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Abstract statecharts are used for deriving an implementation. If con-
sistency is ensured within model-based development, then
In this paper, we show how different behavioral consis- testing of the code can be reduced and the overall software
tency concepts can be formed for sequence diagrams and process becomes more reliable.
statecharts. Our approach relies on the partial tranda- Our approach to overcoming the problem of ensuring
tion of models into a semantic domain and on the defini- consistency of sequence diagrams and statecharts is to de-
tion of explicit consistency conditions. Partial transations velop an explicit consistency concept. This consistency
and consistency conditions can be combined to form an ex- concept is supposed to be adapted depending on the appli-
plicit consistency concept. In order to make our approach cation domain and development process. It is based on a
applicable in practice, we discuss the issue of tool support formal translation of behavioral models into a suitable se-
and favor the development of a so-called consistency work- mantic domain and explicit consistency conditions. Such a
bench. formal translation is complemented by an operational trans-

lation using graph transformation which can be used for au-

tomated translation of UML models into the formal seman-
1. Introduction tic domain. Consistency conditions specified within the se-
mantic domain are verified by existing model checkers.

It is our belief that there are quite different consistency
concepts possible for different application domains. How-
ever, in order to enable automated consistency checks, these
importance. consistency concepts shall be made explicit and sufficient

Whereas until now, scenarios are usually expressed inSUPPOrt must be offered to the software engineer for being
MSCs and statecharts in some statechart dialect, the umL2P!€ to deal with different consistency concepts.
can be considered as a family of languages and incorpo-
rates both sequence diagrams, a variant of MSCs, and stat2. Our Approach
echarts. Nevertheless, despite the syntactic integration into
a common metamodel, with regards to semantic integration  Our approach to establish consistency of sequence dia-
no coherent concept is available. grams and statecharts is based on a general methodology

As a consequence, currently there is no integrated con-for specification and analysis of object-oriented behavioral
sistency concept for behavioral models. On the one hand,models [3]. In the following, we first concentrate on the
this is not surprising as it is evident in the debate about sce-technical issues of the methodology applied to the consis-
nario and statechart modeling and the development of vari- tency problem of sequence diagrams and statecharts. Then,
ous synthesis and verification algorithms. It is indeed more we elaborate on the idea of explicit consistency concepts
than doubtful that a single consistency concept can be es-and discuss the problem of offering appropriate tool sup-
tablished for all application domains and make its way into port.
the language definition.

Nevertheless, consistency of sequence diagrams and stat2.1. Problem Description
echarts is an important issue within any development pro-
cess because sequence diagrams are often used in an early Within system development, typically during an analysis
phase of the development to fix user requirements, while phase sequence diagrams are created which model typical

With the Unified Modeling Language [10] becoming the
industrial standard for object-oriented modeling, its appli-
cation for both scenario and statechart modeling is gaining



Sequence Diagram n formal approach, one problem consists in the limited ca-
E pacity of model checkers to verify consistency conditions.
Another problem that arises in the context of UML is the
need for many different formalizations due to different ap-
plication domains and development processes.
In the following, we will first briefly show how consis-
0l:ClassA 02:.ClassB tency can be established by translating both sequence dia-

grams and statecharts to the process algebra CSP [7]. Once
this has been achieved, consistency conditions can be ex-

et

Figure 1. Problem description

Sequence Diagram 1

development

pressed in terms of CSP assertions. Using formal transla-
tions and consistency conditions, explicit consistency con-
cepts for sequence diagrams and statecharts can be estab-
lished. The translation of statecharts to CSP has been in-
spired by Hiemer [6]. The details of this translation have
been introduced by Stehr in [11].

