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Abstract

Within Model Driven Development (MDD), state machines are a common mechanism for
modelling behaviour. The development of a formal semantics for state machines continues to
be a very active and important area of research, because the development of interoperating
MDD tools requires a precise, unambiguous, yet readable account of the meaning of the
diagrams. Research on state machine semantics is severely complicated by the fact that there
are multiple suggested approaches to formalizing state machine semantics. In addition, there
are currently several well-documented state machine dialects, each subtly different from the
others.

According to the research literature, the most popular state machine dialects are classical
and Rhapsody statecharts and UML state machine diagrams. These three dialects appear
to be very similar; however, there are several key syntactic and semantic differences. The
first half of this paper presents the results of a comparative study of these three dialects with
the help of several illustrative examples. We also present a classification of the differences,
together with a comprehensive overview.

The second half of this paper is the result of a comparative literature review on approaches
to formally capture the semantics of UML state machines; it categorizes and compares 26
different approaches. As a primary categorization, we use the underlying formalism of the
approaches, e.g., mathematical models, rewriting systems and translation approaches. We
also compare the approaches along several secondary dimensions, such as coverage of state
machine features, analysis and tool support.
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1 Introduction

Model Driven Development (MDD) is a software development process that has been gaining
in popularity. MDD focuses on the models, or abstractions of the software system, rather
than on the final programs [106]; these models are transformed into code. Executable models
are a key component of MDD, as well as such concepts as automatic transformation of
models, validation of models, and standardization to enable interoperability of different MDD
tools (e.g., OMG’s Model Driven Architecture (MDA) [85] initiative). Within MDD, state
machines are a common mechanism for modelling the behaviour of model elements. Although
descended from a fairly well-understood model of computation, i.e., finite state machines,
today’s state machine dialects suffer from the lack of a clear, concise and comprehensive
semantics. There are literally dozens of approaches suggested in the research literature
for formalizing the semantics of current state machine dialects. However, no one formal
semantics approach has the properties mentioned above and widespread acceptance in the
field.

Research on state machine semantics is severely complicated by the following:

1. There are multiple suggested approaches employing a diverse set of formalisms, in-
cluding: transition systems, abstract state machines, Petri nets, graph rewriting, term
rewriting, and translation to model checking languages, specification languages or even
axiomatic systems. In addition, these approaches vary widely in terms of which state
machine features they cover, the analyses they support, and how well they are sup-
ported by tools.

2. There are currently several state machine dialects, e.g., UML state machines, classical
statecharts and Rhapsody statecharts. Each of these dialects is subtly different from
the others. For instance, classical statecharts is the only dialect that allows for the
handling of simultaneous events, UML is the only dialect that permits dynamic choice,
etc. These differences are such that a semantic approach tailored to one dialect cannot
be automatically applied to another dialect.

Defining the semantics of a language involves defining/understanding the syntax of a lan-
guage, choosing a semantic domain that is understood, and performing a mapping from the
syntax to the semantic domain [46]. The main purpose of this paper is to survey approaches
to formalizing state machines, i.e., to examine different ways of mapping from the language
of state machines, specifically state machines in the Unified Modeling Language (UML), to
various mathematical and non-mathematical formalisms.

In the interests of clarity, we define and use the following terminology in this paper:

state machine In the purest sense, the term ‘state machine’ refers to the ac-
tual model of computation, e.g., finite state machine. We refer
to both the model of computation and fragments presented in
figures (regardless of the dialect), e.g., “The state machine in
Fig. x”.
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dialect We discuss three separate realizations/interpretations of state
machines. Different state machine dialects differ in how certain
syntactic constructs are represented. They may also differ in
how certain semantic concepts are handled.

statecharts Harel invented a specific version of state machines called ‘stat-
echarts’; this term refers to Harel’s interpretation of the model
of computation (used in both the classical and Rhapsody di-
alects). In addition, the term ‘statecharts’ also refers to the
representations (or diagrams) for these two dialects.

state machine diagram In general, this term refers to the representation of a state ma-
chine. With respect to the three dialects discussed in this paper,
UML is the only one that uses this term; the classical and Rhap-

sody dialects use the term ‘statecharts’ to refer to diagrams.

notation This term is reserved for the symbols used in state machines or
in a particular dialect to graphically represent the various parts
of a machine, e.g., initial state, junction, etc.

formalism We use this term to refer to the underlying semantic methodol-
ogy (semantic domain) to which state machines are being mapped,
e.g., transition system, model checking language, etc.

approach This term refers to a particular mapping of (elements of) a spe-
cific state machine dialect to a specific formalism. An approach
may refer to several works by the same group of authors.

We focus on the UML dialect for the following reasons:

• UML has become the de facto industry standard for modelling software.

• There exists a considerable body of work published on UML, especially with respect
to its various diagram types, and semantics of those diagram types.

• Unlike other current state machine dialects (e.g., Statemate and Rhapsody), UML
state machines are not tied to any specific development process or tool.

To understand the syntax of this dialect, we compare UML state machines with classical
and Rhapsody statecharts. The first part of this paper provides an in-depth comparison of
these three dialects.

The second part of this paper provides a high-level categorization and detailed comparison
of 26 different semantic approaches. Each of these approaches provides a mapping from the
syntax of UML state machines to some understood semantic domain.
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1.1 Organization of Paper

This paper is organized as follows: Section 2 briefly describes state machines and three com-
mon dialects; in addition, this section motivates the requirement to study the differences
between the three dialects. Section 3 contains a detailed comparison of syntactic constructs
and semantic concepts, which differ between the three dialects; this section includes a tab-
ular summary. Section 4 motivates the study of different semantic approaches to UML
state machines and discusses why the semantics of classical statecharts cannot necessarily be
applied to UML state machines. Section 5 divides the surveyed approaches into three pri-
mary categories. Section 6 then compares the semantic approaches along several secondary
dimensions. Section 7 presents conclusions and future work.

2 State Machines

2.1 Finite State Machines

A finite state machine (FSM) is a model of computation that “specifies the sequence of states
an object goes through during its lifetime in response to events” [13, Chapter 2]. An FSM
is essentially an abstract machine that consists of a set of states, an initial state, an input
alphabet of events and a transition function mapping current states and event symbols to
next states [49]. The term ‘finite state machine’ refers to the model of computation but not
the diagram representing it; instead, the traditional name for a diagram representing a FSM
is ‘state diagram’ or ‘state transition diagram’.

FSMs are very useful for representing reactive systems, more so than linear or textual
representations, which are more suitable to transformational systems [50]. Ostensibly, an
FSM produces output only when it reaches a final state; however, there are many variations,
such as Mealy and Moore machines. Mealy machines can produce output along any transi-
tion [50], while Moore machines can produce output at any state [39]. The FSMs that we
refer to in this context are Mealy-Moore machines, a combination of these two variants.

Figure 1 shows part of a simple finite state machine with three states and five transitions.
If the state machine were in state A, an event b would cause it to move to state B, while an
event c would cause it to move to state C. Similarly, if the machine were in state B, event a
would cause it to move to state A and event d would cause it to move to state C, etc.

A

B

C

b
b

a

d

c

Figure 1: Example finite state machine from [39]
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2.2 State Machine Dialects

Three popular state machine dialects, as represented in the research literature, are the Unified
Modeling Language state machine diagrams (as specified in UML 2.0 [91]), classical Harel
statecharts (implemented in Statemate [43, 45]), and a newer object-oriented version of
Harel’s statecharts (implemented in Rhapsody [42]). These three dialects appear to be very
similar. For instance, at first glance, a model written in one dialect could be easily ported
to one of the other two dialects. However, there are some subtle syntactic and semantic
differences between the dialects, which can lead to pitfalls.Consider, for example, the state
machines shown in Figure 2. The two machines are identical, except for the symbol used to
represent static choice. Figure 2(a) makes use of a junction (small filled circle); this machine
is well-formed in the classical and UML dialects. Figure 2(b) shows a conditional construct
(circled ‘C’), which is used by both the classical and Rhapsody dialects. Ignoring the
different notation for a minute, this model is well-formed in all three dialects. However, the
behaviour exhibited by the state machine is different for all three dialects. When the state
machine first starts, it moves to state A, at which point the variable x = 0. All three dialects
agree on this point. What they do not agree on is what happens when event e occurs. In
the classical dialect, the state machine moves to state D. In UML, the state machine moves
to state B. Finally, in Rhapsody, the state machine moves to state C.

