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Consistency in Multiple-View UML Models: A Case Study

Hassan Gomaa and Duminda Wijesekera
Department of Information and Software Engineering, MS 4A4,
George Mason University, 4400 University Drive, Fairfax, VA 22030.

E-mail: {hgomaa,dwijesek}@gmu.edu

Abstract

Software designs described using UML consist of
multiple views describing the static and dynamic views
of the system being modeled. The dynamic modeling
perspective is depicted by use cases during
requirement modeling and by class diagrams,
statecharts  and  interaction  (sequence  and
collaboration) diagrams during analysis and design.
For a given software design, these multiple views must
be consistent with each other. This paper describes
how consistency checking between multiple views of a
software design can be carried out using Object
Constraint Language (OCL) constraints, and is
illustrated by a detailed case study

1. Introduction

Many software specification and design methods
advocate a modeling approach in which, the system
under development is represented by means of multiple
views. Each view, which may be either graphical or
textual, presents a different perspective on the system
being developed. The actual views and the way in
which a system’s requirements are projected onto
individual views are method specific. With a multiple
view approach, there are rules for mapping from the
representation of an artifact in one view to a different
representation of the same artifact in one or more
related views. Typical problems that occur with
multiple view specification and design methods are
inconsistency, incompleteness, and ambiguity.

The UML notation supports multiple views.
However, in general, the notation does not address the
issue of mapping among the multiple views and
consistency checking between multiple views. Some
researchers have attempted to provide rules for
mapping between different views of a UML model [7,
4]. Traditionally formal methods have been
successfully used to detect inconsistency and

incompleteness in specifications. This paper describes
an approach for identifying and correcting
inconsistency and incompleteness across UML views,
in particular use case diagrams, class diagrams,
sequence diagrams, and Statecharts. The rules for
describing the mapping between these different views
are derived from the COMET method [9], which uses
the UML notation, and are expressed as Object
Constraint Language (OCL) constraints [12] enhanced
with action clauses [13]. The approach is illustrated by
means of a detailed case study.

2. Related Work

e RESEARCH in UML META-MODELS: Most
meta-model level work have been done by two
different organizations, the pUML group [1] and
the inventors of OCL [14]. Their main trust has
been to enhance the meta-model of UML so that
any instance of an object from the enhanced meta-
model (i.e. a modeling element) would have all
other associated elements navigable from it. Meta-
modeling provides a theoretical foundation for
view integration in the form of providing
templates, but do not address details.

e RESEARCH at USC: Researchers at the
University of Southern [3, 4] have viewed view
unification as an activity with three stages. (1)
Differentiation, where mismatches are identified
(2) Mapping, where overlapping or redundant
elements are identified (3) Transformation that
extracts and converts elements from one view to
another. They have proposed a large number of
rules based for each step, and has resulted in two
software prototypes; the Rose Architect [4] and the
UML Analyzer [16] to partially automate the
process. While there are many important and key
contributions made by the research effort at USC,
there is no methodology or advice as to how to use
them.



RESEARCH at IMPERIAL COLLEGE:
Researchers at Imperial College, London [6,7, 8]
developed the Viewpoints framework [17]. This
work has been extended recently to include
inconsistent Statecharts [8]. Their work formulates
the view consistency problem in terms of classical
temporal logic with the closed world assumption,
and toolkit support for Viewpoints. One striking
difference of this work is their view that
inconsistency is not necessarily a bad thing, and
should be evaluated in light of the costs of
correcting them. At the logical level, they
formulate each view as an instance of a database.
Consequently, each viewpoint becomes a
collection of relation symbols. Constraints within
a view are encoded as statements in first order
classical logic. Similarly, inter-view consistency is
encoded as first classical logic statements using
predicates from two (or many) views involved.

RESEARCH at MICHIGAN STATE
UNIVERSITY: Researchers at Michigan State
concentrate on View Unification in UML by
providing a more formal basis to UML diagrams
[2,3]. They translate UML diagrams to algebraic
specifications and VHDL. Their work has not
developed any specifics of how exactly view
unification can be done in UML translated to these
more formal languages. Their recent work has
been in formalizing a UML meta-model in
Promela, so that its dynamic aspects can be fed in
to SPIN [15].

RESEARCH in FINLAND: Two groups of
researchers working on view unification in UML
diagrams have developed algorithms to produce
sequence diagrams to collaboration diagrams, and
methods to encode sequence diagrams as
statecharts. Furthermore, they have developed a
prototype tool for the former [11].

RESEARCH in GERMANY: View integration
work at the Technical University of Berlin and at
the University of Bremen addresses unifying some
aspects of class, sequence and statechart diagrams
in the analysis phase [18]. This work is based on a
collection of lifelines; i.e. a sequence diagram
consisting of all classes and the actor involved in
interactions. Their consistency resolution is given
by existence, (do the message sender and receiver
in the sequence diagram have an association in the
class diagram?) visibility (are the visibility
parameters consistent in the send and receive
messages), and multiplicity checking (are the
multiplicities of sender-receiver associations
correct) conditions. They check consistency by

decorating sequence diagrams with pre and post
conditions of message communication methods,
translating them to attribute graph grammars and
checking their consistency.

3. UML and OCL

With the proliferation of notations and methods for the
object-oriented analysis and design of software
systems, the Unified Modeling Language (UML) has
emerged to provide a standardized notation for
describing object-oriented models. To be used
effectively, UML must be used with a design method,
such as COMET, or more generally as part of a
software development process, e.g., Unified Software
Development Process [10].

COMET [9] is a Concurrent Object Modeling and
Architectural Design Method for the development of
concurrent applications—in particular, distributed and
real-time applications. Use cases are developed during
requirements modeling. Object structuring criteria are
used to determine the objects needed to execute each
use case. The objects and their interactions are then
depicted on interaction (sequence or collaboration)
diagrams. COMET makes extensive use of the UML
stereotype construct, which is used to distinguish
among the different kinds of application classes. Thus,
an application class is classified as an «entity» class,
which is a persistent class that stores data, an
«interface» class, which interface to the external
environment, a «control» class, which provides the
overall coordination for the objects that participate in a
use case, or a «application logic» class, which
encapsulates business logic or algorithms separately
from the data being manipulated. By providing this
classification of application classes, certain properties
can be assigned to a specific category, for example
only state dependent control classes execute
Statecharts. These properties allow for more extensive
consistency checking between multiple views.

4. Consistency Checking Rules for Multiple UML
Views

The different views of a UML based software design
need to be consistent with each other. This paper
describes consistency-checking rules among the
behavioral views. Example rules are:

A. Consistency Checking Rules between Use Cases
and Interaction (Sequence or Collaboration)
Diagrams.



1. A use case must correspond to at least one
scenario described by an interaction diagram.

B. Consistency Checking Rules between Class
Diagrams and Statecharts:

1. Each Statechart must correspond to a state
dependent control class on a class diagram.

2. The class specification for a state dependent
control class on a class diagram must have
attributes for state, action, and activity,
corresponding to the properties of the Statechart.
The values of the actual states, events, actions, and
activities that appear on a Statechart must be
declared as attribute values of the respective state,
event, action, and activity attributes for the state
dependent control class.