The following formalization can be seen as one example

scenarios of the system. The collection of these sequencd!@W consistency of sequence diagrams and statecharts can
diagrams can already be seen as an early behavioral modeP® established. Other than existing approaches, our main
of the system. Later within the development process, stat- &M i not the formalization itself but rather the support of

echarts are used for modeling full functional behavior of the software engineer when defining and dealing with such
each class. In Figure 1, this approach is illustrated. a formalization. Therefore, after discussing the details of

These two complementary approaches to modeling be-tEe forfrtnv\rlall|zat|on_|tself we vglll concentr?jt_e odn thl_e |s:~‘,u_ehhowh
havior raise a consistency problem between the behaviorall'€ Software engineer can be supported in dealing with suc

model described by a set of sequence diagrams and the bel°malizations.

havioral model obtained from the collection of statecharts. ) )
Due to the different development processes followed and 2.2. Translation of Sequence Diagramsto CSP
the different applications of both scenario-based and state-

based behavioral modeling, a fixed consistency conceptis Given a set of UML sequence diagrams, we translate
currently not available and also not part of the UML stan- these to the process algebra CSP in three steps. First, we
dard. construct the class proceBg of a clask by extracting all

In the literature, different approaches are followed to sequences of message interactions modeled in all sequence
establish consistency of these models. Generally, we candiagrams for objects of this class. Secondly, we construct
distinguish between two different approaches. One can beso-called buffer process&s, for each clask to process in-
characterized by the goal of establishing consistency by de-coming messages. Thirdly, we interleave all buffer and class
riving statecharts from a set of scenario sequence diagramsprocesses to a system of procesSggemg, (note that we
Thesesynthesis approaches[13] [8] prove beneficial in sev-  assume uniqueness of each class of a process in the system
eral cases but also have their disadvantages when it comes tor reasons of briefness of our explanations given here).
the problem of checking already given sequence diagrams  For construction of the class process, we extract all mes-
and statecharts for consistency. Although, in such a casesage interactions of an objexbf a classk and encode it in
the synthesis approach allows to derive a set of statechartg proces®,. This process has the form
from sequence diagrams, these statecharts must then manu-
ally be compared with existing statecharts. To show such an Po = Message, 1 — ... — Message, n — P
equivalence between two statecharts requires a sound for-
mal equivalence notion for statecharts and, in practice, ad-where Message,, = k:.send.async.message or
ditional tool support. Slight disadvantages can also be seenMessage,; = k.receive.async.message for the asyn-
in the problem that current synthesis approaches require ad-chronous sending of a message to an object of dass
ditional information for each scenario or make implicit as- receiving of an asynchronous message. All proceBses
sumptions. are interleaved to a proceSgstemep k = | ‘ ‘ Po.

Another, quite different approach to establishing consis- A buffer process of capacity one for asynchronous com-
tency of sequence diagrams and statecharts is to provide anunication is obtained by the process
translation into a formal language and provide a set of con-
sistency conditions to hold (see for example the work by Buffery = k.send.async?msg — k.receive.async!msg
Cheng et al. [1] and Moreira et al. [9]). Following such a — Buffery




We can now form another system of processes, comprising For different verification purposes, we can now distin-

the behavior of the objects in all sequence diagrams: guish between a number of ways of combining statechart
processes and environment processes. Concentrating on
Systemep = (‘ ‘ ‘ Systemsp k) || (‘ || By) one statechart, say for a cldssve construct

whereBy is a buffer of a desired size obtained by composing Systemge k = GS|| (SCespx || Envic)
processes of the tyguffery.

Given an UML object diagram with objects where the
2.3. Trandlation of Statechartsto CSP behavior of each object is described by a statechart, we can,
similar to the sequence diagrams, construct the system of all

The translation of statecharts to CSP proceeds in threestatechart processes. For that purpose, we interleave all stat-
steps. In the first step, each statechart translates to a stateechart processes and environment processes and then com-
chart process, mirroring the syntactical structure of the stat- pose them in parallel as follows:
echart. Secondly, an environment for event processing is
constructed. Thirdly, all statechart processes are interleaved ~ Systemgz = GS|| ((SCcesp,1 ||| - ||| SCes.n)
with the environment and an additional scheduler process. H (Envy ||| . ||| Envi))

