Composition Semantics for Executable and Evolvable
Behavioral Modeling in MDA

Ashley McNeile
Metamaxim Ltd
48 Brunswick Gardens
London W8 4AN, UK
ashley.mcneile@metamaxim.com

ABSTRACT

The vision of MDA is to decouple the way that application
systems are defined from the specification of their deploy-
ment platform. Achieving this vision requires that Platform
Independent models are rich enough to capture the behavior
of the application, and to support reasoning and execution
of functional behavior.

We focus on state transition modeling as being the best
able to support MDA and appraise the two types of state
machine (Behavior State Machines and Protocol State Ma-
chines) defined in UML. We conclude that, for different rea-
sons, neither has semantics that are well placed to serve as
a basis for PIM level behavior modeling.

We propose that state transition modeling can be both
simplified and strengthened by providing semantics that sup-
port process algebraic composition. We claim a number of
important advantages for this. Firstly, it provides a com-
mon language for defining a range of behavioral abstrac-
tions, including software components, behavioral contracts
and cross-cutting aspects. Secondly that it better supports
analysis of models, by exploiting the formal analysis tech-
niques of process algebra. Thirdly, the semantics enable
model execution and testing at the platform independent
level across a wider domain than is possible with current
UML formalisms.

Categories and Subject Descriptors

D.2.1 [Software Engineering]: Requirements/Specifications

—Languages, Methodologies; D.2.2 [Software Engineer-
ing]: Design Tools and Techniques—State diagrams; F.3.2
[Logics and Meanings of Programs|: Semantics of Pro-
gramming Languages— Process models
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1. INTRODUCTION

The Model Driven Architecture (MDA), an initiative laun-
ched in 2001 by the OMG, aims to promote modeling to a
central role in the development and management of applica-
tion systems. In particular, it suggests that “fully-specified
platform-independent models (including behavior) can en-
able intellectual property to move away from technology-
specific code, helping to insulate business applications from
technology evolution and further enable interoperability” [14]
and source code for a specific platform would be largely or
completely generated from the model, thus removing the
current expensive coupling between applications and the
technologies required to run them.

Moreover, key architects of the MDA vision talk of the
need to be able to execute and test an MDA model. Richard
Soley, CEO of OMG, says that one of the aims of MDA
is that “Models are testable and simulatable” [17]. Oliver
Sims, a member of various OMG Task Forces who served
for several years on the OMG Architecture Board, says that
“The aim [of MDA] is to build computationally complete
PIMs” [13]. As Oliver Sims points out, the term computa-
tionally complete means capable of execution. Executability
of a model, whether by interpretation or code generation, is
only possible if behavior is fully represented, and the capabil-
ities and properties of the techniques available for modeling
behavior are therefore key to achieving the MDA vision.

While there is a general agreement in the MDA commu-
nity that behavior modeling is essential to the MDA mission
and the models should be executable, the behavior model-
ing notations of UML (Figure 1) [15] do not lend themselves
well to executable modeling or model level reasoning.

e Use Cases are used to describe scenarios, or episodes,
of use of a system by specifying the set of interactions
between the system and domain in which it is embed-
ded. Use Cases are described using a combination of
natural language and informal diagrams. While “ani-
mation” (like playing a movie) of a Use Case may be
possible, “execution” in the sense of interactive behav-
ior is not. Their informal and partial nature makes
formal reasoning with Use Cases hard.

e Interaction Diagrams (Sequence Diagrams and Com-
munication Diagrams) can be used to express interac-
tion of lifelines communication classifiers. Normally an
Interaction Diagram presents one scenario of interac-
tion or, with the use of decision and loop constructs,
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Figure 1: UML Behavior Diagrams

a limited set of related scenarios. As they are scenario
based, Interaction Diagrams can be animated to play
out a scenario but, because they are not exhaustive of
all behavior, they cannot form a basis for model execu-
tion. Some researchers have suggested approaches to
composition in order combine scenarios to enable rea-
soning about the total behavior represented, for exam-
ple [7, 11], but no composition of Interaction Diagrams
is defined in UML.