3. An event on a Statechart corresponds to a method
of the state control class on the class diagram.

4. Variables used to define conditions in any
Statechart must be attributes of the state dependent
control class on the corresponding class diagram.

C. Consistency Checking Rules between Interaction

Diagrams and Statecharts:

1. Each event on a Statechart must correspond to an
incoming message on the state dependent control
object, depicted on an interaction diagram, which
executes the Statechart.

2. Each action on a Statechart must correspond to an
outgoing message on the state dependent control
object, depicted on an interaction diagram, which
executes the Statechart.

We assume that names of attributes used to enforce

view consistency are pre-pended with a $ sign. E.g.,

$state, $Sevent, $condition, $action and $activity. We

show them with respect to a case study.

5. The Case Study

Figure 1 shows two railroad tracks with a gate, where
trains can travel from left to right and on the upper
lower track from right to left on the lower track. There
is a highway crossing the railroad, and a gate with an
arm that moves up and down prevents cars from
running into trains by closing the highway when a train
is in the vicinity. The railroad has sensors attached to
the track at regular intervals, and when the train passes
over them, distance data is passed to the train, from
which the location of the train can be computed. Upon
entering a region close to the gate identified as NEAR
in Figure 1, the gate needs to be closed. When the train
leaves the NEAR region, the gate needs to be opened

provided that there are no other trains in the NEAR
region. The total length of the track is 5000 meters,
and the gate is 2,500 meters from either end, and the
NEAR region spans from 1000 meters before the gate
to 100 meters after the gate measured in the direction
of travel. The train speed is between 100 to 150 MPH
outside the NEAR region, and 80 to 100 MPH inside
it.

N EAR
FAR \
GATE
F AR
N EAR
Control Gate I
i v
notor gate

Figure 1: Two Rail Tracks with a Gate and its
Use Case

5.1. Use Cases

Informally, the use case (Fig. 1) is as follows. When a
train approaches the NEAR region, it must slow down
and the gate must be closed. When a train leaves the
NEAR region, it must speed up and request the gate to
be opened, and the gate should open only if there are
no trains in the NEAR region. When there are no trains
within the NEAR region, the gate must remain opened.

Use Case Name: Control Gate

Summary: A train crosses a gated motorway, causing
the gate to be closed when the train approaches the
gate and opened when there are no trains in the vicinity
of the gate.

Actors: Distance sensor, motor, gate
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Figure 2: Statechart Description of the Use Case

Precondition: The train has traveled a distance of less
than 1500 meters from start, and is traveling at a speed
between 100 to 150 MPH.

Description:

The distance sensor sends the distance traveled by the
train to the system.

When the distance traveled is 1500 meters, the system
commands the train motor to slow down to a speed
between 80 and 100 MPH, and requests the gate to be
closed.

If the gate is not already closed, it will begin closing.
When any train reaches a distance of 2500 meters, the
system commands it to speed up to between 100 MPH
and 150 MPH and request that the gate be opened.

If there are no trains between 1500 meters and 2500
meters within the gate, the gate should be opened.
Alternatives: If a train requests an already closed gate
to be opened, then the gate remains closed.

If a train requests the gate to be closed while it is being
opened, then the opening procedure is halted and the
gate is closed.

Post condition: The train has passed the gate and
started accelerating to between 100 and 150 MPH.

This informal use case description can be specified
using the Statechart given in Figure 2.

5.2. The Static Model

Figure 3 shows software classes of the design. There is
one input device interface classes, which interfaces to
the distance sensor, and two output device interface
classes, which interface to the gate and motor actuators
respectively. There are three state dependent control
classes, each of which is specified by a statechart.
There is one algorithm class, which encapsulates the
distance computation algorithm. The Distance Sensor
Interface class on the train senses the distance from the
beginning of the trip, and feeds it to the Distance
Computation Algorithm class of the train, which
computes the distance traveled by the train. Based on
its needs, the Train Controller can request the Motor
Interface to speed up or slow down. The Train
Controller also signals the Zone Controller that it is
approaching the danger zone. The Zone Controller in
turn commands the Gate Controller to open or close
the gate. The Zone Controller tracks trains entering
and leaving the danger zone while the Gate Controller
controls the opening and closing of the gate by
commanding the Gate Interface to lower or raise the
gate. OCL can be used to formally specify the
associations between the classes in the static model.
Some examples are as follows:

Context: Distance Sensor Interface

Inv: self.sendDistanceTo->size = 1
Context: Zone Controller

Inv: self.controls->size = 1
Context: Train Controller

Inv: self.notifies->size = 1
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Figure 3: Class Diagram for Train Crossing

5.2. The Dynamic Model

We model object interactions with two sequence
diagrams, namely for trains approaching and leaving
the gate. We give the first in Figure 4. As Figure 4
shows, the distance sensor provides the distance
traveled by the train to the distance computation
algorithm, which in turn determines that the train is

approaching the danger zone and sends the approach
signal to the train controller. Consequently, the train
controller signals the motor interface to slow down
and the zome controller to close the gate. The zone
controller in response signals the gate controller to
lower the gate. The gate controller requests the gate
interface to close the gate. When the gate is closed the
gate interface informs the gate controller of this
occurrence.

Sensor Algorithm Coniroller Interface Lontroeller Conixo Inierface
Lowr er lowrer
. ate
distance appToach close - E
 lowr
d
e closed
loarered
L | L L L] | Je————— | —

Figure 4: The First 5cenario - A Train Approaching the Gate

Figure 5 shows the scenario of the train leaving the
danger zone. In this scenario, the distance
Computation Algorithm determines that the train is
leaving the danger zone and sends the leave signal to
the train Controller. Consequently, the train
Controller signals the motor Interface to speed up and
the zone Controller to open the gate. Assuming there
are no other trains in the vicinity, the zone Controller
signals the gate Controller to raise the gate. The gate
Controller in response signals the gate Interface.
When the gate is opened the gate Interface informs the
gate Controller of this event. A set of OCL constraints
similar to those in the “Train Approaching “ can be for

the “Train Leaving” sequence diagram. These can be
specified using OCL. For example, the first can be
specified as follows.