We translate each statechart into a corresponding param-
eterized statechart proceS3 which corresponds to the syn-
tactical structure of the statechart. The generic form of this
procesSCce IS

2.4. Specification of Consistency Conditions

After translation of both sequence diagrams and state-

SC(state) = act_ SC — chart diagrams to CSP, consistency conditions can be spec-
if (state == ;) then State(s; ) ified.

else... These conditions can ensure different types of consis-
if (state == sm) then State(sm) tency. Quite common is to require that all possible inter-
else STOP actions specified within sequence diagrams for a ckass

. ] should be possible in the refined system where the behavior
The State processes for a statdefine the behavior of ;g specified by a statechart of that class.

a statechart within a state We further assume that transi-
tions are of the forngs, e, &, ti) wheree denotes the event,
g the action and; the target state of the transition. Then
the State processes are defined as follows:

Condition 1 (Each scenarioisvalid within the statechart)
Each scenario specified for a class k within a set of se-
guence diagramsis valid within the statechart of that class

Sate(s) = € 7%, — ...t X, — kiff Systemsc i \ asc.k C7 Systemep k.

if (xe, == 1) then

posta; — ackn_SC — SC(t;) This condition can be extended to a stronger condition
dse... formulated over the systems of processes obtained from se-
if (xe, == 1) then guence diagrams and statecharts:

post_a, — ackn_SC — SC(t,)
- S Condition 2 (All scenariosarevalid within the statecharts)
In the case of transitions with either empty event or empty aj| scenarios specified within a set of sequence diagrams

action, the corresponding CSP expression is simply omit- 5o valid for all statecharts iff ystemee \ asge Cr
ted. -
st

So far, we have restricted ourselves to the description
of simple, flat statecharts. In the case of composite states,
the proces$C must be extended by the interleaving of ad-
ditional parameterized processes for modeling behavior of
composite states and - in the case of concurrent composit
states - their regions.

In addition to the translation of a statechart, we must also
construct the environment of the statechart. The environ- Condition 3 (Statechart does not contain implied scenario)
ment consists of individual processes for each event occur-A Statechart for a class k does not contain a scenario not
ing in the statechart administrating the occurence of eachaready specified within the set of sequence diagrams iff
event. Systemsp T Systemsc i \ asc k-

In addition, our formalization also allows the detection

of implied scenarios, similar to that of Uchitel et al. [12].

e[For that, we can establish the following consistency condi-
ions:



Scenario_t Scenario_2 The statechartprocess A of Figure 2 translates to
control: ‘ ‘process A:‘ ‘ receiver: ‘ ‘ control: ‘ ‘process A:‘ ‘ receiver: ‘ the fO”OWing process (the statecharts fmntrol_sc and
a N c receiver_sc are translated in the same way).

a
b

c

Process_A_sc(state,static) =
act_Process_A ->
if (state == State_1) then
process_A a?x_process_A a ->
process_A_c?X_process_A C ->

if (x_process_A _a == 1) then
post_receiver b ->
control receiver post_in State 2 ->
? ¢/ “receivera ackn_Process_A ->

¢ Process_A_sc(State_2,false)

State_1

else
‘ if (x process A c == 1) then
a b post_receiver_a ->
post_in_ State_ 1 ->
ackn_Process_A ->
Process_A sc(State_1,false)
else
post_in_State_1 ->
ackn_Process_A ->

b/ ~rece|ver.c al “receiver.b

&

“process_A.c

“process_Ab “process|A.a

State_2

Figure 2. Example sequence diagrams and Process A sc(State 1,true)
statecharts else
if (state == State_2) then
process_A b?x process_A b ->
if (x _process A b == 1) then
post_receiver c ->
2.5. Example post_in State 1 ->