e State Machines exist in two variants: Behavioral State
Machines (BSM) and Protocol State Machines (PSM)
[15]. While there is some lack of clarity in their defini-
tions (see, for example, Fecher et al. [9]) state machines
do provide complete behavior descriptions and can be
used for model based execution. We discuss the UML
state machine constructs in some detail in this paper.

o Activity Diagrams provide a flow based modeling med-
ium, similar to traditional Petri Nets. They are used
to show “the sequence and conditions for coordinat-
ing lower-level behaviors, rather than which classifiers
own those behaviors” [15]. This means that Activity
Diagrams are not suitable for representing the behav-
ior of an object model, which we believe is essential to
MDA. While Activity Diagrams can be executed (see,
for example, Engels et al. [8]), execution is at the level
of a single overall flow and does not encompass the
behavior of objects.

This summary suggests that, if we are to be able to cap-
ture and represent full and formal descriptions of systems
at the model level, State Machines offer the most promising
basis. In this paper we look at the forms of State Machine
(BSM and PSM) defined in UML and argue that their se-
mantics are not well geared to the aims of MDA. In this
paper we suggest that state-transition based behavior mod-
eling can be both simplified and strengthened by introducing
support for the parallel composition constructs of process al-
gebras. We explain how this might be done, and argue that
this has advantages in terms of improved ability to:

e specify composable behavioral abstractions that sup-
port both behavior specification and expression of be-
havioral contracts,

e abstract on states and actions in a way that supports
re-use and the description of cross-cutting behaviors,

e execute models of behavior at the Platform Indepen-
dent Level.

The reminder of the paper is the organized as follows:
Section 2 analyzes the semantics of the UML state machine
formalisms for MDA purposes, with a focus on their compo-
sition semantics. Section 3 contains our proposal for using
process algebraic composition semantics in MDA behavior
modeling. Section 4 illustrates the ideas with a small exam-
ple. Section 5 discuses benefits of the proposed ideas and
presents some conclusions.

2. STATE MACHINE SEMANTICS IN UML

The State Machine Package in the UML Superstructure
document v.2.1 and v2.2 [15] describes a set of concepts
that can be used for modeling discrete behavior through fi-
nite state transition systems. The State Machine package
defines two behavioral semantics for finite state transition
systems: Behavioral State Machines (BSM) and Protocol
State Machines (PSM). Our view is that both of these vari-
ants are flawed as a basis for MDA development, and in this
section we explain this view.

2.1 Behavioral State Machines (BSM)

BSM Semantics.

A Behavior State Machine usually presents behavior of
one classifier. “Behavior is modeled as a traversal of a graph
of state nodes interconnected by one or more joined tran-
sition arcs that are triggered by the dispatching of series
of (event) occurrences. During this traversal, the state ma-
chine executes a series of activities associated with various
elements of the state machine” [15].

A transition label is of the form:

event [guard] / action

where event specifies the event that triggers the transition,
guard defines a guard condition that can restrict firing of
the transition, and action is the action that happens when
the transition fires.

The composition semantics for BSMs defines state ma-
chines as executing asynchronously and communicating us-
ing events, created as a result of actions within the system or
in the environment. An event instance is queued until dis-
patched, at which point it is conveyed to one or more BMSs.
An event dispatcher mechanism selects and de-queues event
instances and an event processor handles the firing of state
machine transitions and execution of consequent activity de-
fined by the machines [15].

The consumption of events depends on the active state
of a state machine. If an event triggers a transition in the
current state of the machine for which it is queued it is dis-
patched and consumed, and this involves the firing of one or
more transitions. If an event can cause two (or more) tran-
sitions to fire, which transition is chosen is not defined. If no
transition is triggered then either the event is discarded, or
it may be held (deferred) for later processing. “A state may
specify a set of event types that may be deferred in the state.
An event instance that does not trigger any transition in the
current state will not be dispatched if its type matches with
the type of one of the deferred events. Instead it remains
in the event queue while another not deferred message is
dispatched instead” [15]. In other words:



e if an event enables a transition in the current state of
the machine then it can be dispatched and consumed,;

e if an event does not enable a transition in the current
state of the machine, but is listed as a deferrable event
for this state, it is kept in a queue for later processing;

e otherwise the event is discarded.