A

D

B

C

x:=0

e/x:=1

e

[x<1]

[x>=1]

(a) Junction (small filled circle) used for static
choice. Model is well-formed in the classical and
UML dialects

A

D

B

C

C
x:=0

e/x:=1

e

[x<1]

[x>=1]

(b) Conditional (circled ‘C’) used for static choice.
Model is well-formed in the classical and Rhap-

sody dialects

Figure 2: Ignoring dialect differences, this model is well-formed in all three dialects, but is interpreted
differently in all three. The classical state machine moves to D because the priority of conflicting
transitions is handled differently (see Section 3.2). In UML, the junction is a static choice, i.e.,
the guards are evaluated with the information available at the beginning of the entire transition.
Here, x = 0, so the state machine moves to B. In Rhapsody, the conditional is also a static
choice, but the fact that it is enclosed in a composite state causes it to behave as a dynamic
choice (see Section 3.7). The initial transition is a ‘microstep’; variables are evaluated at the
beginning of each microstep. x = 1 when the conditional is reached and the state machine moves
to C

The fact that there can be three distinct interpretations of one state machine indicates
that there is a lack of standardization between the three dialects. It also indicates that the

4



task of transforming, or porting, a model from one dialect to another may not be straight-
forward. Therefore, it is worthwhile to study the syntactic and semantic differences between
these three popular dialects.

2.2.1 Classical Statecharts

In the late 1980’s Harel defined a “visual formalism for describing states and transitions in a
modular fashion, enabling clustering, orthogonality, and refinement, and encouraging ‘zoom’
capabilities...between levels of abstraction” [39]. These new statecharts were essentially state
transition diagrams with the addition of hierarchy (also known as depth), orthogonality (also
known as concurrency) and broadcast communications [39, 75]. Other publications by Harel
and other authors quickly followed, defining a preliminary semantics for the statecharts
dialect [44, 96]. Far from being a final product, the statecharts dialect evolved over the
years, spawning many variants. In fact, as of 1994, there were at least 20 variants of these
statecharts [116]. In 1996, Harel revisited his statecharts, modifying some of the previous
semantics [40, 43]. These statecharts are often referred to in the research literature as sim-
ply ‘statecharts’, ‘Harel statecharts’, or ‘classical statecharts’. Because of the fact that the
semantics of statecharts has evolved over the years, and the fact that there are so many
variants, it is necessary to define unambiguously to which statecharts we refer. For the pur-
poses of this paper, the term ‘classical statecharts’ will be used to represent Harel’s original
statecharts syntax with the newest semantics, as documented in [40, 43, 45]. Although Harel
himself states that there is no official semantics for his statecharts [43], classical statecharts
are actually implemented in I-Logix’s Statemate tool [54], to which Harel has contributed.

Figure 3 shows a classical statechart fragment from [39]. It demonstrates how the use of
hierarchy (implemented with an OR state) can simplify a finite state machine; this statechart
is in fact behaviourally equivalent to the finite state machine shown in Figure 1.

A

B

C

b

a

d

D

c

Figure 3: Example classical Harel statechart showing use of hierarchy, from [39]. This statechart is be-
haviourally equivalent to the finite state machine shown in Fig. 1

2.2.2 UML State Machines

The Unified Modeling Language has become the de facto industry standard for general-
purpose modelling; it can be used for “specifying, constructing and documenting the arti-
facts of a system” [88, Part I]. The UML is a visual modelling language; different diagram
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types (sub-languages) can be used to model various parts of the system under considera-
tion. These diagram types can be sub-divided into structural and behavioural views. In
addition, behavioural diagrams can be further sub-divided into inter-object and intra-object
behavioural views. UML state machine diagrams1 are one diagram type that can be used to
model intra-object behaviour, i.e., how individual model elements behave. The syntax and
semantics of UML state machines have remained reasonably consistent throughout UML’s
history, although there are occasionally minor modifications. We concern ourselves with
the version of UML state machines given in the latest draft of the UML 2.0 Superstructure
specification [91].

2.2.3 Rhapsody Statecharts

UML state machine diagrams are an object-based variant of classical statecharts [91, 87, 36].
An alternative object-based variant is one to which Harel himself has contributed: the stat-
echart dialect implemented in I-Logix’s Rhapsody tool [53]. This dialect was created after
the introduction of UML 1.1. Actually, the Rhapsody dialect is more closely related to UML
than to its classical ancestor. In fact, there was cooperation between the Rhapsody and
UML development teams, resulting in cross-pollination between the two dialects [41, 107].
For the purposes of this paper, we concern ourselves with Rhapsody as it is documented
in [41, 42].

2.3 Related Work

The UML 2.0 Semantics Project2 is an international collaboration including IBM (Canada,
Germany, Israel), Queen’s University (Canada), the Technical University of Munich (Ger-
many), and the Technical University of Braunschweig (Germany). The purpose of this
project is to define a formal semantics of UML 2.0. Under the auspices of this project, we
have initiated an effort to survey, categorize and compare semantic approaches for formal-
izing state machine behaviour. In order to critique these approaches, we needed a detailed
understanding of the syntax and intended semantics of state machines. During our litera-
ture review, it became apparent that classical, UML and Rhapsody state machines could
not automatically be considered equivalent, even though at first glance, they appear almost
identical.

Unfortunately, although there is much research relating to these dialects, there is no
definitive comparison between them. The most detailed comparison is a bulleted list in
an older UML specification [87, Section 2.12.5.4], which is not even included in the new
UML 2.0 specification. Other sources offer one- or two-line high-level comparisons between
classical statecharts and UML state machines, without going into great detail. The bulk of
the research presented in the first half of this paper is thus a result of detailed inspection of

1The newest versions of the UML 2.0 specification [91], [91] use the term ‘state machine diagram’;
previous versions of the standard [89], [87] use the term ‘statechart diagram’.

2http://www.cs.queensu.ca/~stl/internal/uml2/
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the UML specification [91], as well as key documents relating to the classical [39, 40, 43, 45]
and Rhapsody [41, 42] dialects.

3 Detailed Comparison of State Machine Dialects

In general, the three state machine dialects (classical, UML and Rhapsody) are similar.
Basically, statecharts, or state machine diagrams, are directed graphs, consisting of states
and transitions between them. Transitions may have labels of the form event[guard]/action.
All three dialects support both orthogonal (AND) and sequential (OR) composite states.

These basic similarities aside, there are several syntactic and semantic differences be-
tween the three dialects. The syntactic differences concern how various syntactic constructs
are represented and their well-formedness constraints, while the semantic differences are
caused by variations in basic semantic concepts. These differences can be divided into three
categories, based on the type and severity of errors that they can cause when porting state
machines from one dialect to another. Note that a particular syntactic construct or semantic
concept can result in differences in more than one category.

Notation A construct may be common to all three dialects and yet be represented by
alternative notation. For example, a final state in UML is represented as “a circle
surrounding a smaller solid filled circle” [91], while the classical and Rhapsody dialects
make use of a circled ‘T’. This category is the least critical; after a simple notation
translation, a state machine would be compatible with the target dialect(s).

Well-Formedness Differences in this category are more important; they result in mod-
els that are well-formed in one or two dialects, but not in all three. For instance, a
construct may not be available in a particular dialect, or a dialect may enforce ad-
ditional or different constraints on a common construct. A state machine could be
checked for compatibility with simple syntax or well-formedness checking. Translation
and re-working of a state machine may make it compatible with the target dialect(s);
however, not all state machines can be made fully compatible with all dialects. For
example, event triggers are not permitted after pseudostates in UML; however, it may
be possible to re-work the state machine to conform to this restriction. On the other
hand, simultaneous events cannot be handled simultaneously in UML; it may not be
possible to re-work a classical state machine to mimic this behaviour without using
simultaneous events.

Executable Behaviour This is the most critical category of differences, and the most
insidious. A state machine may be well-formed in more than one dialect and yet not
behave exactly the same. This type of incompatibility would not be found by simple
syntax or well-formedness checking. In essence, an incompatible state machine would
‘compile’, but its executable behaviour would be other than expected, sometimes the
opposite of the intended behaviour.
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In order to more fully understand these categories and the potential problems associated
with each, we now examine several syntactic constructs and semantic concepts in detail. We
start with the semantic concepts because, in general, they affect multiple constructs and the
overall understanding of the models. Then, the more interesting syntactic constructs are
examined.