ackn_Process_A ->
Process_A_ sc(State_lfalse)
else

In this section, we illustrate the concept of our translation post_in State 2 -»
with a simple example. In order to keep the example short, ackn_Process A ->
we assume the following simplifications: Buffers have a .- ceen ——° Crare-2 crue)
size of 1 and messages are communicated asynchronously.
Furthermore, we assume that each scenario described by a In addition, we need to construct the environment and
sequence diagram may be processed any time, i. e. alsduild the overall process&ystem_SC_A andSystem_SC.
during the execution of another scenario. After a scenario To make the statechart processes and processes de-
is completed (last event occured), it may be repeated. Inrived from sequence diagrams comparable, we as-
addition, we will use the machine-readable version of CSP sume the application of a renaming operator to the
used by the model checker FDR [4]. systems. The eventpost_receiver_x, process_A_x,
The sequence diagrams in Figure 2 translate to thecontrol.receive.async.x and receiver.send.async.x become
processSystem_SD (see below; process definitions of receive x andsend_x_to_receiver for any messagg. All
System_SD_control and System_SD_receiver have been  other events of the systems are hidden.

omitted). Concerning condition 1, this condition can be checked
with the assertiomassert System SC_A[T= System SD_A.

zgzgizf—igi:fgzr;;i;a N Condition 2 can be checked by the statemasdert
receiver.send.async.b -> System _SC [T= System_SD and does not hold. Due to the
;Zg‘;ﬁijggi";iiznz b assumed combination, the scenario’s traces include the pos-
Process A Scenario_1 sibility that ¢ is received byProcess_A after receivinga -

, this is not possible for the process derived from the state-
Process_ A Scenario 2=
controlfrgceive.as;/nc.c -> Chart-
receiver.send.async.a -> Condition 3, expressable bgssert System_SD [T=

Process_A Scenario_2

System_SC should hold because the process specified by

the statecharts is not able to show behaviour extending the
These scenario processes are assembled to the processgien scenarios.

System_SD_A andSystem_SD as follows:

2.6. Consistency Conceptsand Consistency Checks

System SD_A = Process_A Scenario_1 ||| Process A_Scenario 2 i . .

System_SD = ((System SD_control ||| System SD A Having formalized both sequence diagrams and state-
||| System SD_receiver) [|alpha Buffer|] 1 i it
(NBuf. contzolT1) ||| NBUE Provess A(1) charts and defined several consistency conditions for them,

||| NBuf receiver(1))) this foundation can be used for defining explicit consistency



Specific Consistency Concepts T

Consistency Concept 1

for Consistency Problem

Consistency Concept 2
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Figure 3. Explicit consistency concepts for é
the UML
Figure 4. A sample consistency check

concepts. In ge_neral, a con;istency qondition (sometimesis consistent with the concept. A consistency check must
also called consistency “_Jle) IS a predicate that dete_rm'nestherefore validate the consistency conditions of a consis-
whether or not a model is considered consistent with re- o0y concept. Within our approach, such a check involves
spect to that particular condition. Concerning UML, the in- the translation of a model into a semantic domain, the ver-

bU|IthconS|st§_ncy lcondlthfnsdcan tr)]e con&der;ed a; Siyma(:t'cification of consistency conditions by a model checker and
as they are directly specified on the syntax of models. an interpretation of the results.

In addition to syntactic Cons_istency co.ndition.s, a consis- Informally, the specification of such a consistency check
:jgr]cy conceptdmay also cpnt::;]ln semantic gonssgelr.]cy CON%an be visualized by an activity diagram extended by mech-
itions. In order to specify these semantic conditions, a jnicms for modeling object flow. In Figure 4, the con-

mapping_into a semantic domain is also considere_d part Ofsistency check for scenario sequence diagrams and state-
the conS|stgncy (_:oncept. Ex_amples fpr such mappings ha_vecharts is shown (with object flow visualized by dotted ar-
been described in the previous sections for sequence dia-

d h Similarly. th diti p i drows). Within the first activity, a UML localization pattern
grams and statecharts. imrarty, t. € con |t|on§_ eSCrbedis ysed for locating and identifying, within a larger UML
above are so-called semantic consistency conditions. Intu-

tvely. they deal with th , ¢ behavioral model model, those sequence diagrams and statecharts relevant for
itively, they deal with the semantics of behavioral mode's . consistency check. These are then given to the transla-

b;acause they rr(]aqllélre certain conditions about the executloncion activities. Within the translation activities, the partial
ofa system to hold. translation to CSP is performed. Resulting CSP files are