The resulting behavior of a population of state machines is,
in general, asynchronous and non-deterministic.

BSM Commentary.

The semantic model used for Behavior State Machine Exe-
cution in UML2 (which was first included in UML at version
1.5) is based on the “Recursive Design” method of Shlaer
and Mellor [19] whose work has been mainly in the real-
time/embedded systems domain. Following the adoption
of Shlaer/Mellor semantics into UML the MDA approach
based on their ideas has been rebranded as “Executable
UML” [18].

The approach is based on using BSMs to model so-called
“active objects”: objects whose instances execute auton-
omously and asynchronously (i.e., as if executing on inde-
pendent threads) resulting in system behavior that is inher-
ently non-deterministic [20]. It is very hard to reconcile this
semantic basis with the characteristics of the business infor-
mation systems domain, where behavioral issues are related
to transactional integrity and business rules, and strictly
deterministic behavior of business logic is important to en-
sure repeatability, auditability and testability. We note that
the commercial tools that support Executable UML (such as
those from Telelogic, Kennedy Carter and Mentor Graphics)
are not well adapted for use in the business information sys-
tems domain and are positioned by their vendors to target
the real time/embedded market.

The complex composition semantics makes reasoning about
behavior difficult. Complete analysis of the behavior of the
model must allow, in general, for arbitrary queuing of events
between objects and for the accumulation of deferred events.
If a model comprises a number of communicating objects
this results in a large number of possible execution states
for the system as a whole, and reasoning on models is im-
possible without model checking algorithms. This does not
make sense when models are being developed, as they are
in most projects, in an iterative manner and subject to fre-
quent change.

While there is some native support in Shlaer/Mellor for
behavior abstraction through the use of “polymorphic events”,
this has not been included in the UML BSM standard; nor is
there is any method to compose multiple machines to form
the behavior of a single classifier. This places severe limits on
the ability of BSMs to describe generalization/specialization
of behaviors or to support behavior re-use. As described
in [18], a single object class is modeled with a single state
machine, and only concrete classes are modeled. This also
means that crosscutting behaviors (aspects) have to be ad-
dressed by other means, potentially further complicating
model analysis.

2.2 Protocol State Machines

PSM Semantics.
Protocol State Machine (PSM) are not related to Shlaer/-
Mellor, and have semantics that are more general and closer

to the UML state machine semantics that pertained before
the import of Shlaer/Mellor semantics in version 1.5%.

PSMs are used to express the legal transitions that a clas-
sifier can trigger. A PSM is a way to define a lifecycle
for objects, or an order of the invocation of its operations.
PSMs can express usage scenarios of classifiers, interfaces,
and ports. The effect actions of transitions are not specified
in a PSM transition as the trigger itself is the operation.
However, pre- and post- conditions are specified, so that the
label of a transition is of the form

[pre-condition] event/ [post-condition].

The occurrence of an event that a PSM cannot handle
is viewed as a precondition violation, but the consequent
behavior is left open. “The interpretation of the reception
of an event in an unexpected situation (current state, state
invariant, and pre-condition) is a semantic variation point:
the event can be ignored, rejected, or deferred; an exception
can be raised; or the application can stop on an error. It
corresponds semantically to a pre-condition violation, for
which no predefined behavior is defined in UML” [15].

Unlike BSMs, PSMs can (to a limited extent) be com-
posed. “A classifier may have several protocol state ma-
chines. This happens frequently, for example, when a class
inherits several parent classes having protocol state machine,
when the protocols are orthogonal” [15]. In this context, “or-
thogonal” means that they have a disjoint set of events.

PSM Commentary.

PSM semantics are simpler and more abstract than the
BSM semantics, and this makes them more widely usable
and easier to analyze. However, as evidenced by the lan-
guage used to describe them, PSMs are clearly positioned in
UML as contracts of legal usage; and this gives it a different
meaning and role from that of BSMs. While a contract must
specify what is legal, it is not concerned with the mechanism
by which non-legal behavior is avoided, nor is it required to
specify the effect of violation. In other words: A contract
cannot be used as the instrument that guarantees its own
satisfaction. It would therefore be a logical error to execute
PSMs directly or to generate code from them; and other de-
vices must be used in order to ensure that the software that
is built complies with the contract PSMs that have been
defined for it. To use PSMs as executable models or the
basis for code generation in the context of MDA would be
inconsistent with this semantic positioning.