3.1 Synchrony Hypothesis

3.1.1 Synchrony and Zero Time

The (perfect) synchrony hypothesis [11] states that a system must react immediately to
external events and that the corresponding output must occur at the same time [116]. The
zero-time assumption follows from the synchrony hypothesis and implies that transitions
take zero time to execute [87]. In general, classical statecharts support both the synchrony
hypothesis and the zero-time assumption [116, 87].3

In UML, a transition may take time [87], although no assumptions are actually made,
allowing for models with either zero- or fixed-execution time [91, Section 13.3.30].4 The
Rhapsody dialect mirrors that of UML in that a “step does not necessarily take zero
time” [42]. Therefore, with respect to the zero-time assumption, it is theoretically possible
that both the UML and Rhapsody dialects adhere to the synchrony hypothesis.

3.1.2 Synchrony and Simultaneous Events

By the synchrony hypothesis, classical statecharts must be able to react immediately to
external events. This is possible, based on the fact that different events may occur simul-
taneously, and be acted upon simultaneously, in classical statecharts [76]. However, neither
the UML nor Rhapsody dialects support the synchrony hypothesis in this regard. Instead,
both dialects adhere to the concept of run-to-completion (RTC), which means that each
event is handled completely before the next event is processed.5

It is thus impossible in a UML or Rhapsody state machine for different events to be
handled simultaneously.6 For example, consider the state machine in Figure 4. Assume that
the state machine is currently in states A and C and that events e1 and e2 occur simultane-
ously. If this were a classical statechart, then both events would be handled simultaneously
(since they do not conflict) and the machine would move to states B and D in one step.

3Note that classical statecharts semantics, as implemented in Statemate, supports two time models:
asynchronous and synchronous. Only the asynchronous time model supports zero-time transitions [43].

4This is what is known as a ‘semantic variation point’ in the UML specification. These “explicitly
identify the areas where the semantics are intentionally under-specified to provide leeway for domain-specific
refinements of the general UML semantics” [91, Section 6.5.1]. In other words, users may make their
own choices at these semantic variation points; as long as their choices are documented, the model is still
considered to conform to the UML specification.

5In UML, “event occurrences are detected, dispatched, and then processed...one at a time” [91, Section
15.3.12]. In Rhapsody, events are handled “one by one, in order” [41].

6It is however, possible for the same event to be handled simultaneously in different regions of an
orthogonal composite state.
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However, in the other two dialects, only one event can be handled at a time. Therefore, the
state machine would next move to either states A and D or B and C, depending on which
event was handled.

A

B

C

D

e1 e2

Figure 4: State machine with potentially simultaneous events

3.2 Priorities of Conflicting Transitions

It is possible in all three dialects to have conflicting transitions, i.e., a set of enabled transi-
tions that cannot all be fired due to conflict in their results. For example, consider the state
machine in Figure 5. Assume that the machine is currently in state B and that event e is
generated. The two transitions enabled by this event are considered to be in conflict because
their effects conflict. For instance, if the transition into state D is taken, the state machine
moves to state D, and the transition into state C cannot be taken.

D
B

C

��A TOP

Figure 5: State machine with conflicting transitions

One of the most serious differences between the UML/Rhapsody and classical dialects
is the handling of conflicting transitions. In classical statecharts, the scope of a transition is
the lowest OR-state neither exited nor entered by that transition [43, 76]. Priority is given
to the transition with the highest scope. In the case of the state machine in Figure 5, the
scope of the transition from B to C is state A, while the scope of the transition from A is D
is the state TOP. Since priority is given to the transition with the highest scope, the latter
event is handled; therefore, the state machine moves to state D.

In UML, a “transition originating from a substate has higher priority than a conflicting
transition originating from any of its containing states” [91, Section 15.3.12]. In Rhapsody,
lower level states also get priority [41]. In this case, the transition from B to C originates
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from state B, which is a substate of state A, the origin of the transition from A to D. Since
priority is given to the substates, the former event is handled; therefore, the state machine
moves to state C in both UML and Rhapsody.

The rationale behind the different priority schemes is not well-documented, although
it has been suggested that the lowest-first priority scheme espoused by both UML and
Rhapsody is more object-oriented. In other words, this priority scheme allows substates
to override superstates in a way that is similar to how subclass operations/methods can
override those of the superclass [42].

3.3 Order of Execution of Actions

In all three dialects, is it possible to list multiple actions (or behaviours) on a transition
between two states, as shown in Figure 6. Assume that the state machine is in state A,
x = 0, and event e occurs. In classical statecharts, actions on a transition are executed in
parallel, rather than in sequence [43]. Therefore, at state B, x = 1 and y = 0, because both
actions were executed simultaneously. In UML however, the behaviour expression “may be
an action sequence comprising a number of distinct actions” and “behaviors are executed in
sequence following their linear order” [91, Section 15.3.14]. Similarly, in Rhapsody, “actions
are guaranteed to be performed in sequential order” [42]. For both UML and Rhapsody

therefore, at state B, x = 1 and y = 5.

A B
e/x:=x+1; y:=x*5

Figure 6: Transition with a list of actions [43]

3.4 Fork and Join

Fork and join constructs are common to all three dialects, although the symbols are slightly
different in classical/Rhapsody than in UML. Published work on the classical and Rhap-

sody dialects show forks and joins as simply arrows with either multiple sources or multiple
targets. The UML specification shows separate fork and join constructs, which break the
transitions into incoming and outgoing transitions.

In addition to the dialect differences between the dialects, there are several well-formedness
differences. For example, actions (or any labelling) are not permitted on the outgoing transi-
tions of a fork in Rhapsody. Thus, the UML state machine in Figure 7 would be ill-formed
in Rhapsody, even with the alternate notation taken into account.
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e
/a1

/a2

Figure 7: This UML fork would be ill-formed in Rhapsody

As another example, the classical statechart in Figure 8 would be ill-formed in both UML
and Rhapsody. In the first place, Rhapsody does not allow the labelling of transitions
leaving a fork. UML does allow the placement of actions on these transitions, but not
event triggers. However, there is a much more fundamental semantic difference between the
classical and the other two dialects. In the classical dialect, the fork transition would only
be taken if all three events e, e1 and e2 were to occur simultaneously, which is possible
since the classical dialect allows for simultaneous events. On the other hand, both UML and
Rhapsody adhere to the RTC assumption; therefore, only one event can be handled at a
time.

e

e1/a1

e2/a2

Figure 8: This classical fork would be ill-formed in both UML and Rhapsody

The classical statechart in Figure 9 would be ill-formed in UML because UML does not
allow for event triggers after the join pseudostate. In addition, the obvious solution of simply
moving the event trigger to the incoming transitions would not work; UML does not allow
for event triggers incoming to join pseudostates. In fact, joins are not explicitly triggered
in UML; they are only used with completion events [107], i.e., events that are automatically
triggered when the last state(s) in orthogonal regions are completed. Finally, the UML state
machine in Figure 10 would be ill-formed in Rhapsody, since Rhapsody does not allow
for any labels on transitions coming into a join.

e

Figure 9: This classical join would be ill-formed
in UML

/a1

/a2

Figure 10: This UML join would be ill-formed in
Rhapsody
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3.5 Junction

Junction constructs are common to all three dialects, although there are some well-formedness
differences. For example, the classical statechart in Figure 11 is ill-formed in UML. However,
it is possible to make the state machine compatible by simply moving the event trigger to the
transitions coming into the junction because UML allows for event triggers on transitions
coming into junctions. In fact, each incoming transition may even have a different event
trigger.

e

Figure 11: This classical junction can be made compatible to UML

In addition, the RTC assumption also affects the compatibility of the junction construct.
For example, the classical statechart in Figure 12 is ill-formed in both UML and Rhapsody.
The transition in question will only be triggered if both events e1 and e2 occur at the same
time, which is possible with classical statecharts but not with UML or Rhapsody. In
addition, UML does not allow for event triggers on transitions outgoing from a pseudostate.
Finally, Rhapsody does not allow for more than one outgoing transition from a junction.

e1

e2

Figure 12: This classical junction would be ill-formed in UML and Rhapsody

3.6 Conditional

Classical and Rhapsody statecharts support a specific conditional construct, shown in Fig-
ure 13. This construct simply represents a static choice, i.e., the guards on the outgoing
transitions are evaluated before the transition is taken. The conditional construct no longer
exists in UML,7 but its semantics are identical to those of the standard junction pseudostate,
as shown in Figure 14.