_In Figure 3, we illustrate our ideas about explicit con- e assembled to a single file which can be handed over
sistency concepts for the application in UML. In the lower directly to the model checker.

part, we visualize the UML language definition which com-
prises a built-in core consistency concept specified by the .
OCL constraints. On top of these, application domain and 2.7. Tool-Supported Consistency Checks
development process specific consistency concepts can be
established. For example, concerning our case of sequence In order to make consistency management feasible
diagrams and statecharts, we may only require that eachwithin a development process, the software engineer has to
scenario is also valid in the corresponding statechart andbe supported by appropriate tools. Currently, case tools sup-
decide that we do not care about issues such as implied sceport rather limited consistency checks, based on the UML
narios, leading to a consistency concept 1 in the figure. Or, language definition and validation of OCL constraints.
requiring a much stronger notion of consistency, we might  In an ideal case, an appropriate tool should support the
construct a concept requiring all consistency conditions to software engineer in all necessary activities to establish a
hold. consistency concept. At University of Paderborn, we are
On the basis of a consistency concept, consistencycurrently developing a so-called consistency workbench,
checks can be defined in order to validate that a model aiming at



¢ the support of the definition of consistency proble
by offering a consistency problem catalogue,

_SIateMaDhme

€::= <SMName>(state,static) =

act_<SMName> —

if (state == <SName_1>) then
State (<SName_1>,static)

else ..

if (state == final) then
FinalState (<SMName>)

else STOP

+subvertex

SimpleState
name = {SName_1,..., SName_n}

P1

¢ the support of the definition of a partial translation
UML models into a semantic domain,

e the support of the definition of consistency checks

the basis of previously defined partial translations. T - stace (<siane>, static) + =
name = SName name = {Target_1, ..., Target_n)| . - - -
H . A . <Event _n»>?x_<Event_n> —
Concerning the first item, we are of the opinion tl <o et if (x_<Bvent 1> -= 1) then

ExitAction (<SName>) —

P2 [rransion ]|
|

+rigger

I

name = {Event_1, ..., Event_n}

Transition(<SName>, <Target_ 1)
else ..
if (x_<Event_n> == 1) then
ExitAction (<SName>) —
Transition (<SName>, <Target_n>)
else

when modeling with UML, often the same consister
problems may occur, due to the usage of same diag
types. One example for this is the consistency prob

of sequence diagrams and statecharts. We think that Sraricreaction(<enane:)
consistency problems can better be identified in an exis
development process if they are properly documented Figure 5. Two rules for statechart translation