Context: distanceSensorInterface
action: if (mileStone) to
distanceComputationAlgorithm send signal(distance)

The constraints given at this stage are more detailed
because there are more objects. For example, the
object system in the use case model have now been
replaced by the objects in the design level classes,
consisting of the distance Sensor Interface, distance



Computation  Algorithm, train  Controller, zone
Controller, gate Controller, motor Interface, and gate
Interface. In addition, given the objects that
implement the objects in the sequence diagram, we can
refine those components of the global Statechart (that

captures all the scenarios of the application (given in
Figure 3) to form the local Statecharts of the objects.
The sequence diagram given in Figure 4 ties all
incoming and outgoing events in all Statecharts
together.

dist distan Comp train motor zone gate cate
Sensor Algorithm Controller Interface Controller Contro Interface
) raise
raise
; ate
distance leave open g
speed Up
opened
raized -
—

Figwre 5: The Second Scenario - A Train Leaving the Gate

The constraints given at this stage are more detailed
because there are more objects. For example, the
object system in the use case model have now been
replaced by the objects in the design level classes,
consisting of the distance Sensor Interface, distance
Computation  Algorithm, train Controller, zone
Controller, gate Controller, motor Interface, and gate
Interface. In addition, given the objects that
implement the objects in the sequence diagram, we can
refine those components of the global Statechart (that
captures all the scenarios of the application (given in
Figure 3) to form the local Statecharts of the objects.
The sequence diagram given in Figure 4 ties all
incoming and outgoing events in all Statecharts
together.

5.4. Applying Consistency Rules

Consistency rules are now described for two of the
state dependent control classes that execute statecharts,
the Train Controller and Zone Controller classes.
Figure 6 shows the class diagram and statechart for the
Train Controller class. The class diagram has two
methods corresponding to events, approach and leave.
It also has the state names far and near, and the actions
slowDown, speedUp, open and close. The Train
Controller class is specified by a statechart that has
two states, FAR and NEAR. Consequently, the train
controller class has a $state attribute of enumerated
type {far, near}. The state transition from FAR to
NEAR take place on receipt of the approach event and

causes actions slowDown and close. Conversely, the
NEAR to FAR transition is fired in response to a leave
event and cause actions speedUp and open to be
executed. Accordingly, the Train Controller has an
$action attribute of enumerated type {speedUp,
slowDown, open, close}.

The two sequence diagram scenarios for the Control
Gate use case address rule Al. The specification of
the Train Controller class by the statechart addresses
rule B1 above. The definition of the $state and $action
attributes address rule B2. The correspondence
between the leave and approach methods in the class
and the events of the same name on the Statechart
addresses rule B3. There are no conditions in the
statechart so rule B4 does not apply in this case. The
correspondence between the incoming message to the
control object and the event on the statechart addresses
rule D1. The correspondence between the action on the
statechart and outgoing message from the control
object addresses rule D2. The object train Controller
appears in both sequence diagrams and is also an
instance of the Train Controller class on the class
diagram. This addresses Rules C1. The arrival of the
approach and leave messages at the train Controller
object on the sequence diagram correspond to the
invocation of the methods with the same name
depicted on the class diagram, corresponding to Rule
C2. Consequently, the following OCL constraints are
imposed on the Train Controller class.

context: Train Controller



Inv: ($state = NEAR) or ($state = FAR)
context: Train Controller::approach()

pre: $state = FAR

post: $state = NEAR

action: to zoneController send close()
action: to motorInterface send slowDown()
action: to self send changeState(NEAR)
context: Train Controller::leave()

pre: $state = NEAR

post: $state = FAR

action: to zoneController send open()

action: to motorInterface send speedUp()

action: to self send changeState(FAR)

context: Train Controller::changeState()

pre: ($state = NEAR) XOR (($state = FAR)

post: ( ($state@pre = FAR) implies ($state = NEAR))
and (($state@pre = NEAR) implies ($state = FAR))

Train Coviollex

MNEAR

speed. Integer
Estate: Enum={far, near}

Faction: Emum={speedUp, dowlDowm, open, close}
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Figare 6: Train Controller Dresign

The Zone Controller, shown in Figure 7 is needed to
ensure that the gates open only when there are no
trains in the crossing zone. It has three states, idle,
processingApproach, and processingExit, processes
open and close events, and issues lower and raise

Frowe Coondzolles-

rge itegT

conxit: [rteger

Fetate: Erpare={ide, prodEsdt, procdpproach}
factior: Fnaare={lower, raise, inoerrent, demrerrent.

Figure

The incoming events to the Statechart, open, close,
raised, and lowered, correspond to the methods of the
class, thereby obeying rule B3. The Statechart has
conditions [count<2], [count>1], [count=1], and
[count=0], that are definable from the attribute count in
the zone controller class diagram, satisfying rule B4.
Rule CI1 is satisfied as zone controller object that

1omarered

actions to the gate controller. The gate controller
sends lowered and raised events to the zone controller
once these tasks are completed. The zone controller
class has an integer attribute count to store the number
of trains in the NEAR region, as there could be a
maximum of two.

open[oourd=1 7
de or ezt et c onaaf)

operi[coant= 1] ral se,
decretm exl] coant)

close [count=2] flower,
incrernert{connt)
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Processing
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Processing
Exit

close[couard=077
1 oarer

7: Zone Controller Design

appears on the sequence diagrams is an instance of the
zone controller class on the class diagram. The open
and close messages from the train controller to the
zone controller correspond to the open and close
methods on the zone controller class. The lowered and
raised messages going from the gate controller object
to the zone controller object correspond to the lowered
and raised methods in the zone controller class. Thus,



rule C2 is obeyed. Following example OCL constraints
are implied as consequence of applying these rules.

Context: Zone Controller
Inv: ($state = idle) or ($state = procExit) or ($state
= procApproach) and
($state = idle) implies (0 <= count <3) and
($state = procExit) implies (count = 0) and
($state = procApproach) implies (0<count<3)
Context: Zone Controller::open()
Pre: ($state = idle) and (count >= 1)
Post: (count > 1 implies $state = Idle) and (count = 1
implies $state = procExit)
Action: to self send decrement (count)
if (count = 1) to self send changeState (procExit)
if (count = 1) to send gateController raise()

6. Conclusions

This paper has described an approach for
identifying and correcting inconsistency and
incompleteness across UML views, in particular use
case diagrams, class diagrams, sequence diagrams, and
Statecharts. The rules for describing the mapping
between these different views are derived from the
COMET method, which uses the UML notation, and
are expressed as Object Constraint Language (OCL)
constraints enhanced with action clauses. The
approach has been illustrated by means of a case study.
During this research, we realized the need for some
enhancements for the OCL syntax such as in the action
clause proposed by [13]. The issue is that an action
clause with if <condition> to <recipient> send
<operation> is to be fired when the Boolean condition
<condition> becomes true first. This is problematic
when a frequent activity needs to be specified at a
higher level without resorting to specifying details. We
also noticed that the translation of information
captured in Statecharts and sequence diagrams to OCL
can be done in many ways, and thus calls for some
methodological discipline. Secondly, as shown in
examples of [13], we encountered some situations
where post-conditions may need to include an action
clause.
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Abstract

The paper is a contribution to the discussion on under-
standing of the notion of consistency applied to the UML
artifacts. It presents and discusses typical inconsistencies
encountered in student designs produced within the projects
done within a sample didactic development process used
during the course on the introduction to object oriented
software development with UML. The presented inconsis-
tencies are supposed to be a basis for further elaboration of
consistency rules for a sample didactic software develop-
ment process.

