a root node;
e Rg=(N, par) is a tree, where N = {s1} U {xy|hie(x)=s} and par:
N — N such that Vxy € N and xy # st, par(xn) - St.

Definition 4. Given a statechart diagram §, T, E, src, dst, hie, trigger,
guard), Vs € S, state s generates a set of productions P = {(Lgq,Rg1),
(Lga,Rg>), ...}, where |P| is equal to the number of direct sub-states
contained by state s and each production p; = (Lg;, Rg;) respects the
following pattern:

5 When calculating the LCA, a special state top is introduced to represent the top-
most state, which contains all states in a statechart diagram.

<P;-Ps>

<P;-Pg>
7] -]

Fig. 18. A graph grammar corresponding to the statechart diagram in Fig. 17.

e Lgi=({sn}, par) is a tree with only a root node.
e Rgi=({st, xin}, par) is a tree where par(x;\) - st and hie(x;) = s.

Definition 5. Given a statechart diagram §, T, E, src, dst, hie, trigger,
guard), Vs € S, state s generates a production p = (Lg,Rg) where

e Lg=({sn}, par) is a tree with only a root node.
e Rg= ({s1}, par) is a tree with only a root node.

According to Definitions 3-5, each statechart diagram automat-
ically generates a graph grammar. Fig. 18 shows the graph gram-
mar automatically generated from the statechart diagram in Fig.
17. Especially, each graph grammar has an initial graph (denoted
by 4), which indicates the start point of a generating process and
the end point of a parsing process. In order to make the generated
graph grammar complete, each state s, which is not contained by
any other state, will generate an additional grammatical rule such
that the left graph is the initial graph / and the right graph is the
node sy. For example, state A in Fig. 17 generates Production 1 in
Fig. 18.

Definition 6. A graph grammar is a tuple gg = (/, P, St, Sn), where 2
is the initial graph, P is the set of productions, St is the set of
terminal nodes and Sy is the set of non-terminal nodes.

Theorem 1. Given a statechart diagram (S, T, E, src, dst, hie, trigger,
guard), all possible state configurations can be generated based on
the automatically derived graph grammar.

Proof

(1) Consider a simple state s €S, it is obvious that the graph
grammar can produce the state configuration with only
one state.

(2) Consider a sequential composite state s € S. Based on the
first induction, assume that every sub-state configuration,
whose root is a direct sub-state of state s, can be generated
from derived productions. Since (a) according to Definition
4, the set of generated productions P ={P,...,Px}, where K
is equal to the number of direct sub-states contained by
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state s, can produce all valid two-level state configurations
SC ={SCy,...,SCx}, where SC; = {{st, xin}, par;) (1 < i< K): par-
{(xin) =st and state x; is a direct sub-state of state s; (b)
according to the assumption, the leaf x;y in the two-level
state configuration can be further expanded to produce all
valid sub-state configurations, we can generate all state con-
figurations having state s as the root.
(3) It is similar to prove concurrent composite states. O

Based on the generated graph grammar, the state transition is
implemented as a combination of a parsing process and a generat-
ing process. However, different state entries and pseudo-states re-
quire a precise mechanism to control the generating process.
Definitions 7-10 determine the sequence of production applica-
tions for a generating process.

Definition 7. Given a statechart diagram §, T, E, src, dst, hie, trigger,
guard), EntryType: T x S — { DefaultEntry, ExplicitEntry, shallowHi-
story, deepHistory} is a partial function, which defines the type of
entry upon entering a composite state, e.g., EntryType(ti6,Z) =
ExplicitEntry and EntryType(t;s, P) = shallowHistory.