catalogue. Method engineers can then resort to such ¢
alogue and see whether a well-known consistency problem
also occurs within their development process. conditions as building blocks. Our idea is to provide within
With respect to partial translations of UML models, the workbench the partial translations, consistency condi-
these are quite difficult to define and require great exper- tions and model checkers as building blocks such that con-
tise. We have recently explored a graph transformation ap- sistency checks as in Figure 4 can be formed. For that pur-
proach [5] [2] [11] which allows the translation to be spec- pose, the workbench contains a visual editor for definition
ified by a set of compound graph transformation rules. In of consistency checks. Such a definition of a consistency
our case, such a compound graph transformation rule con-check is then interpreted by a consistency check execution
sists of two parts, a source production rule specified by a engine.
UML metamodel extract and a target production rule rule  Currently, our consistency workbench is still a research
in the semantic formalism, here CSP. As we do not want prototype, concentrating on the semantic domain CSP and
to change the source model, the source production is theon the partial translation of sequence diagrams and state-
identical production, with equal left and right side. In Fig- charts, as described in this paper. However, we hope that
ure 5, two compound graph transformation rules are shownin the future we can include further partial transations into
for translating statecharts to CSP. other semantic domains and thereby demonstrate the usabil-
Graph transformation rules of this form can then be used ity of the workbench.
to specify a model transformation from a given source UML
model to a target CSP model. The semantics of rule applica-
tions is briefly described as follows: Given a concrete UML
model, a match for the UML metamodel extract is searched
for in the concrete UML model. Once such a match is  Consistency of behavioral models such as sequence di-
found, a match of the left side of the target production is agrams and statecharts is a difficult problem because there
searched for in the CSP model. Once the two matches havas no universaly valid consistency concept available, suit-
been found, the match of the CSP model is replaced by theable for all development processes and application domains.
right side of the target production. As a consequence, several different approaches have been
The consistency workbench allows the software engi- developed, from constructive approaches to declarative ap-
neer to specify such rule-based model transformations. Theproaches such as ours.
workbench further contains a transformation engine that, In our opinion, it is important to make the consistency
given a source model, uses a set of graph transformationconcept one uses within a development process explicit. We
rules to construct a target model. By offering support for have proposed a declarative approach for achieving this,
formalization, the software engineer can convert an existing based on the partial translation of sequence diagrams and
formal declarative specification, as the one above, in an op-statecharts into the semantic domain of the process algebra
erational one consisting of graph transformation rules. In CSP and the explicit definition of consistency conditions.
the future, existing formalizations can be used to construct Consistency conditions and partial translations can be com-
a catalogue of reusable partial translations. posed to form different consistency concepts. For a con-
With regards to consisteny checks, their definition can sistency concept, consistency checks can be developed and
take place by taking partial translations and consistency required to be executed and ensured within the overall soft-

3. Discussion



ware development process. Concerning the issue of tool [6] J.-J. HiemerSatechartsin CSP: Ein Prozessmodell in CSP

support, we are currently developing a consistency work-
bench which should support the software engineer in the
definition and execution of consistency checks.

From our experiences we can draw several conclusions.
It is desirable to make the consistency concept explicit also
for constructive approaches. Indeed, we think it would

(7]

(8]

zur Analyse von STATEMATE-Statecharts. DrKovac Verlag,
1999.

C. A. R. Hoare Communicating Sequential Processes. Pren-
tice Hall, 1985.

K. Koskimies, T. Mannist, T. Sys#, and J. Tuonmi. Auto-
mated support for modeling oo software.|EEE Software,
volume 15, pages 87-94, 1998.

be beneficial if each of the constructive approaches could [9] A. Moreira and R. Clark. Combining object-oriented mod-

be accompanied by a declarative approach and vice versa,
although we assume that this might not always possible.
Then, having a declarative approach specified for a certain
development process, it would be possible to select a partic-

ular tool within the sets of constructive approaches to ensure [

consistency. In order to reach such a goal, the relationship

eling and formal description techniques. In M. Tokoro and
R. Pareschi, editor®roceedings of the 8th European Con-
ference on Object-Oriented Programming (ECOOP’94),
pages 344 — 364. LNCS 821, Springer Verlag, 1994.

0] Object Management GroupUnified Modeling Language

between the various synthesis approaches and declarativéll]

approaches must be analyzed in detail.

Another conclusion can be drawn when considering the [12]

current UML language definition. In its present form, it
does not support any type of behavioral consistency con-
cept. In the future, it might be desirable to provide partial
formalizations for different application domains in form of
different consistency concepts. This could be achieved by
incorporating a behavioral formalism into UML, similar as
the OCL constraint language, or by adapting current initia-
tives for action semantics.

With respect to future work, we are currently exploring
the definition of consistency concepts based on a translation
of sequence diagrams and statecharts into Timed Automata.
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