7The conditional construct was removed from UML 1.3, since it is equivalent to a junction [29, Section
3.4.3].
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C

[g1]

[g2]

e

Figure 13: Conditional construct supported by
classical and Rhapsody dialects

C

[g1]

[g2]

e

Figure 14: UML supports the same static choice
by using the junction pseudostate

3.7 Choice

UML does allow for a dynamic choice pseudostate, which is not equivalent to the classi-
cal/Rhapsody conditional construct. Consider the UML state machine in Figure 15. When
the state machine starts, it moves to state A and x = 0. When event e occurs, the action on
the transition is executed before the guards on the outgoing transitions are evaluated. The
state machine will thus move to state C.

A

B

C

x:=0

e/x:=1
[x<1]

[x>=1]

Figure 15: UML supports dynamic choice

Although neither the classical nor Rhapsody dialects support this dynamic choice con-
struct, it is possible to simulate it at least in Rhapsody. Consider the Rhapsody statechart
in Figure 16. In this case, the fact that Rhapsody makes use of microsteps [42] comes into
play. The default, or initial, transition is considered a microstep. Attributes are assigned
their values at the beginning of each microstep, so the assignment x := 1 is executed as the
state machine enters the composite state. Once the conditional is reached, x = 1, so the
state machine would move to state C.

A

B

C

x:=0

e/x:=1
[x<1]

[x>=1]

C

Figure 16: Dynamic choice can be simulated in Rhapsody. State machine from [42]

It is very important to note that even if the conditional in Figure 16 were replaced by
UML’s static choice construct (junction), the state machine would not behave identically in
UML as it does in Rhapsody. UML does not make use of microsteps, and the action along
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the transition would not be considered when the guards are evaluated [107]. If this state
machine were to be evaluated in UML, it would move to state B.

3.8 Summary Table

Table 1 summarizes the findings of this section, as well as results for some other syntactic
constructs. The left-hand columns of the table summarize the syntactic and semantic differ-
ences. UML 2.0 is used as the baseline, with classical and Rhapsody both being compared
to it. The right-hand columns indicate in which potential problem categories each construct
and concept fall:

• The notation category indicates differences which can be easily managed, i.e., a state
machine in one dialect can be easily ported to the other dialects with a simple notation
translation.

• Differences in the well-formedness category are more serious. Sometimes it will be
possible to modify a state machine to make it compatible to another dialect, e.g.,
the UML state machine in Figure 14 represents the classical/Rhapsody statechart in
Figure 13. Unfortunately, not all state machines can be made compatible, e.g., the
classical statechart in Figure 9 cannot be translated into an equivalent UML state
machine.

• Finally, differences in execution behaviour are the most serious of all. This is not
because they imply that a state machine cannot be ported to another dialect, but
because a state machine designed with constructs/concepts from this category can be
well-formed in more than one dialect and yet behave differently in each. The state
machines in Figure 2 are prime examples of this particular pitfall.

Obviously, problems caused by well-formedness differences can also cause problems in
execution behaviour. For example, a UML state machine with deferred events8 would be
ill-formed in the other two dialects. However, if the deferred events were simply removed, the
state machine would not behave as expected. In this case, the execution behaviour problem
would not be indicated in Table 1, since the well-formedness problem itself alerts modellers
of the mismatch and thus encourages them to ensure that a ported state machine is well-
formed and behaves as expected. Instead, the behavioural problems indicated in Table 1 are
in addition to any notation or well-formedness problems for that construct/concept, and not
caused by them.

Not only does this table present a comprehensive summary of the differences between the
three dialects, but it also brings to light several facts, such as:

8Normally, when an event occurs, it either matches the event trigger on some transition and is handled,
or it does not match any trigger and is ignored. However, the use of deferred events allows a state to recognize
certain events (which do not trigger transitions in that state) and postpone responding to them [91, Section
15.3.11].
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• Rhapsody is much closer, syntactically and semantically, to UML than to its classical
ancestor, especially with respect to behavioural semantics. This means that state
machines can be more easily ported between UML and Rhapsody than between either
of these dialects and classical statecharts.

• UML is the only dialect that allows for dynamic choice.

• Many of the well-formedness and execution behaviour differences between classical and
UML/Rhapsody are indirectly caused by the fact that UML and Rhapsody do not
support simultaneous events or actions, e.g., with respect to do-activities, forks, joins,
junctions, and event triggers.

• Although the priority scheme between the classical and UML/Rhapsody dialects is
inverted, it does not cause any notation or well-formedness problems. In other words,
the fact that a state machine would behave differently due to the opposite priority
schemes would not be found by a syntax or well-formedness checker.

3.9 Implications of Differences

There are currently at least three popular dialects for modelling state machines: UML
state machine diagrams, classical statecharts and Rhapsody statecharts. Modellers may
adhere to MDD without being restricted to one particular dialect. In general, the similarities
between classical statecharts, UML state machine diagrams, and the statecharts implemented
by the Rhapsody tool are enough to suggest to the non-expert that a state machine modelled
in one dialect can be interpreted in the other dialects. Unfortunately, this is not necessarily
the case; there are enough syntactic and semantic differences between the dialects to cause
problems when sharing models.

Some problems are caused by simple notation differences and can be solved with a transla-
tion. Some problems cause well-formedness issues; occasionally, these problems can be solved
with translation or re-working of the model. Occasionally, these problems cannot be solved,
but at least their presence can be identified by syntax or well-formedness checks. Finally,
some problems cannot be identified by such checks; these are the most insidious problems
and result in well-formed state machines which behave differently in different dialects.

The comparative study described in this section is of interest to modellers, tool develop-
ers, and end users of statecharts and state machine diagrams for the following reasons:

• Modellers should be aware of how their state machines will be interpreted in different
dialects. This is especially important with respect to execution behaviour issues, where
a modeller might be expecting a different behaviour than that exhibited by a state
machine. In the same vein, state machines can be used as a communication medium
between modellers and their customers, or end users. Users may interpret these state
machines differently, based on an alternate dialect with which they are familiar. Indeed,
the users may not even be aware that their interpretation is different, leading to a
modeller/customer disconnect, which may not be noticed.
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• Similarly, state machines might be shared between modellers, or ported from one mod-
elling environment to another. If the participants are not aware of the potential prob-
lems of dialect, well-formedness and execution behaviour, these state machines cannot
be shared or ported accurately.

• Finally, tool developers should also be aware of these differences and potential problems
in order to gear their tools to particular dialects. Tool developers may also offer
import/export capabilities; our work indicates the parts of a state machine that must
be translated or otherwise modified. In addition, the development of syntax and well-
formedness checkers can benefit from knowledge of these differences.
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Table 1: Summary of differences between classical, UML and Rhapsody state machine dialects. Left-hand
columns summarize syntactic and semantic differences. Right-hand columns indicate the severity
of problems caused by these differences

Construct/Concept UML Class. Rhap. Note Notation Well-Form. Behaviour
Syntax

States
entry/exit actions  ⊙  1 X

do-activity  ⊙ ⊙ 2 X

deferred events  ⊗ ⊗ X

Pseudostates
initial    3
final    4 X

fork  ⊙ ⊙ 5 X X

join  ⊙ ⊙ 5 X X

shallow history  ⊙ ⊗ 6 X

deep history  ⊙ ⊙ 6 X

junction (static)   ⊙ 7 X X

conditional (static) N/A ⊕ ⊕ 8 X X

choice (dynamic)  ⊗ ⊗ 9 X

Transitions
event trigger  ⊙ ⊙ 10 X

action (behaviour)  ⊙  1 X

completion  ⊘ ⊘ 11 X

Semantics
simultaneous events N/A ⊕ N/A 12 X X

simultaneous actions N/A ⊕ N/A 13 X

priority  ⊙  14 X

1 Multiple actions are permitted on a transition (or as entry/exit actions) in all formalisms; see Section 3.3 for how
execution of these actions differs.

2 Classical and Rhapsody offer a ‘static reaction’ construct, which may also have triggers and guards. In addition,
Classical statecharts allow multiple (potentially simultaneous) static reactions for a particular state [45, Sect. 6.1.1].