3. OUR PROPOSAL

Our view is that the state machine formalisms can be both
simplified and strengthened by:

e Using a common notational form for both the specifi-
cation of both contracts and behavior (so eliminating
divergence of notation that has emerged in UML be-
tween BSMs and PSMs)

e Defining semantics that support process algebraic com-
position.

Tt is probable that fracturing of the state machine formal-
ism in UML into two forms was a result of the impossibility
of reconciling the semantics of Shlaer/Mellor (reflecting the
needs of real-time systems) with the need for a more general
capability to specify legal orderings.



The first of these is based on the observation that a machine
with behavioral semantics can serve either as a specification
or as a contract, depending on the intentions of the author.
We contend that there is no penalty, and a good deal to
gain, in harmonizing the notations and concepts used across
the two.

There is a synergy between these two proposals. In the
context of contract definitions it is important to be able to
make descriptions that abstract from the full behavior of a
classifier, as a contract is normally a partial requirement
on its behavior. This requirement is met by the second part
of the proposal which allows the creation and composition
of partial behavioral descriptions.

The composition techniques developed in Process Alge-
bras such as Hoare’s CSP [5] and Milner’s CCS [16] have
so far not made their way into UML, perhaps because the
domain of algebraic processes (CSP and CCS) and software
models (UML) have been viewed as too different for the tech-
niques of the former to be used in the latter. However, this
is a mistake. Research work into behavior specification tech-
niques, such as those by McNeile et al. [3] and Grieskamp et
al. [21], have shown that CSP || composition transplants suc-
cessfully into software modeling. Other recent work in the
context of collaborative service behavior and service chore-
ography specification is making use of CCS and w-calculus,
such as the work of Carbone et al. [12]. The proposals we
make here exploits and extends the foundations built in this
work.

The cornerstone of our proposal is to use a single form
of abstract state transition machine, which we call a pro-
tocol machine, as basis for behavioral modeling. The key
property of protocol machines is that their semantics enable
composition.

3.1 Definition of a Protocol Machine

A protocol machine is, like the state machine constructs
of UML, a conceptual behavioral machine. However, unlike
the state machine constructs if UML, protocol machines can
be composed so that large, complex behaviors can be built
by combining smaller, simpler ones.

Protocol machines have the ability to allow, refuse or ig-
nore any action in its alphabet. More specifically, the be-
havior of a protocol machine is defined as follows:

e It has a defined alphabet: a set of actions that it un-
derstands.

e In a given state it will:

— Ignore any action that is not in its alphabet;

— Depending on its state, either allow or refuse an
action that is in its alphabet.

e If it engages in an action it moves to a new state.

The nature of the “actions” in the alphabet of a machine de-
pends on the context and purpose for which the machine has
been defined. When defining a single software component,
an action represents the receipt of a particular message type
from the component’s environment. In the context of mes-
sage based collaboration in a distributed system, an action
represents either the sending or receipt of a message of a
given type. Informally, by ignoring an action a machine is
saying “I do not know about this action, and have no opin-

ion on whether it can happen or not”, whereas by refusing
an action a machine is saying “This is an action that I know

about (it is in my alphabet) and I know that it cannot hap-
pen now”. The distinction between these two, which is not
made at all in the semantics of UML state machines, is the
basis for parallel composition.

Two further properties are key to the definition of protocol
machine behavior:

e If it is starved actions a protocol machine is bound to
reach quiescence, and only at quiescence is its state well
defined. A machine with this property is sometimes
called reactive. This means that a protocol machine
cannot engage in an action that results in a computa-
tion that does not terminate.

e A protocol machine is deterministic, so the new state
it moves to when it allows an action is dependent only
on the old state and the action in which it engages.

A protocol machine may, like an object, own attributes;
and only the machine that owns an attribute may update it.
Updates only take place when a machine allows an action,
and constitute part of the change of state of the machine.

3.2 Composition of Protocol Machines

For the purposes of this paper we define two forms of
composition, corresponding to CSP || composition and CCS
| composition. Other forms of composition are possible but
not within the scope of this discussion.