1. Introduction

There is still no consensus concerning understanding of
consistency [1] when the notion is applied to the UML
based — the design in which the essential design artifacts
are expressed in UML [2]. This applies both to what is
considered as inconsistent as well as the formal definition.
The paper is supposed to contribute to the discussion by
showing some typical situations encountered in a sample
student design which could be a basis for further
formulation of what is the nature of inconsistency and some
rules guiding the design process.

At first an outline of a sample didactic object oriented
design process is presented. The process is a based on
guidelines from Unified Software Development Process
(USDP, [3, 4]) customized for an introductory course on
object oriented development.

The main part of the paper presents an example student
design followed by an examination of the UML artrefacts
forming the design from the point of view of consistency
between them. The examination is based on the set of rules
of thumb which later can be used for more precise and
formal definition of the meaning of consistency for the
specified didactic process. The issues addressed concern
only artifacts produced within a single iteration.

2. Definition of the Didactic UML based
Process
The didactic process presented in the paper a
development process used during a course on software

development at Blekinge Institute of Technology. The
process is based on USDP and is simplified and tailored for
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Department of Software Engineering and Computer Science,
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Box 520 Soft Center
SE-372 33 Ronneby, Sweden
mst@bth.se

the constraints of the specific in a similar way as
presented in [5].
The process has the following characteristics:
e is iterative — it is arranged as a sequence of
iterations driven by a set of usecases,
e s incremental — within each iteration a working
version of the system is produced,
e UML-based — all major artefacts are expressed
in UML.

2.1. Phases and activities

Development process is arranged as a sequence of
iterations. The goal of each iteration is to produce a
working version of the system. Within every iteration in
the process, there is a sequence of development phases:
Requirements  Analysis, Analysis, Design and
Implementation. And within each phase a number of
activities are performed. Similarly to the Unified Process,
the workload for each activity varies dependent on the
iteration. For visualization of the phases, activities and
related artefacts a modified notation from Rational
Unified Process is been used [6].

Problem Desciption D
D / Development Plan

7
>

Identify Use Cases

Draw Usg Case
Diaqr:r’n / /

]

Use Case Diagram

L L

Evaluate Use Cases Plan Development

Figure 1 Activities and related artefacts in the
Requirement Analysis phase



The first phase — the Requirements Analysis phase — is
aimed at the identification and specification of requirements
that the newly created system. Its focus is on the
identification of functionality of the system based on user
demands and understanding what should be done to fulfil
the user expectations. Crucial business processes the
domain are identified and the role of the system in these
processes is defined. The definition is both in the form of
UML use case diagram and the textual description of the
use cases.

The starting point for the phase is a problem description
and the phase ends with description of the requirements of
the system. The main activity performed is Identify Use
Cases.

Within this activity students examine the requirements
specification within the system specification and decide
upon the functionality of the system simultaneously
grouping it in the use cases. This activity is done in parallel
with Draw Use Case Diagram of the system. The activity
Evaluate Use Cases along with the activity Plan
Development based on use cases lead to creating a plan
which use cases should be implemented in which iteration
of the process. In the course of evaluation of use cases
students have to make decisions on the importance of each
use case, justify the decision and then assign each use case
to the iteration. There are two main artefacts created during
this phase — the Use Case Diagram and the Development
Plan.

The main objective of the Analysis phase is to
understand and document which elements in the real-world
domain take part in the processes identified in the
requirements phase and how the newly created software is
involved in the processes. The specification of the
processes, previously expressed in the use case description
is expressed in the form of UML sequence diagrams.
System operations, which encapsulate the main functiona-
lity of the system from the user perspective, are identified
and the contracts for the operations are specified. This
phase starts with the activity Elaborate Use Cases. In the
activity the students task is to take the use case diagram and
system specification as input documents and create a
textual description of the use cases of the system which are
to be developed in this iteration. The use case description is
the input artefact for the Draw System Sequence diagram
activity, during the set of system sequence diagrams is
created. At this point of the process the students must also
identify system operations, which correspond to the steps in
the use case description. Within Performing Noun-verb
Analysis and Draw Conceptual Model the students are
asked to produce a conceptual model for the problem
domain of the built system. Artefacts that are used during
performing these activities are the system specification and
system sequence diagrams. During these activities the
students must also make decisions on the concepts which
are relevant to this iteration of the system, based on the
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system sequence diagram, development plan and use
cases. The analysis phase ends with performing
Elaboration of Operation Contracts, during which
students express the contracts for system operations
based on the requirements of the system. The contracts
should be expressed in the context of a conceptual model,
using the concepts, relationships and properties which are
defined there.

0D D[

Use Case Diagram Problem Description Conceptual Model

\ SN

¥y N oo
o L D L D

Elaborate Use Case

U Perform Noun-verb Elaborate Operation
Description praw System sequence  Analysis Contracts

T
Use Case Description D

System Sequence diagram

Figure 2 Activities and related artefacts in the
analysis phase

In the Design phase, the emphasis is on the
construction of a logical solution for the problem
specified in the requirements and analysis phases. The
students should design a system that works according to
the contracts and provides the functionality specified in
the use case description. In this phase, the application of
the design patterns is stressed and precise modelling
(leading to consistent, accurate models).

The design phase starts with the elaboration of the
initial version of the design class diagram. One of the
possible approaches is to copy the relevant concepts from
the conceptual model, add types to properties of the
concepts and roles for associations between the concepts.
The initial version of the design class diagram is also
used in the next activity — specification of the interaction
diagrams for system operations. During this activity, a set
of guidelines is provided for students on how to perform
a good design — GRASP patterns ([7]). After the activity
the design class diagram should be updated with the new
operations that were required in the interaction diagrams,
classes that were added to simplify the design.
Afterwards the students should specify the behaviour of
the system in terms of state diagrams. Firstly, they have
to define a state diagram for the class which is a
designated use case controller and secondly, should

Operation Contracts



specify the state diagrams for other classes in the system,
which have the non-trivial behaviour.

0D i

Conceptual Model Design Class Diagram Updated Design Class
Diagram

/ / i State Diagrams
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Elaborate Design Cl Specify Interaction
SRorEtelbesigniiase Update Design Clas;
. Diagrams for " .
Diagram BigEm gpeclfy State Diagrams

B 4 /4 \ ' AN
Operation Contracts D D
Interaction Diagrams for

operations "
System Sequence diagram P System Sequence diagram

Operations

Figure 3 Activities and related artefacts in the design
phase

The objective of the Implementation phase to convert the
logical solution into a working system — that is translation
of the logical design into a source code in a specific
programming language.