3 Called ‘default’ [43].

4 Called ‘termination connector’; symbol is a circled ‘T’ in classical/Rhapsody statecharts [45, 41].

5 Symbol is slightly different. See Section 3.4.

6 UML allows history in orthogonal states. Rhapsody does not support shallow history.

7 Not used for static choice in Rhapsody. See Section 3.5.

8 Equivalent to junction; removed from UML [29, Sect. 3.4.3]. See Section 3.6.

9 See Section 3.7.

10 Classical allows conjunction and negation of triggers [117], as well as disjunction. UML does not permit conjunction or
negation [117, 87]. Rhapsody does not support conjunction [41] or disjunction [52], or presumably, negation.

11 Completion events and transitions are not mentioned in classical or Rhapsody statecharts; although null transitions
are permitted.

12 See Section 3.1.

13 See Section 3.3.

14 See Section 3.2.

Legend for Left-Hand Columns

Symbol Description
 supported, with little or no difference from UML 2.0
⊙ supported, with considerable difference from UML 2.0
⊗ definitely not supported (direct evidence)
⊘ presumably not supported (indirect evidence)
⊕ not supported by UML, but supported by other formalism(s)

N/A not applicable

17



4 Semantic Approaches to UML State Machines

Of the three dialects examined, only one, UML, has become the de facto industry standard
for general purpose modelling. A common criticism of UML is that its semantics, especially
with respect to behaviour, are inadequate. The UML 2.0 specification [91] contains much
detailed prose about semantics; however, it does not adopt a formal description to achieve
a higher level of precision and clarity. Nonetheless, it is recognized that a formal, unam-
biguous, yet readable account of UML’s semantics would be very beneficial for UML and
MDD. For instance, a formal semantics could highlight problems in the standard and enable
the development of powerful and interoperable analysis and transformation tools for UML
models.

The remainder of this paper provides a categorization and comparison of 26 different
approaches to formalizing the semantics of state machines, specifically UML state machines.
The approaches are grouped into primary categories, based on their underlying formalism.
These groups of approaches are then compared against several secondary dimensions. The
purpose of this research is to provide a useful starting point with respect to learning about
the semantics of state machines. Readers will be able to focus on a particular underlying
semantic formalism, analysis goal, or state machine feature and determine which approaches,
or types of approach, are most suitable to their needs.

Specific technical details of the surveyed formalisms will not be provided. Readers are
encouraged to consult the referenced papers for more information about the approaches.
Alternatively, a technical report [24] provides a high-level overview of each approach.

4.1 Related Work

UML state machine diagrams are an object-based variant of classical statecharts, which
have evolved over the years since Harel first introduced the dialect [39]. Although much
research has been devoted to the semantics of classical statecharts ([45],[77], and [96] among
many others), these approaches cannot be simply applied to the semantics of UML statechart
diagrams. Even though the step semantics of classical statecharts has evolved from a ‘current
step’ to ‘next step’ philosophy,9 there are other factors which make the two state machine
dialects less than perfectly compatible with each other. For instance, the run-to-completion
assumption of UML states that an event can only be dispatched when the processing of
the previous event has been completed [91]; classical statecharts still allow simultaneous
processing of events. As another example, the implicit priority system between the two
dialects is inverted. In UML, the priority of conflicting transitions is determined by the source
of the transitions and is ‘bottom-up’. In classical statecharts, priority is determined by the
overall scope of the transitions and is ‘top-down’. Due to these differences, existing semantic
approaches for classical statecharts are not directly applicable to UML state machines.

9Initial versions of the semantics allowed changes that occurred in a given step to take effect in the
same step; Harel subsequently changed this so that changes did not take effect until the next step [40].
This removed many of the paradoxes (such as instantaneous states and self-triggering transitions) discussed
in [116].
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There exists much published research relating specifically to semantic approaches to
UML in general and to state machines in particular. However, there has been little work
published on the categorization and/or comparison of these approaches. The wide variety
of approaches (using, for instance, Petri nets, labeled transition systems, concurrent regular
expressions, rewriting, and specification languages such as Z) complicates this task, but also
makes it all the more useful. Fortunately, most research contains a ‘related work’ section,
and several of these publications have been particularly useful. For instance, [26] provides an
orthogonal division of related work, including categories such as ‘level of UML coverage’ and
‘loose’ vs. ‘precise’ semantics. [51] discusses semantic approaches for UML as a whole, with
categories such as ‘naive set-theoretic’, ‘meta-modelling’ and ‘translation’. [5] offers three
categories of approach for applying a mathematical basis to object-oriented (OO) models:
‘supplemental’ (replacing informal notation with formal); ‘OO-extension’ (extending existing
formal method to object-orientation); and ‘method-integration’ (integrating OO notation
with an appropriate formalism). Finally, as one of the more recent publications, [58] provides
an excellent overview of many different approaches.

5 Categorization of Semantic Approaches

The state machine formalisms can be distinguished in many different ways: mathematical vs.
non-mathematical, textual vs. graphical, theoretical vs. practical application, etc. Inspired
by comparative surveys of semantics for programming languages, our initial intention was
to categorize the approaches based on the type of semantics, e.g., denotational, operational
or axiomatic; however, it turned out that an overwhelming majority of the approaches we
surveyed (24/26) were operational in nature. We have therefore chosen to use the underlying
formalism of the approaches as a primary dimension, with other interesting dimensions to be
used for comparison in Section 6. There are three broad categories of underlying formalism,
each with several sub-categories, as shown in Figure 17.

Model
Checking
Language

Specification
Language Other

Abstract
State 

Machines

Transition 
Systems Petri Nets Other

Graph 
Rewriting

Term 
Rewriting

Translation Approaches

Semantic Approaches

Mathematical Models Rewriting Systems

Figure 17: Primary categorization of semantic approaches for UML state machines

5.1 Mathematical Models

This category comprises semantic approaches that are based directly on standard mathe-
matical concepts and notations. The advantage of using a mathematical notation is that it
encourages precision and attention to detail, making it more likely that the resulting seman-
tics is complete and unambiguous. In principle at least, the notation should be accessible
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to anybody with a standard mathematical background. However, it appears that most ap-
proaches in this category “fail to provide a high level of abstraction that can be properly
understood” [112] by users. In other words, the user is often expected to digest a prohibiting
amount of detail and notation.

Transition Systems In general, a transition system is a graph in which nodes represent
states and edges represent transitions between them. There are different flavours of
transition system, including Labeled Transition System (LTS), Kripke structure and
Symbolic Transition System.

Abstract State Machines An Abstract State Machine (ASM) [38] basically consists of a
set of states and an iteratively applied update rule [60] and can be used, for instance,
for the operational description of algorithms [58]. Although ASMs can be considered
transition systems [14], we have kept the two formalisms separate, as in [112]. The
syntax of ASMs is reminiscent of a simple imperative programming language which
makes them quite accessible to users with a programming background. Analysis of
ASMs is also possible with tool support.

Petri Nets Petri nets are a well-studied and intuitive formalism that is both graphical and
mathematical. They consist of places, transitions, and arcs connecting them. Control
flow is modelled through the use of tokens. Transitions are enabled when there are a
sufficient number of tokens in the places ‘before’ them. The execution of a Petri net
involves the firing of enabled transitions; tokens on places ‘before’ the transition are
consumed and tokens on places ‘after’ the transition are created. Numerous editing
and analysis tools are available and various extensions for different domains such as
Generalized Stochastic Petri Nets for performance analysis [82] exist.

Other Mathematical This sub-category holds other mathematical approaches that do not
make use of transition systems, ASMs or Petri nets, e.g., basic sets-and-relations for-
malisms.

5.2 Rewriting Systems

This category is geared towards pure rewriting systems, such as graph rewriting or term
rewriting. Rewriting systems can be considered as mathematical models [112] although we
have chosen to keep them as a separate category. A rewrite system typically consists of a set
of rewrite rules. Each rewrite rule consists of a left- and a right-hand side. The execution of a
rewrite system involves the repeated application of the rules to some ‘configuration’. In each
application, an occurrence of the left-hand side of a rule in the configuration is replaced by
the right-hand side. The execution terminates when no matching rule can be found anymore.
Rewrite systems are also well-studied and various kinds of tool support are available.