Generally speaking, CSP || is used to compose machines
in the formation of a single software component, so the com-
posed parts are within a computing environment that allows
them to share state and data; whereas CCS | is used for ma-
chines that are distributed in such a way that they cannot
share state and data and therefore communicate by exchang-
ing messages.

CSP Composition.

Allow “a” J
Refuse “a” X
Ignore “a”

PIIQ

Allow “a”

Refuse “a” X

Ignore “a”

[

Allow “a” / Q
Refuse “a” X

Ignore “a”

Anything else = J

Figure 2: CSP Composition

Suppose two machines P and ) are composed to form
P || Q. The ability of the composite to engage in an action,
a, is defined as follows (see Figure 2):

e If both P and @ ignore a then the composite ignores
a.
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A simple Bank Account is described as A1||A2.
A1 describes the basic protocol of events over the life of the Account. It also maintains a
balance attribute.
A2 uses the balance attribute to calculate its state. It only allows the Account to be closed if
it is in credit.

Figure 4: Bank Account with a Derived State

e If either P or @ refuses a then the composite refuses
a.

e Otherwise the composite allows a.

The CSP || composition of two protocol machines is an-
other protocol machine. In particular, it is also deterministic
(see [3] for further discussion of this).

Note that this form of composition does not have the
restriction present in UML for composition of PSMs that
the composed machines are “orthogonal”. It is the ability
to compose non-orthogonal machines (ones whose alphabets
have elements in common) that gives the technique its ex-
pressive power.

CCS Compbosition.

Allow “1x” / p
Refuse “Ix” X
Ignore “Ix"

Allow “?x” / Q
Refuse “2x” X
Ignore “?x”

P (!x) Q (?x) P|Q
J and

Anything else

‘/ = Message of type x can be exchanged

= Message of type x cannot be exchanged

Figure 3: CCS Composition

Suppose that P is a machine whose alphabet includes a
“send action on x”, represented as !z; and @ is a machine
whose alphabet includes the corresponding receive action,
represented as 7x. If these machines are composed to form
P|Q the behavior of the composite is defined by (see Fig-
ure 3):

e If P allows !z and @ allows ?x then a reaction on x
between them can take place. If the reaction occurs
both machines execute their respective actions on x
and move to new states.

e Otherwise nothing happens.

The result of CCS composition of two protocol machines is
not another protocol machine. This is because CCS compo-
sition does not, in general, give deterministic behavior of the

composite. Suppose P and @ are able to engage in a reac-
tion on y as well as the one on x, then whether the x reaction
or the y reaction (or neither) takes place is not determined.
We use the term collaboration for a set of machines under
CCS composition.

3.3 Derived States

Because there is no restriction on how the state of a proto-
col machine may be determined, we allow machines to have
derived states as well as the more usual stored states driven
by the transitions of the state machine. Figure 4 shows
an example of a Bank Account described as two machines
composed using CSP ||. The right hand machine, A2, uses
derived states (in credit and overdrawn) calculated on the

basis of the balance attribute owned and maintained by Al.
A derived state is analogous to the familiar concept of a

derived (or calculated) attribute, in that its value is calcu-
lated “on the fly” by a function when required. The use of
derived states is another departure from standard UML state
machine formalism, but increases the expressive power to de-
scribe action sequencing protocols that depend on the values
of stored data. A machine may use its own attributes and/or
those of other, composed, machines to derive its state.

When defining machines, we follow the discipline that a
given machine uses either stored states, where updates to the
state are defined implicitly by the state-transition topology
(asin Al); or only uses derived states, where the state values
are derived (as in A2). This is analogous to the familiar
discipline with attributes, where an attribute is either stored
or derived. The state icons for derived state machine are
given a double outline.

Finally, note that a derived state machine does not have to
be “topologically connected”. For instance, the Close tran-
sition in A2 does not lead to another state. This is because
the state update is not driven by transitions.