2.2. Artefacts and relationships between them

Design performed in each iteration consist of a set of
artefacts.
The artefacts are summarized below.

e  Use case diagram -the diagram provides a
graphical representation of the functionality of the
system, relationships between functionalities and
actors interacting with the system

e Use case description - the description forms a
specification of the interaction between the system
and the actor that uses the system. Consists of a set
of steps (a.k.a. transactions) between the system
and the actor(s).

e Domain (Conceptual) Model - the model presents
the concepts from the problem domain important
from the perspective of the developed system.

e System sequence diagram - one system sequence
diagram for each use case specifies the steps
identified in the use case description as messages
exchanged between the actors and the system (also
called system operations).

e Contracts for system operations - a contract for the
system operation specifies the pre condition of the
operation and the post condition. The contracts
serve as a specification of the interface of the
system.

e Interaction diagrams for system operations - each
interaction diagram is elaborated for one system
operation to specify how a set of objects
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collaborate to provide a functionality of a given
system operation.

e Design class diagram - the diagram(s) shows the
static view of the system, classes used to
implement the functionality, and is defined in
the context of a solution domain (i.e.
programming language, software environment).

e State diagram for a design class - the diagram
presents the behaviour of a chosen design
classes (a class having a non-trivial state
machines). A special kind of such diagram is a
state diagram for use case controller — a system
class, which is designated as a control class for a
use case.

These artefacts are produced in a certain order and are
mutually dependent and influential. Figure 4 presents the
sequencing of the artefacts within a single iteration.
Unidirectional arrows indicate the sequence of creation of
artefacts; bidirectional arrows indicate that the artefacts
should be updated continuously based on each other.

Use Cyse Diagram
Interaction Diagrams for
D ystem Sequence diagram  operations
i

D Use Case Des &\
Prob%¢%A D ¢

/

\/

——— /
Conceptual Model Design Class aﬁ

V

J

Source Code

State Diagrams

/ Operation Gentracts

Figure 4 Sequencing between artifacts.
The sequencing of the artefacts is important from the
perspective of consistency between artefacts. Each

artefact should be consistent with its predecessors and
SUCCEessors.

3. Example Student Design

The design is inconsistent in several places. It is
presented here with the short description of the artefacts,
while the inconsistencies are presented in the subsequent
chapter.

3.1. Problem Description

From the DrinkMaker you can obtain hot drinks,
coffee and tea. To buy a drink you have to choose the
type of drink (tea or coffee), then the price of the chosen
drink is displayed. Then you pay and the appropriate
drink is delivered. The chosen drink is delivered on
request after inserting money. The DrinkMaker accepts



the coins 1, 5 and 10 SEK. The coins should be inserted to
the special coin slot. After inserting a coin a total amount is
reported. At any time you can cancel the transaction and
obtain the money back. The DrinkMaker is maintained by a
service man who is called when the machine runs out of
drink ingredients. In the machine there is a hot water tank
and two containers, one for the tea and one for the coffee.

Drinks can be standard or composed by the client. If the
client decides to compose the drink she/he can choose the
ingredients from which the drink is made. For the coffee
drink the possible ingredients are sugar, milk, additional
coffee powder. For the tea drink the choice is : sugar, lemon
and mint. Every ingredient has a price. When the client has
made a choice for the ingredient the composed drink is
priced and the sum to be paid is display.

3.2. Use Case Diagram

i_

Customer

DrinkMaker

BuyingDrink

<<extend>>

—X

Seniceman

ComposingDrink

3.3. Development Plan

The development plan consists of the evaluation of use
cases for the system and then planning the development.

Use Case Importance Justification
BuyingDrink Most The use case provides the
important main functionality of the
system, should be
developed first.
Composing Less The use case is the
Drink important extension of the main use

case of the system. It
specifies some additional
functionality, which is not
used in all cases of system
usage.

Table 1 Importance of the use cases of the system for
the development plan.

Based on the importance of the use cases presented
(Table 1) the development process is planned as follows:
e Iteration one: BuyingDrink
e Iteration two: ComposeDrink
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It is clear that the use case BuyingDrink should be
developed prior to the ComposingDrink use case, since
this is a more important use case and the
ComposingDrink is the use case that extends it (a part of
the main use case).

Because of the scope of the paper only the first
iteration is presented and discussed.

3.4. UseCase Description

Use case Name: BuyingDrinks

Main flow.

Actor Action System Response

1 Customer chooses drink
System displays price of
the chosen drink
3 Customer inserts coins
one by one
4 For each inserted coin,

system validates the coin
and displays amount left
to pay for the drink

5 On the completion of
inserting coins
Customer chooses to
deliver drink

6 System composes the
drink, delivers the drink
and gives change.

Table 2 Description of use case buying drink

Alternative flow

Step 2. If there is not sufficient components for the
chosen drink system send appropriate message to the
ServiceMan and the usecase is stopped.

Step 4. If the inserted coin is not accepted it is
returned to the Customer.

Step 6. If the .inserted money is not enough system
display information and Usecase realisation goes to step
3.

At steps 1,3,5 Customer can choose to cancel the

transaction — if so then system returns inserted money
and the usecase is stopped.

3.5. System Sequence Diagram




System sequence diagram for the main flow of the
BuyingDrink Use Case is presented on Figure 5.

Seniceman

chooseDrink (t)

: DrinkMaker

insertCoin (value)

display (price-value)

Figure 5. System sequence diagram for the use case
BuyingDrink

3.6. Conceptual Model

validateCoin(value)

The conceptual model for the first iteration can look as

follows:
Sugar
3 Container IngredientPortion TeaPowder
contains
has
[ I |
Lemon Milk CoffeePowder
DrinkMaker
+ chooseDrink(dType:Drink Type)
+ insertCoin( coin: CoinValue) x
Drink
cSlot
wTank
CoinSlot
Watertank
-toPay : Integer
Tea Coffee
agcepts
cCont
Coin

CoinContainer

value: CoinValue total, nt

contains

Figure 6Conceptual model of DrinkMaker

3.7. Contracts for System Operations

DrinkMaker: :chooseDrink (dType:Drink)
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pre: true

post: chosenDrink = dType

DrinkMaker: :insertCoin (coin:Coin)

pre: chosenDrink != null
pre: coin.value = 1 or coin.value = 5 or
coin.value = 10

post: cCont.totalAmount =
cCont.totalAmount@pre + coin.value

DrinkMaker: :prepareDrink ()

pre: cSlot.toPay = 0

post: instance of Drink was created

3.8. Sequence Diagram

Specification of the operation
DrinkMaker::chooseDrink(dType:DrinkType)

- mixer teaRecipe coffeeRecipe cSlot
8 DlilTAtERer ’ : DrinkMixer ’ DrinkRecipe DrinkRecipe ’ : CoinSlot ‘
chooseDrink
(dType:DnnkTyps
setChosenDrink
(dType:DrinkType)
[dType==coffee]
price = getPrice()
[dType == tea]
price = getPrice()
setPrice
(price:Integer)
display
(price:Integer)
Figure 7 Sequence diagram for operation
chooseDrink(...)
Specification of operation
DrinkMaker::insertCoin(coin:CoinValue)
Slot Cont
B E T ’ :C?omoS\ot ‘ ’ :CowaSStamer
insertCoin
(coin:CoinValue)
— 7| insertCoin
(coin:CoinValue)
coinok =
validate(coin:CoinValue)
[coinok]
add(coin:CoinValue)
['coinok]
returnCoin
(coin:CoinValue)
retumCoin
coin:CoinValue)
Figure 8 Sequence diagram for operation

insertCoin(...)