Graph Rewriting Graph rewriting (also called graph transformation) “provides a math-
ematically precise and visual specification technique by combining the advantages of
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graphs and rules into a single computational paradigm” [112]. Graph rewriting ap-
proaches are a natural fit for state machines since there is no need to make the leap
from graphical notation to a textual/mathematical formalism.

Term Rewriting Term rewriting is a similar concept to graph rewriting, except that the
rewrite rules are performed on terms rather than graphs. In the context of UML state
machines, a term represents a configuration (e.g., set of active states) and a rewrite rule
describes the relation between terms (e.g., transitions between state configurations).

5.3 Translation Approaches

This category contains approaches which rely on translating a UML state machine into
some other formal language, such as a specification language, the input language to a model
checker, or a programming language. Some of the approaches in this category can also
be classified as either mathematical models or rewriting systems. What distinguishes this
category from the other two is that these approaches are typically motivated not only by
a desire to formalize but also to analyze automatically, e.g., with model checking, theorem
proving, simulation, etc.

Model Checking Languages Model checking is a well-researched dynamic analysis method
in which systems are modelled as finite state models. Temporal logic can then be used
to define properties and the models are checked to verify whether these properties hold.
Approaches listed in this sub-category typically have model checking as their final goal
and they transform UML state machines into a language designed for such analysis,
such as SMV [79] or PROMELA/SPIN [48]. A disadvantage of this sub-category is
that the semantic model and the verification model are not the same, because model
checking languages are not truly formal languages [23, 108]. For example, an approach
may use LTS to define the semantic model and then translate that to PROMELA for
the validation model.

Specification Languages Several approaches attempt to inject formalism into UML state
machines by translating them into an already formalized specification language, such
as Z [109] or PVS [92].

Other Translation This sub-category is a catch-all, currently containing one approach that
translates state machines to concurrent regular expressions ([57]) and two approaches
that translate state machines into axiomatic systems ([69] and [4]); these last two are
the only non-operational semantic approaches that we discovered.

We are restricting ourselves to these three sub-categories; however, other appropriate
sub-categories could be:

Programming Languages Approaches here would essentially generate code from UML
statechart diagrams. [105, 64] is an example of this category, translating to Java.
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Internal Representations Although little published research exists for this sub-category,
it is nevertheless interesting. Here, approaches translate UML state machine diagrams
to internal representations of tools, such as Rose RT, Rhapsody, etc. The last two
are large, commercial, tools, but there exist many less well-known tools which allow
for code generation, simulation, and analysis of UML state machine diagrams.

5.4 Overlap in Reference Set

The primary categorization provided here is not orthogonal. For instance, graph rewriting
can be considered mathematically precise [112]. In addition, some approaches fit comfortably
into more than one category, especially since several make use of more than one underlying
formalism. Figure 18 shows the number of approaches in each sub-category and their over-
laps. These overlaps represent our current set of references; additional references may cause
new overlaps.

Figure 18: Overlap between primary sub-categories, based on current set of references. Each ⋆ represents
a surveyed approach

Our set of references contains 39 approach-specific publications, covering 26 separate se-
mantic approaches to formalizing UML state machines. These references are listed in Table 2,
according to how they relate to the primary categorization. Note that some approaches are
listed more than once, reflecting the overlap between sub-categories as shown in Figure 18.

6 Comparison of Semantic Approaches

In addition to separating the semantic approaches along a primary dimension, i.e., underlying
formalism, we also compared the approaches along several secondary dimensions. We restrict
ourselves to the following dimensions, which are of particular relevance to MDD:

UML Coverage All of the approaches are geared towards UML state machines; however,
they vary widely as to which of the state machine features are actually covered.

Analysis Some approaches focus solely on providing a semantics for state machines; others
provide a semantics and then continue on with analysis, such as model checking.
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Table 2: Categorization of semantic approach references

Category/Sub-Category References (one approach per cell)
Mathematical Models

Abstract State Machines [14] [23] [58] [60]
[108]
[22]

Transition Systems [26] [31] [35] [67] [99] [117]
[71] [97]
[72]

Petri Nets [8] [10] [63]
[82]

Other [17] [33] [81]
[16]

Rewriting Systems
Graph Rewriting [8] [30] [36] [112]

[65]
[66]

Term Rewriting [67] [73]
[74]

Translation Approaches
Specification Languages [5] [99] [120]

[110] [119]
Model Checking Languages [23] [35] [67] [73] [105]

[108] [71] [74] [64]
[22]

Other [4] [57] [69]

Tool Support Many approaches make use of or refer to some type of tool support. Some
make use of pre-existing tools, e.g., for graph transformation or Petri net analysis,
while others include the development of specific tools.

Obviously, there are many other dimensions along which the approaches can be compared.
Additional dimensions of interest to MDD include:

Integration Some approaches focus specifically on state machine diagrams, while others
are geared towards UML models in general, with only minor attention being paid to
the state machines. Some of these approaches discuss model integration, i.e., how the
meaning of different diagrams can be combined; others examine the issue of semantics
for the entire set of diagrams from a higher level.

Understandability In order for a user to fully make use of the benefits of a formalism,
they are often required to learn the intricacies of that formalism. For example, Z
specifications are all but incomprehensible to the novice user. Some approaches focus
on formalisms which are more accessible to novices, such as ASMs or graph grammars.
Other approaches use formalisms which require more expert knowledge, such as Z
specifications, transition systems or axiomatic systems.
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6.1 UML Coverage

The viability of a particular semantic approach should depend in part upon how well it
addresses the features of UML state machines. Tables 4, 5 and 6 show in detail how well
each approach covers specific UML state machine features. Table 4 details the mathematical
model approaches, Table 5 the rewriting approaches, and Table 6 the translation approaches.

Table 3 provides the legend for these three tables. Entries marked with  indicate that
the formalism supports the specific state machine feature with little or no difference from
the description in the UML 2.0 standard. Entries marked with ⊙ indicate that the feature
is supported; however, there is a significant difference from the description in the standard.
For example, [97][99] supports initial states but only one initial state per state machine is
permitted, while in UML, each sequential composite state can have an initial state and each
orthogonal composite state can have multiple initial states.

Entries marked with ⊗ indicate that the documentation for the specific approach clearly
states that the state machine feature is not supported. On the other hand, ⊘ indicates that
there is indirect evidence that a particular feature is not covered. For instance, [97][99] clearly
state that forks and joins are not supported. The same documentation makes absolutely no
mention of the concept of priority between conflicting transitions, thereby leading to the
implication that a specific priority scheme is not supported.

Finally, entries marked with # indicate that there is simply not enough information to
make even an educated guess about the coverage of certain state machine features. Several
publications were written at such a high level that little or no coverage information could be
determined.

The left-hand column of Tables 4, 5 and 6 list most of the features of UML 2.0 state
machines. This list includes most of the features of behavioral state machines according
to [91] and gives a general idea of which features are best covered by our set of semantic ap-
proaches. The following features are not included: submachines and entry/exit pseudostates
(submachines are syntactic sugar—they can be represented by replacing the submachine
state with the machine that it represents); terminate pseudostates (new to UML 2.0); object
creation/destruction and state machine extension (more complicated issues and not men-
tioned in many approaches); specific details with respect to event triggers, guards or actions
(approaches either do not mention these details, or impose various restrictions, such as only
call events, only signal events, only one event per transition, only one action per transition,
guards with no conditions dependent on attributes, etc.).
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Table 3: UML feature coverage legend for Tables 4, 5 and 6

Symbol Description
 supported, with little or no difference from UML 2.0
⊙ supported, with considerable difference from UML 2.0
⊗ definitely not supported (direct evidence)
⊘ presumably not supported (indirect evidence)
# unknown; not enough evidence to determine

Table 4: State machine feature coverage of mathematical model approaches. The legend is listed in Table 3.
Several publications were written at such a high level that little or no coverage information could
be determined

Mathematical Model Approaches
ASMs Transition Systems Petri Nets Other

[14] [23] [58] [60] [26] [31] [35] [67] [97] [117] [8] [10] [63] [16] [33] [81]
[108] [71] [99] [82] [17]