3.4 Behavior Re-Use and Aspectual Modeling

The use of composition allows complex behavior to be
defined as a composition of smaller, simpler, components.
These components can be re-used across the definition of
different behavioral entities. Thus, in a banking application
that has to support multiple different types of account (Cur-
rent Account, Savings Account, Student Account, etc.) the
basic account behavior described by Al could be common
to them all and could be composed with machines that rep-
resent the particular behavioral rules for each account type.
Further discussion of this is given in [3].

Moreover, by exploiting the possibility of defining gener-
alized states and actions, this form of re-use can be applied
to the definition of crosscutting behavioral aspects. Such
generalizations are achieved as follows:

e With the ability to define machines with derived states,
we can make one machine generalize over the states of
another, rather in the way that the state in credit in
A2 generalizes over all non-negative values of balance
in Al (see Figure 4). Such a state, which provides a
more abstract view of the states of another machine,
is called a generalized state.

e If two or more actions are treated identically in the
context of a given machine (causing the same tran-
sitions and same attribute updates), they can be re-
placed by a single generalized action. This can be



thought of as a macro that expands one transition in
the machine into a number of transitions with the same
start and end states.

A fuller discussion of the use of these techniques in aspectual
modeling has been given in [1].

4. EXAMPLE

We illustrate the idea with a small model of a mobile
’phone equipped with a gaming capability. We use this ex-
ample to show how a model can be described by using a
combination of a Dynamic View that shows the behavior of
the machines of the model, and a Static View that shows
how the machines are composed.

4.1 Dynamic View

MOBILE PHONE - DYNAMIC VIEW

GAME MACHINE

" CALL MACHINE

*?Initialize *?Initialize

i
i *?Phone . *?Phone 1 *?Phone *?Phone
B On Off !
"
i

Generalized Actions

Start Call = {!Call ,?Call} i
'

Start Call

End Call = {!Hang Up, ?Hang Up}

Game Event = {*?Start Game,
*?Resume Game, *?Stop Game}

””””””” NUMBER VALIDATION MACHINE

this.numberIsValid = DB.lookUp(callEvent.get (number));

State Function

if (this.numberIsValid) return “number is valid”;
else return “number not valid”;

Figure 5: Mobile Phone - Dynamic View

Figure 5 shows the Dynamic View. This shows the state
transition representation of the machines of the model. Our
model consists of three protocol machines:

Call Machine. This machine handles calls. Once the 'phone
is switched on, a call is initiated by Start Call. This
is a generalized action, representing either /Call (this
'phone makes a call) or ?Call (this 'phone receives
a call). Similarly, a call can be ended by either this
‘phone hanging up or the remote 'phone hanging up.
The generalized action Game Event represents events
connected with the game facility, and these may only
take place when a call is not in progress.

Game Machine. This machine handles game playing. If
a call is initiated (by making or receiving a call) and
a game is underway, the game is interrupted (the ma-
chine moves to the interrupted state). It may be re-
sumed later, with the action *?Resume.

Number Validation Machine. This machine handles val-
idation of called numbers against a list of valid num-
bers. A call initiation action /Call must end in the
derived state number is valid, and this means that the
call event is only allowed if the number is on the list.

Each action in each machine is prefixed by "!" meaning a
message sent by the machine or "?" meaning a message or
input received by the machine. The "*" prefix is used to sig-
nify local events from environment; these do not participate
in CCS message reactions.

4.2 Static View

MOBILE PHONE - STATIC VIEW

e CCS composition |

PHONE MACHINE

“= = = CSP composition = =ﬂ

I
h 4
[ CALL MACHINE || GAME MACHINE | [NUMBER VALIDATION MACHINE |

Figure 6: Mobile Phone - Static View

Figure 6 shows the Static View and this shows how the
machines of the model are composed. This shows the fol-
lowing:

e Phone Machine represents the complete behavior of a
‘phone.

e The three machines Call Machine, Game Machine and
Number Validation machine are composed using CSP
|| to form the behavior of a ’phone.

e Multiple ’phones are composed using CCS | to form a
collaboration whereby different ’phones engage in call-
ing each other.

The Static View also shows the data attributes:

e In general, every machine owns a set of attributes. For
instance the Call Machine would own the attribute my
number being the number of this ’phone.

e Also every message type sent or received will in gen-
eral carry a set of attributes depending on the message
type. Thus a Call message will contain the calling
number of the 'phone initiating the call, and the called
number of the 'phone being called.