Specification of operation
DrinkMaker::prepareDrink()



’ : DrinkMaker

mixer
: DrinkMixer

dr

cCont[1]
: Container

wTank
Watertank

prepareDrink()

prepareDrink ()

new

P
getingredient()

’ : Coffee
T

[chosenDrink == coffee]

—

addPowder
(p:IngredientPq

ion)

wt =
getingredient()

addWater

(wt:Water)
return dr
deliver (d:Drink)
delete
\
Figure 9 Sequence diagram for operation
prepareDrink()
3.9. Design Class Diagram
| —— Container
+ getingredient():IngredientPortion cdntains
powder
has| IngredientPortion

[ 1

TeaPowder

CoffeePowder

DrinkMaker

+ chooseDrink(dType:Drink Type)
+ insertCoin( coin: CoinValue)

+ prepareDrink()

+ returnCoin(coin: CoinValue)

coffeeRecipe

, teaRecipe

DrinkRecipe

ells

+ price: Integer

mixer

cSlot

CoinSlot

~toPay : Integer

wTan

+ setPrice (p: Integer)

+ validate(coin:CoinValue)

Watertank

jccep(s

Coin

value: CoinValue

+ getWater(): Water

DrinkMixer
- chosenDrink: DrinkType

+ setChosenDrink(dType:Drink Type)
+ prepareDrink()

pnimuces

wTank Drink

otains + addPowder(p:IngredientPortion)
+

Cont
— . .
CoinContainer

ater)

Water

contains

Tea Coffee

Figure 10 Design class diagram of DrinkMaker

3.10.

Statechart Diagrams

State machines for Drink class and DrinkMaker class
(use case controller).

WaitingForCoins

Figure 11 Statechart diagrams for the Drink class
(left-hand side) and DrinkMaker class (right-hand
side)

4. Example Inconsistencies in the presented
design

After completing the activities within a phase all
artifacts are examined to see whether two of them might
express contradictory properties of the system. The
examination is based on the set of rules of thumb which
later can be used for more precise and formal definition
of the meaning of consistency for the specified didactic
process. Subsequent sections include example situations
which are considered as inconsistencies. The examination
is done by checking the pairs of artifacts. The pairs are
formed according to the relationship between types of
artifacts shown on figure 4.

4.1. Use Case diagram and Use Case
description

The actor shown on the use case diagram is not the
same actor that takes part in interaction defined in system
sequence diagram and use case description. This is not
the case in the system presented in the paper, but is a
common mistake in the student designs.

4.2. Use Case Descriptions and System
Sequence Diagrams

During the analysis phase, where the system
requirements are being expressed with help of UML,
there should be a transition from the Use Case description
to the system sequence diagram. However, this transition
does not always lead to a consistent model when done
manually. The following part of system sequence



diagram was created for the BuyingDrink Use Case,
although it is not consistent with it.
Seniceman : DrinkMaker

chooseDrink (t)

insertCoin (value)

validateCoin(value)

display (price-value)

prepareDrink()

Figure 12 System sequence diagram inconsistent with
the Use Case description

These are the main inconsistencies in the diagram
e the actor from the system sequence diagram
(Serviceman) is not the same actor as specified in
the interaction in the Use Case Description
e not all steps in the Use Case Description
correspond to messages in the System Sequence
Diagram. The missing steps are: 2 (displaying
price), 5 (choosing to prepare drink) and 6 (drink
delivery)
e cxtension point for the extending use case —
ComposingDrink is missing
e iteration symbol for inserting coins is missing
The inconsistencies can lead to the improper design of
the whole system and may result in failing the acceptance
tests, since the designed system (according to the system
sequence diagrams) is not what the customer expected
(according to the use case description).

4.3. System Sequence Diagram and
Conceptual Model

Seniceman

chooseDrink (t)

: DrinkMaker

1 |
DrinkMaker insertCoin (value)

validateCoin(valt
+ chooseDrink(dType: Drink Ty pe)

+ insertCoin( coin: CoinValue)

display (price-value)

prepareDrink()

Figure 13 Inconsistency between the conceptual
model (represented by the DrinkMaker class) and
system sequence diagram

4.4. Contracts and Conceptual Model
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An important feature of the contract is that it is
expressed in the context of conceptual model. However,
the designs do not always follow this principle, which
leads to inconsistencies between the conceptual models
and operation contracts. These inconsistencies question
the rationale of the contracts for operations. For instance,
the following figure presents such inconsistency.

DrinkMaker::chooseDrink (dType:
DrinkMaker j
Drink)
[+ insertCoin (coin - Comvaliey  PTre: true
+ prepareDrink () . . _
| Choeon (ape -omeros POSE? chosenDrink = dType

Figure 14 Inconsistency between the conceptual
model and an operation contract

As it is shown in the contract the post-condition of
chooseDrink(...) operation states that the value of
attribute chosenDrink(...) of a current instance of the
DrinkMaker class is equal to the value of the parameter
of the operation. However, there is no such attribute
defined in the conceptual model on the left-hand side of
the figure.

This kind of inconsistencies in designs can lead to
failing the integration tests since the contracts are used in
other components of the system to ensure the proper
integration. If the contract cannot be checked (as in the
case of the above example), then there is no guarantee
that the contract is met.

4.5. Interaction diagram for operation and
design class diagram

Missing elements in the design class diagram, which
are depicted according to the sequence diagram, are quite
recurring inconsistency. The following two diagrams
show a sample situation.

: DrinkMaker mixer: DrinkMixer

DrinkMaker

+ insertCoin ( coin : CoinValue) M

+ prepareDrink ()

d = prepareDrink ()

DrinkMixer

+ setChosenDrink ( dType : DrinkType)

return dr

deliver (d)

Figure 15 Inconsistency between the design class
diagram and the sequence diagram for operation



The design class diagram shown on the left-hand side
shows two classes — DrinkMaker and DrinkMixer, which
do are not related with an association relationship. On the
contrary, there is a message sent between the DrinkMaker
and DrinkMixer on the sequence diagram on the right-hand
side of the figure. What is more, the message that is sent
over a link which is an instance of the missing association —
prepareDrink(...) is also missing in the design class
diagram.