An initial pseudo-state, denoted by a small solid filled circle,
is used to specify the default sub-state of a sequential composite
state with a default entry. For example, state B in Fig. 17 is des-
ignated as the default state when the composite state Y is initial-
ized. On the other hand, if a transition goes to a sub-state of a
composite state, then an explicit entry is applied such that the
sub-state becomes active. For example, state transition t;g in
Fig. 17 enters state Z with an explicit entry, which goes to state
E. The pseudo-state shallowHistory represents the most recent ac-
tive sub-state of the composite state that directly contains shal-
lowHistory (but not the sub-states of that sub-state) while
deepHistory represents the most recent active configuration.
One state transition may originate from the shallowHistory/dee-
pHistory to a default history state in case that the composite
state had never been active before. Based on the entry type de-
fined in Definition 7, Definitions 8-10 determine the sequence of
L-applications (i.e., a generating process) that generate a target
state.

Definition 8. Based on a graph grammar gg = (4, P, St, Sy) derived
from a statechart diagram ( S, T, E, src, dst, hie, trigger, guard), a
default application is defined as a partial function default: Sy — P
such that Vsy € Sy, default(sy) = p if state x is the default state when
the composite state s is initialized and xy € p.Rg.N. For example,
default(Yn) = p7, default(Zy) = po, and default(Py) = p11.

Definition 9. Given a graph grammar gg = (4, P, St, Sn) derived from
a statechart diagram (S, T, E, src, dst, hie, trigger, guard), an explicit
application is defined as a partial function explicit: T x Sy — P such
that Vt e T, Vsy € Sy, explicit(t,sy) = p if transition t goes to a direct
sub-state x of state s and xye€p.RgN. For example,
explicit( t16,ZN) = P1o-

Definition 10. Based on a graph grammar gg = (4, P, Sr, Sx) derived
from a statechart diagram §, T, E, src, dst, hie, trigger, guard), Defaul-
tHistory: Sy x TYPE — P is a partial function where TYPE = {shallow-
History, deepHistory} and Vsy € Sy, DefaultHistory(sy, type) = p if the
default history state in s is referred to as state x and xy € p.Rg.N. For
example, DefaultHistory(Py,shallowHistory) = p;.

Definitions 7-10 specify a collection of algebraic structures
used to control the sequence of production applications. According
to Definition 9, for example, Production 10 is applied when state
transition t;s enters state Z since the right graph of Production
10 contains the non-terminal node of state E corresponding to

the explicit entry. Furthermore, in order to support the pseudo-
states of junction and choice, we assume two external functions
“eval(T)” and “exec(T)” provided by the run-time environment
(Jin et al., 2004). The external function eval is used to evaluate
the guard and exec to carry out the effect of a state transition. Based
on the automatically derived graph grammar and a set of algebraic
structures, Figs. 19-22 give the details of executing a state
transition.

A completion transition, triggered by a completion event, origi-
nates from a state without an explicit trigger. A composite state s
can generate a completion event if s is a sequential composite
and some final sub-state of s is active or if s is a concurrent com-
posite state and all its regions have active final sub-states. In the
derived graph grammar, we use the subscript “F” to indicate a final
state. For example, the node Pr in Production 13 in Fig. 18 indicates
a final state contained in the composite state P. Since a completion

1 StateChart Diagram STC=<S, T, E, src, dst, hie, trigger, guard>
2 StateConfiguration CurrentConfiguration=<N, par>

StateTransition ()
{

3
4
5
6  While (EventQueue is not empty)

7 A

8 if (t+—CompletionCheck(CurrentConfiguration))
9 Triggering(?);

10 Pop up event from EventQueue;

11 Fire(event);

12}

13 }

Fig. 19. The StateTransition method.

ire(E event)

—~ T

EnabledTrans={te STC.T | (STC.trigger(t)=event or STC.trigger?)
and (STC.src(f)SCurrentStates.N) and eval(?) };

4

5 RecognizedStates=Q;

6  While (EnabledTrans is not empty)
7

8

9

Xy« apply a production p to CurrentConfiguration;
Update CurrentConfiguration with Xy;

10 RecognizedStates=RecognizedStates U {Xy};
11 if (3t€ EnabledTrans, STC.src(t)SRecognizedStates)

13 Triggering(t);
14 EnabledTrans=EnabledTrans-{t}-{Conflict(z)};
15 }

16}
17 }

Fig. 20. The Fire method.