For brevity, we have not shown the attributes of the model
in the diagrams.

4.3 Behavior of the Phone Model

As an example of the behavior of the model as described,
suppose the 'phone 1234 attempts to call 'phone 4321. This
means that 'phone 1234 must allow a /Call action. Consider
each of its machines:

e The Call Machine allows !Call provided that it is in
the state call enabled. If the machine is switched off or
already on a call, the action is not possible.



e The Game Machine allows !Call provided that it is
switched on, as all states have a transition for Start
Call (which includes /Call). If the machine is in the
state playing, the /Call will cause the game to be in-
terrupted.

e The Number Validation Machine allows !Call provided
that the action takes it to the state number is valid,
and this requires that number is on the list of valid
numbers. If this is not the case, the /Call action is not
possible.

5. BENEFITS AND CONCLUSIONS

In this section, we describe some of the motivating factors
for the suggested approach, and give brief conclusions.

5.1 Local Reasoning and Analysis

The CSP || composition technique has the property that
it gives Observational Consistency (as defined by Ebert and
Engels [10]) when applied to protocol machines. This prop-
erty, as discussed in [1], gives the ability to perform local
reasoning on models, whereby conclusions about system be-
havior as a whole can be based on examining single machines
in isolation. This is essentially because CSP || composition
preserves the trace behavior of the composed machines. As
has been often noted, for instance by Dantas [6], the ability
to perform local reasoning is crucial if intellectual control
is to be maintained over a complex model as it grows. As
well as this, state-transition models composed using pro-
cess algebraic techniques can be analyzed using standard
model checking algorithms and tools, and this is important
in complex cases where “brute force” is needed to check all
possibilities (normally where true concurrency is involved).

Together, these provide a basis for ensuring correctness
of behavior at the PIM stage of modeling. This, correctly,
demotes the role of testing as the means of ensuring that the
delivered software works correctly.

5.2 Contracts

Our claim is that protocol machines may be used to de-
scribe both behavior and contracts using a single notational
platform. This is a subject of on-going research, but the
basis of the idea is simple. Suppose that a protocol machine
C is a contract and another machine B is a behavior spec-
ification. We say that B satisfies C' iff B || C = B. This
requires that:

e The alphabet of B is a superset of that of C'. This is
natural, as you would not expect a design to satisfy a
contract if it does not recognize all the actions required
by the contract.

e By the rules of || composition, an action is only allowed
in B if also allowed in C. This means that the states
of C can be viewed as defining pre-conditions for the
actions of B.

While a full discussion is not possible here, this illustrates
the attractive possibility of using a common formalism for
both behavior and contractual definitions with a simple for-
mal definition of compliance. This is both more elegant and
more powerful than the dual notation approach, with BSMs
and PSMs, currently in UML.

5.3 Executability

Protocol models are executable. For example, the Mod-
elScope tool [4] interprets the meta-description of PIM level
protocol models. Further discussion of execution of protocol
machine models is given in [2].

It is our belief that the formalisms suggested here are more
domain neutral than those in the current UML. Whereas
the UML BSM semantics has a definite “real time systems”
flavor, protocol machines have been used to model database
and business process centric systems and have proved to be
applicable to these domains.

5.4 Conclusion

Behavior modeling in MDA should be simple, executable
and extensible. Our examination of the state transition for-
malisms of UML suggests that they do not possess these
properties. The main contribution of this paper is a proposal
to make process algebraic composition techniques central
to state transition behavior modeling in MDA. We argue
that the capability to compose behavioral models enables
behavior re-use and potentially, because they can be used to
describe behavioral contracts as well as behavioral specifi-
cations, eliminate the need for two forms of state-transition
model (BSM and PSM) used by UML.

The composition semantics presented in this paper are
based on the protocol machine abstraction. Although rel-
atively simple in concept, protocol machines support the
modeling of processes and objects that possess and main-
tain data attributes and, by allowing states to be derived as
well as stored, enable the modeling of cross-cutting concerns
using state and action abstractions. In addition their simple
compositional semantics make them amenable to analysis,
both human reason and machine based.
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