The inconsistency presented in this example can lead to
errors in code generation or lead to failing the unit tests.
What is more, most of the code generators cannot generate
the code based on sequence diagrams, but based on class
diagram only. In such situations the developer is
responsible for writing the code based on the sequence
diagrams. However, these errors can be easily discovered
during the implementation phase, since they most probably
result in compilation errors.

4.6. State diagrams and interaction diagram
for operation

A common mistake is to develop the state machine for a
class, which is not consistent with the desired design of the
interaction diagram for operation. For instance, the
following diagram presents a situation where the state
machine for the drink class does not accept the desired
interaction as designed on the sequence diagram.

mixer

wTank
DrinkMixer

cCont[1]
Watertank

Container

prepareDrink() 0= !
__prepareDrink() | - ‘

prepareDrink ()

‘ DrinkMaker ‘ Cg;fee
T

|
[chosenDrink =7 coffee]

new
—>

p=
getingredient()

addPowder
(p:ingredientPogfion)

W=
getingredient()

addWater
(wt:Water)

Figure 16 Inconsistency between state machine for
the Coffee class and the desired sequence of messages in
the interaction diagram for this class

The desired sequence of messages to the instance of a
Coffee class is addPowder; addWater, while the accepted
sequence of messages by the state machine is: addWater;
addPowder.

Such inconsistencies may result in improper
implementation of the class, since the state machine of the
class, specifying its behaviour clearly does not accept the
sequence of messages required in the sequence diagram. It
may result in failing the unit tests for the subsystem, this
class is part of.
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4.7. State diagram for a use case controller
and system sequence diagram

The inconsistency between the state diagram for the
use case controller — the DrinkMaker class and the
system sequence diagram for buying drink in messages
chooseDrink(...) and insertCoin(...).

Customer

chooseDrink(dType)

DrinkMaker

display(price)

Figure 17 Inconsistency between state machine of
the use case controller and the interaction between the
system and the actor in this use case.

insertCoin (value)

validateCoin (value)

display (price-alue)

The state machine for the DrinkMaker does not accept
the sequence of messages depicted on the system
sequence diagram. The state machine accepts sequence:
insertCoin, chooseDrink, while the system sequence
diagram requires interaction sequence: chooseDrink,
insertCoin. What is more, there is a missing step in the
state machine — the displaying of the price.

This inconsistency can lead to the improper
implementation of the system and can results in failing
both the unit tests for the class and the acceptance tests
for the system (since the class is a Use Case controller).

5. Final remarks

In the paper an investigation of the artifacts expressed
in UML and produce within a single iteration of a sample
development process has been done. Several situation
which can be considered as inconsistent were pointed out.
These situations have been indicated based on a
subjective but ‘common sense’ judgement. From the
perspective of the sample process it seems that a set of
rules would help in preventing such rather common errors
in design. Such rules should relate the following element
s and address the following example situations:

e Use case diagram and use case description — i.e.
actor(s) interacting with the system in a use case
description should be the actor(s) that are
defined in the use case diagram.

e Use case description and system sequence
diagram - i.e. each step in a use case description



should have a corresponding message in the
system sequence diagram for this use case.

e System sequence diagram and conceptual model —
i.e. messages (system operations) used in System
Sequence Diagram should be defined for the class
encapsulating the system in the Conceptual Model.

e Contracts and Conceptual Model — i.e. elements
used in the pre and post conditions of the contracts
should be defined in the conceptual model
(contracts should be defined in the context of
conceptual model).

e Interaction diagram for operation and design class
diagram — i.e. links used in the interaction
diagrams should be instances of the existing
associations defined in the design class diagram.

e State diagrams and interaction diagram for
operation — i.e. the sequence of messages that is
defined for the interaction diagram for the
operation in interaction diagram should be a
subsequence of a sequence of messages acceptable
by state machines for classes that take part in this
interaction.

e State diagram for a use case and system sequence
diagram — i.e. sequence of messages shown on
system sequence diagram of a use case should be
acceptable by the use case controller, which is
responsible for handling the use case interaction.

As a contribution to the more general understanding of
consistency the identified informal consistency rules might
be a starting point to what should be formalised as a part of
general understanding of consistency from the perspective
of a didactic process.
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Case Study: Consistency Problemsin aUML Model of a Chat Room
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Abstract

This article describes a case study, where a model of
a chat room application is built from initial requirements.
UML class diagrams, sequence diagrams and statecharts
are used in different stages of the development process.
Consistency problems are identified and methods, most no-
tably simulation, are proposed, to ensure consistency be-
tween some aspects of the models. We focus on intra-
consistency, the consistency among artifacts within a given
model.

1 Introduction

The development process of a software system is usu-
aly divided into steps, in which different UML diagrams
are involved. As modelled systems becomes more and
more complex, consistency problems become more promi-
nent. Two types or problems are apparent. The first,
intra-consistency problems, are concerned with consis-
tency among artifacts within a given model. The second,
inter-consistency problems, are concerned with consis-
tency between different models evolved during the course
of the software development process. In the sequel, we fo-
cus mostly on intra-consistency.

Various forma methods have been explored in the lit-
erature to automatically check consistency and discover
design problems. In the following sections, steps of
the development process of a chat room model are stud-
ied. The case is inspired by a project report on “Exe-
cutable UML” by Geir Melby at Agder University College
(http://fag.grm.hia.no/ikt2340/year2002/). Po-
tential consistency problemsin the model are shown. For
some of them, automatic consistency checking methodsare
proposed.

In this case study, a model of a chat room applica-
tion is developed from requirements. A protocol speci-
fying communication between clients, a manager object,
and chat roomsis given in section 2, and treated as initial
requirements. Section 3 studies a possible class design.
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It defines interfaces conforming to the protocol. The se-
quence diagrams in section 4 further refine and illustrate
the inter-ccomponent communication, consistent with the
class design. Section 5 uses statecharts to further specify
the application’s behaviour. This specification can be ei-
ther simulated or executed in real-timein our SVM (State-
chart Virtual Machine) environment. In section 6, consis-
tency of simulation traces with the protocol specificationis
discussed. Section 7 concludesthis case study.

2 The Communication Protocol

The chat room application to be built features a client-
server configuration. Clients try to connect to random chat
rooms. After a client is accepted by a chat room, it sends
messages to its chat room. The chat room broadcasts each
message so that every client connected to it, except the
sender, receives a copy.