Feature [22] [72]
States
entry/exit actions     #  ⊗ # ⊗  #  # #  ⊗

internal transitions  ⊗   # # ⊗ # ⊗ # #  # #  ⊗

sequential (OR)     #      # ⊗ ⊘ #   

orthogonal (AND)     #    ⊗  # ⊗ ⊘ #   

do-activity     # ⊗ ⊗ # ⊗ ⊗ #  # #  ⊗

deferred events  ⊘  ⊗ # ⊗ ⊗ #  ⊗ #  # #  ⊗

Pseudostates
initial     #    ⊙ ⊗ #   #   

final  #   #  # # ⊙ ⊗ #   #  #

fork/join ⊗ ⊘  ⊘ # #  # ⊗ ⊗ # ⊗ # #   

history  ⊘  ⊗ # ⊗ ⊗  ⊗  # ⊗ # #  ⊗

junction  ⊘  ⊘ # # ⊗ # ⊙ ⊗ # ⊗ # # ⊗ ⊗

choice # ⊘ ⊙ ⊘ # ⊗ ⊗ # ⊗ ⊗ # ⊗ # # ⊘ ⊗

Transitions
event trigger    ⊙ #     ⊙ #   #   

guard     #     ⊗ # ⊗ ⊘ #   

action/behavior  ⊘  ⊙ #      #   #   

priority scheme    # #    ⊘  # # # #   

interlevel trans.    ⊗ #      # ⊗ # #   

Miscellaneous
completion event     #  # # ⊗ ⊗ #  # # ⊗ #
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Table 5: State machine feature coverage of rewriting approaches
Rewriting Approaches

Graph Term
[8] [30] [36] [112] [67] [73]

[65] [74]
Feature [66]
States
entry/exit actions # # # ⊘ #  

internal transitions # # # ⊘ #  

sequential (OR) # ⊗     

orthogonal (AND) # ⊗     

do-activity # # ⊗ ⊘ #  

deferred events # # ⊗ ⊗ #  

Pseudostates
initial # #     

final # #  ⊘ #  

fork/join # ⊗ # ⊘ #  

history # ⊗ ⊗ ⊗   

junction # ⊗ # ⊘ # ⊙

choice # ⊗ # ⊘ # #

Transitions
event trigger # ⊙     

guard # ⊗ ⊗    

action/behavior # ⊙ ⊗    

priority scheme # #     

interlevel trans. # ⊗     

Miscellaneous
completion event # ⊘  # #  

Table 6: State machine feature coverage of translation approaches
Translation Approaches

Specification Model Checking Other
[5] [99] [119] [23] [35] [64] [67] [73] [4] [57] [69]

[110] [120] [108] [71] [105] [74]
Feature [22]
States
entry/exit actions  ⊗ #  ⊗  #  # ⊘  

internal transitions ⊗ ⊗ # ⊗ ⊗ # #  # ⊘ #

sequential (OR)         #   

orthogonal (AND)  ⊗       #   

do-activity  ⊗ #  ⊗  #  # ⊘ #

deferred events   # ⊘ ⊗ # #  # ⊘ ⊗

Pseudostates
initial  ⊙       #  #

final  ⊙  # #  #  # # #

fork/join  ⊗ # ⊘   #  #  #

history  ⊗ # ⊘ ⊗    # # ⊗

junction  ⊙ # ⊘ ⊗ ⊙ # ⊙ # # #

choice  ⊗ # ⊘ ⊗ # # # #  #

Transitions
event trigger           #

guard           ⊙

action/behavior   ⊙ ⊘     ⊙  #

priority scheme ⊗ ⊘ #      # ⊗ #

interlevel trans. ⊗        #  #

Miscellaneous
completion event  ⊗ #  #  #  # # #
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An overall examination of the information presented in Tables 4, 5 and 6 suggests the
following conclusions:

• ASM approaches offer better coverage most other mathematical formalisms.

• For the most part, the graph rewriting approaches do not provide very good coverage
of state machine features.

• Model checking approaches offer above-average coverage, especially with respect to the
features dealing with transitions.

• Those features related to pseudostates are the least well covered, compared to features
related to actual states or transitions.

Figure 19 also lists the UML state machine features and gives a general idea of which
features are best covered by our set of semantic approaches.

The following conclusions can be drawn from the information summarized in Figure 19:

• While all approaches support the concept of simple states and basic transitions with
some type of event trigger, not all approaches extend to more complicated transitions
containing guards and/or actions.

• Almost 70% (18/26) of approaches allow for composite states, i.e., AND- and OR-
states. Interestingly enough, almost every approach which attempted to deal with
OR- states also dealt with AND- states.

• 15% (4/26) of approaches did not allow for any composite states, negating the state
machine concepts of hierarchy and concurrency. Eliminating composite states also
eliminates support of interlevel transitions (transitions between levels in a state ma-
chine hierarchy), completion events/transitions (triggered when a composite state has
completed its execution) and history (only used with composite states).

• Almost 30% (8/26) of approaches allowed for shallow and/or deep history; only one of
these approaches supported shallow history but not deep history.

• The features in the bottom half of Figure 19 can be seen to represent the more ‘compli-
cated’ features. Between 30% and 50% of approaches specifically do not support these
features. Another 30% to 40% do not provide enough detail to determine whether or
not they provide support; however, the probability is low. It should be noted that
while some approaches claim to cover a particular feature, close inspection of the pa-
pers often casts some doubt. This may be due to a lack of detail or clarity in the
description of the treatment of that feature. Consider, for instance, the discussion on
page 29 with respect to dynamic choice.
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Figure 19: UML state machine features, ordered by coverage level. The features at the top are specifically
covered by all or a majority of approaches; those at the bottom are specifically covered by few
approaches. Most approaches are quite explicit with respect to which features they do or do
not cover (shown by the black and grey segments in the figure). However, some approaches are
too high-level or do not give enough detail (as shown by the white segments in the figure)

In addition to examining how the approaches as a whole fared with respect to the cov-
erage of UML state machine features, we were also interested in how families of approaches
measured up. Instead of looking at all features however, we chose five of the more interest-
ing features. Table 7 displays the results of this comparison of primary sub-categories vs.
specific features. Four of the features are purely syntactic: composite states (OR- and/or
AND-states), history pseudostates (shallow and/or deep), junction (static choice) and choice
(dynamic choice). The fifth feature, priority, refers to whether or not the family of approaches
deals with the concept of the implicit priority scheme of UML state machines.

The following conclusions can be determined by the information summarized in Table 7:

• None of the Petri net approaches addresses any of these five features. Further exam-
ination of these approaches indicates that they are approaches which formalize UML
models as a whole, of which the state machines are but a small part. It might be the
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Table 7: Sub-category coverage of UML features

case that researchers have simply not expanded the formalism to handle these more in-
teresting features. While the lack of coverage by these approaches does not necessarily
indicate a fundamental limitation, but more like a conscious decision by the authors to
emphasize the treatment of different diagram types rather than all state machine fea-
tures, it does appear that Petri nets and graph rewriting are not particularly suitable
for handling the more interesting UML state machine features.

• While Petri net approaches cover the least number of features shown in Table 7, ASM
approaches cover the most. At least one ASM approach claims to cover all of these
five features.

• Regardless of the type of approach used, dynamic choice is poorly addressed across
the board. Only two approaches actually claim to support choice. However, one
approach [58] does not allow for variables, which means that choice pseudostates are
no different from junction pseudostates. The other approach [57] claims to support
choice but there are not enough details to determine whether or not this choice is
actually static or dynamic.

• Junction is another feature which is not particularly well covered by any family of
approach. Many approaches do not refer to this feature at all. [14] and [74, 73] treat
junction as syntactic sugar. [99] models a restricted junction, i.e., a junction is used
to eliminate multiple transitions with the same trigger leaving one state. In addition,
two approaches ([74, 73] and [105, 64]) draw junction as a diamond, i.e., the symbol
for choice.10

• Priority is reasonably well covered, at least by most of the sub-categories. Two ap-
proaches ([31] and [35, 71]) make use of a parameterized priority scheme, which allows
for either a bottom-up or top-down priority.

• There is exactly one approach [58] which handles all five of these features; however, as
discussed above, the support for dynamic choice does not allow for variables. However,

10It should be noted that junction is represented by a filled circle. Up until UML 2.0, choice was repre-
sented by an empty circle; it is now represented by a diamond. The diamond is used in activity diagrams;
before UML 2.0, activity diagrams were considered a special type of statechart diagram.
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Figure 20: Histogram showing which versions of UML are supported

this approach is one of only a handful which support a great majority of the state
machine features. In addition to [58], four other approaches cover a majority of the
features: [14] (Abstract State Machine, missing fork/join); [33] (Other Math, missing
junction/choice); [73, 74] (Term Rewriting and Model Checking Language, missing
choice, junctions translated to simpler constructs); and [105, 64] (Model Checking
Language, missing internal transitions, choice, syntactic difference with junction).