1 Triggering(Transition f)

2 {

3 exec();

4 if (STC.trg(?) is a junction or a choice peusodostate)

5 t < t’ such that STC.trg(f)=STC.src(¢’) and eval(?’)
6 MainSource < ms(t);

7 Exit MainSource and its substates from bottom to top;

8 Update the history of MainSource and its substates;

9 NewStateConf < Enter(?) ;

10 Remove MainSource and its substates from CurrentConfiguration;
11 Add NewStateConfto CurrentConfiguration;

Fig. 21. The Triggering method.
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tateConfiguration Enter(Transition 7)

-~

1
2
3 MainTarget — mt(t);

4 NewStateConf < MainTargety

5 While (NewStateConf includes non-terminal nodes)
6 {

7 Xy < a non-terminal node in NewStateConf,

8 switch (EntryType(z, Xv))

9 {

10 case “ShallowHistory”: expand Xy based on SH(Xy); break;

11 case “DeepHistroy”: expand Xy and its substates based on DH(Xy); break;
12 case “ExplicitEntry”: expand Xy by applying Production explicit(t, Xy);
13 default: expand Xy by applying Production default(Xy);

14 }

15}

16  return NewStateConf;

17 }

Fig. 22. The Enter method.

event is dispatched before any other events, the method StateTran-
sition in Fig. 19 first handles completion events: function Comple-
tionCheck: StateConfigurations — STC.T is a partial function which
verifies whether the current state configuration can trigger a com-
pletion transition. If a completion event is detected, Triggering (de-
fined in Fig. 21) handles the triggered completion transition;
otherwise, a regular event is dispatched and processed by the
method Fire as defined in Fig. 20.

Fig. 20 presents the Fire method, which executes state transi-
tions triggered by event. In the Fire method, EnabledTrans indicates
the set of transitions that are eligible to be triggered by event under
the current state configuration. Based on the automatically gener-
ated graph grammar, our approach parses the current state config-
uration to recognize the source state. The parsing process can
inherently ensure consistent transitions. Two transitions are in
conflict with each other if the intersection of their exit sets of states
is not empty. The priority of a transition is defined based on its
source state. In general, state transition t; originating from source
state s; has a higher priority than state transition t, originating
from source state s, if s; is a direct or transitive sub-state of s,.
The parsing process proceeds in a bottom-up fashion since the rec-
ognition of a state at a higher level is dependent on the recognition
of its sub-states. Therefore, s; is recognized before s,. Once a source
state is recognized, the method triggering (shown in Fig. 21) is in-
voked to perform the corresponding state transition and conflicting
transitions are eliminated from the set EnabledTrans. In summary,
our approach is consistent with the firing priority.

Fig. 21 presents the Triggering method, which is designed to exit
the source state(s) and enter the target state(s) in response to state
transition t. In order to handle interlevel transition, i.e., the source
state and the target state of a state transition are at different levels
in a hierarchy of states (e.g., t;¢ in Fig. 17), function ms(t) is invoked
to calculate the main source of state transition t. After exiting the
main source, the main target is entered by calling Enter(t) as in
Fig. 22. The function mt(t) calculates the main target and the gen-
erating process correspondingly starts from the non-terminal node
MainTargety. MainTargety is expanded to a state configuration,
which only contains terminal nodes, through iterative L-applica-
tions while the sequence of production applications is specified
through a switch statement based on Definitions 7-10. Especially,
SH(Xy) represents the most recent active sub-state of composite
state X. If state X had never been visited before, DefaultHistory(Xx,
shallowHistory) (defined in Definition 10) is called to determine the
default history state. A deep history is handled in a similar way.
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