Another way of looking at coverage is to consider the version of UML that approaches
are covering. The histogram in Figure 20 indicates that a majority of approaches refer to
UML 1.3, i.e., 1999-2000. Although there are only two approaches that cover UML 2.0
([33] and [120, 119]), many of the older approaches are still applicable because there have
been few significant changes to the syntax and semantics of state machines. Minor changes
include the replacement of ‘event’ by ‘event occurrence’ and ‘action’ by ‘behavior’. A few
new constructs have also been added, but they relate to the concept of sub-machines, which
are not normally considered by the semantic approaches. The essence of state machines has
remained unchanged.

6.2 Analysis

In our reference set of approaches, the following types of analysis for UML state machines
were discussed:

Syntax Checking Syntax checking can be performed against the UML meta-model, e.g.,
confirming that each transition has at least one source state and target state. Approach:
[108].

Well-Formedness Checking Well-formedness (also known as static semantics) checking
can be performed against the UML specification’s Object Constraint Language (OCL)
constraints, e.g., checking that transitions leaving pseudostates do not have triggers
(events). Approach: [108].
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Consistency Checking There are several ways of checking consistency. It is possible to
check that a state machine satisfies assertions on its related class diagram, e.g., [4].
More common is consistency checking of a state machine against interaction diagrams,
e.g., [10] and [105, 64]. Another form of consistency checking is suggested by [69],
where the state machines of various interacting classes can be checked for consistency
with each other.

Model Checking Model checking is a dynamic analysis, performed on finite state models of
systems. In this context, it can be used to determine whether key properties (expressed
in temporal logic) hold for all executions of a particular state machine, e.g., liveness,
reachability, deadlock, fairness, etc. One advantage of model checking is its ability to
return a counter-example when a property is violated. Another advantage is the fact
that it is a mature field, with many well-designed tools. Approaches: [10], [35], [67],
[73, 74], [105, 64], [108].

Animation Although not a formal analysis method, animation (simulation, execution) of a
state machine can be used by the developer to ensure that a particular state machine
behaves as expected. Approaches: [4], [58].

It is interesting to note that 35% (10/26) of the approaches surveyed propose some type
of analysis that can be performed on or with UML state machines. Even more usefully, all
but one of these approaches provide for some sort of tool support.

6.3 Tool Support

Although it is possible to perform some analysis of state machines manually (e.g., syntax
checking), it is obviously much more convenient to automate analysis tasks. Several ap-
proaches make use of pre-existing tools, for instance, by extending or adapting a current
tool. Several other approaches design their own specific tools or toolsets.

Table 8 lists which tools have been used by which approaches, and for which types of
analysis.
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Table 8: Tool support for analysis. Some approaches adapt or extend a pre-existing tool, while others
create tools specific to their approach

Analysis Tool Based On/Using Approach
Editing Moses [32] [58]

JACK editor [15] [35]
F-Developer [4] [4]

Syntax (vs. metamodel) unnamed XASM [3] [108]
Well-formedness (vs. OCL) unnamed XASM [3] [108]
Consistency unnamed GreatSPN-to-PROD [27] [10]

HUGO [105] SPIN [48] [105, 64]
F-Verifier [4] HOL [2] [4]

Model checking unnamed SMV [79] [108]
unnamed SMV [79] [67]
unnamed PROD [111] [10]
JACK [15] [35]

HUGO [105] SPIN [48] [105, 64]
UPPAAL [70]

vUML [74] SPIN [48] [74, 73]
Animation/Simulation Moses [32] [58]

F-Prototyper [4] ML [93] [4]

6.4 Comparison Summary

Sections 5 and 6 represent an attempt to categorize and compare the numerous approaches
that exist for formalizing UML state machines. By no means can it be considered a complete
overview; although we have made an attempt to cover a broad range of approaches, there
are simply too many approaches in the research literature to cover them all. Moreover, our
categorization is also not definitive. Alternative ways to group the approaches, perhaps using
different dimensions, are conceivable.

In addition to the conclusions already listed, we suggest that several other conclusions
can be drawn from this research:

• The translation of state machines to model checking languages is a popular approach.
In this case, the result may not be as formal as a purely mathematical approach, but
the end result is a system which can be analyzed automatically.

• Transition systems, and especially Abstract State Machines, are another popular for-
malism. These systems intuitively match the concept of state machines, i.e., states
with transitions between them. The same argument can be made for Petri nets as
well.

• While all approaches handle the basic concept of states and transitions, very few ap-
proaches handle the entire range of UML state machine features. In fact, there exists
some doubt as to whether any one approach can formalize all of a state machine’s
features.
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• Because UML is a visual language, our original intuition was that graphical approaches,
i.e., graph rewriting and Petri nets, would prove to be most useful. However, neither of
these sub-categories fares well in terms of coverage with respect to UML state machine
features.

7 Conclusion

MDD is a software development process that focuses on the models of a software system.
These models are transformed into code. The concepts of executable models, automatic
transformation, and validation are key components of MDD. Statecharts, or state machines,
are a common mechanism for modelling the behaviour of model elements.

There are currently three state machine dialects well-represented in the research liter-
ature. Although very similar, there are enough subtle syntactic and semantic differences
between the three dialects to make it difficult to correctly interpret a state machine un-
less the underlying dialect is well-understood. This paper helps to address this difficulty
by clearly documenting many syntactic and semantic differences between the dialects. The
results of this research are useful to both modellers and customers in fostering better com-
munication. Also, tool developers can make use of this research to create better modelling,
analysis, and transformation tools.

A common complaint about the Unified Modelling Language is that it does not include a
formal semantics. This deficiency can be understood, given the fact that there are thirteen
diagram types in UML 2.0. However, even UML state machines, which are based on the
well-understood notion of finite state machines, cannot claim to be completely formalized.

We have gathered information about 26 different attempts to formalize UML state ma-
chines from the research literature. We have categorized them according to the underlying
formalism and compared them along several secondary dimensions, most notably, UML state
machine coverage. This particular research can be used as a useful starting point with respect
to learning about the semantics of state machines. The results of this research can be used
to guide the reader to relevant publications, based on particular formalisms, analysis goals
or state machines features. In addition, this research raises several interesting questions,
suitable for future work.

7.1 Future Work

With respect to the comparison of state machine dialects, the following topics could be
considered for future work:

• Continue adding to the dialects covered, especially those dialects employed by specific
tools.

• With an eye to creating an algorithm for porting a state machine from one dialect
to another, compile a detailed list of constraints that must be met in order for a

33



state machine to be considered portable. For example, a classical statechart employing
simultaneous events cannot be ported to the other two dialects.

• Create workable algorithms for porting between dialects. For example, a dynamic
choice in a UML state machine can be simulated in Rhapsody with a junction pseu-
dostate and the addition of a new composite state.

With respect to semantic approaches to formalizing UML state machines, there are a
number of open research questions and issues:

• Petri net approaches provide the least amount of coverage. Does this indicate an
inherent limitation in the formalism (doubtful) or have the current approaches simply
not taken the formalism as far as possible?

• Dynamic choice is the least covered state machine feature. Are there any approaches
that successfully cover dynamic choice? Is this because it is difficult to capture formally,
or because it is perceived as not interesting, i.e., infrequently used by modellers?

• As already mentioned, some of the state machine features are nothing more than syn-
tactic sugar; e.g., entry/exit actions could be replaced with actions along the incom-
ing/outgoing transitions (which would also eliminate the necessity for internal tran-
sitions). Exactly which features can be eliminated as syntactic sugar? What is the
“core” of the UML state machine?

• The integration of different models is a crucial research issue for MDD. However, it
currently seems poorly studied (with [17] as a notable exception). The question is,
once suitable semantics for the different diagram types in UML have been found,
how can they be integrated such that a single picture of the entire system emerges
that encompasses all the different views? Which formalisms lend themselves to such
an integration? How can the relationships between entities in different diagrams be
specified?
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[7] L. Baresi, A. Orso, and M. Pezzè. Introducing formal methods in industrial practice.
In Proceedings of the 20th International Conference on Software Engineering, pages
55–66. ACM Press, 1997.
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