A specific, simplified use case is described bel ow:

e There are 5 clients and 2 chat rooms in the system.
Initialy, the clients are not connected. They try to
connect to a random chat room every 1 to 3 seconds
(uniformly distributed). The requested chat room in-
stantaneously receives the request (no network delay,
and reliable communication are assumed).

e A chat room accepts at most 3 clients. It accepts a
connection request if and only if its capacity is not
exceeded.

e Therequesting client receives an acceptance or rejec-
tion noticeimmediately.

e A client must be accepted by a chat room before it
may send chat messages.

e When connected, a client sends random messages to
the chat room it is connected to every 1 to 5 seconds
(uniformly distributed). The chat room immediately
receives the messages. It takes 1 second to process a



Manager

-connections: set

+mrequest (clientID:integer, roomID:integer)

+maccept (clientID:integer, roomID:string)

delegate |1 |+mreject (clientID:integer, roomID:integer)

+msend (cliendID:integer, msg:string)

+mbroadcast (clientID:integer, roomID:integer, msg:string)

1| delegate

5
Client

-clientID: integer
+accept (clientID:integer)

2

ChatRoom

+reject (clientID:integer) 0..3
+broadcast (clients:set,msg:string)

-roomID: integer
-messages: list
-clientNum: integer

+request (clientID:integer, roomID:integer)
+send (clientID:integer, roomID:integer, msg:string)

Figure 1. Class design

message and broadcast it to al the clients connected
to it, except the sender.

e The clientsinstantaneously receive the broadcast.

For simplicity, disconnection is not discussed.

3 TheClassDesign

According to the above specification, two classes are
obviously required: Client and ChatRoom. At this early
stage in the devel opment process, so that no user interven-
tion is needed for a simulation, we explicitly model client
behaviour (connection requests and chat messages) as a
random process. Later, this model of the client will be re-
placed by real human clients interacting with the software.
When the simulation is started, 5 instances of Client and
2 instances of ChatRoom areinitialized.

A singleton class Manager is added. The Manager acts
as a mediator and relays all the communication between
components. This central control facility helpsto intercept
all the messages passed in the system, with which correct-
ness of the model can be checked.

Figure 1 shows the UML class diagram featuring the
three classes.

e A ChatRoom providestwo methods to handle incom-
ing events. request handlesincoming requests, each
of which has parameters clientID and roomID. The
ChatRoom sends back an acceptance or rejection no-
tice to the sender with aglobal ID clientID. It aso
uses the roomID parameter to decide whether the re-
quest is sent to itself or to another chat room?®. The
send method receivesamsg sent by client c1ientID.
Thismsg will be broadcast 1 second |ater.

1As UML statecharts (pre UML 2.0) are used in later steps, which do
not allow oneto specify the receiver of an event, al the chat roomsreceive
the same request even if only one of them will handle it.

e Methods accept and reject of Client handle in-
coming acceptance and rejection notices. Parameter
clientID isused toidentify thetarget client. Whena
Client receivesabroadcast event, it checksif itself
isintheset of clients. If SO, messagemsg is printed
to the output.

e The Manager relays connection requests, acceptance
and rejection notices, messages sent from clients and
broadcasts from chat rooms. For example, when it re-
ceives broadcasts from chat rooms, the three parame-
terstell it the original sender (client) of the message,
the broadcaster (chat room) and the message string.
It then sends the message to all the clients connected
to this chat room, with the exception of the original
sender.

Though this API definition is not functional, the behav-
ior behind the interface is easily understood. Checking its
consistency with the protocol is however difficult or even
impossible because of the following reasons:

e Behavior is hidden behind the interface, which can
only beinterpreted by human understanding.

The protocaol is specified in natural language, which a
program cannot easily process.

For a well-defined system there can be a number of
interface designs. They may differ substantially. For
example, in this design a Manager class is used to
intercept communication. Ancther design may use
RequestManager to intercept requests, acceptances
and rejections, and use MessageManager to intercept
messages and broadcasts. Yet another design may not
use any manager at all.

4 Sequence Diagrams

The sequence diagrams discussed in this section bring
the design to a lower level of abstraction (higher level of
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: Client . Manager : ChatRoom
(0s,0) mrequest
(s, 1) request
alt
accep) accent macoept (0s, 2)
D (0s, 3)
alt i
reject . mreject (0s, 2)
reject
(0s, 3)

Figure 2: Sequence diagram of the request pattern

cl: Client . Manager : ChatRoom c2 : Client c3 : Client
msend
(0s, 0) d
(0s, 1) e
1sec
mbroadcast
(1s, 0)
(1s. 1) broadcast
broadcast
(1s, 2)

Figure 3: Sequence diagram of the message pattern

detail) than the class diagram. The sequence diagrams
must clearly reflect the interaction between components.

4.1 Timing

Timing issues make conversion of the protocol into se-
quence diagrams and later statecharts difficult. In the pro-
tocol description, more than one action can happen at the
same time, though they may be causally related. For exam-
ple, achat room should not send an acceptance or rejection
before it receives a request, though time is not advanced.
Hence, “request at time 1; accept at time 1” in
the output trace is correct, while “accept at time 1;
request at time 1” isnot.

One possible solutionisto use atuple (t,s) to represent
time, wheret is float-point time in secondsand sis an in-
teger sequence number. In this way, the correct output can
be written as “request at time (1.0s, 0); accept
at time (1.0s, 1)”. Thesequence “accept at time
(1.0s, 0); request at time (1.0s, 1)” is incor-
rect.
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4.2 TheRequest and M essage Patterns

The request pattern is shown in Figure 2. A Client
first invokes the mrequest method of the Manager. The
Manager then relays the request by calling request of a
ChatRoom. The ChatRoom immediately responds and calls
back themaccept or mreject method of theManager. The
requesting Client then receivestherelayed reply from the
Manager.

Figure 3 shows the message pattern where a random
message is generated and passed in the system. Note that
the ChatRoom deliberately delays 1 second after it receives
a request. No other time delay is shown in the two se-
quence diagrams.

4.3 Consistency with the Class Diagram and the
Protocol

Consistency with the class diagram can be easily
checked by collecting all the method call sthat acomponent
receives. For example, in the request pattern, the Manager



receives mrequest, maccept and mreject. In the mes-
sage pattern it receives msend and mbroadcast. These
five methods are defined in the class diagram, and no other
public methods are defined. As parameters are not shown
in the sequence diagram, there is no need to check their
parameters. This checking process can be automated.

Consistency with the protocol can be partially checked.
One can easily see that according to the request sequence
diagram, if a chat room receives arequest at time 0, it ac-
cepts or rejects the client at time 0. The absolute values
of the two times are not important. Important is that the
reply is sent back at exactly the same time. In this way
the designer can check “what should happen at a certain
time” manually. If the rule-based approach discussed later
is used, limited automatic checking is also possible.

Note how basic sequence diagrams are unable to ex-
press what should not happen at a certain time or in a cer-
tain period. For example, it isimplied in the protocol that
a chat room does not accept or reject a client without a
request. Thisinformation is missing in the sequence dia-
grams. This may introduce design errors into the model,
and affect the correctness of later devel opment steps.

Another possibility for an erroneous design is due to
the semantics of sequence diagrams. For example, in
the request pattern, the sequence diagram describes: if
a client sends an mrequest, then the manager sends a
request without time advance, then the chat room sends
an maccept Or mreject without time advance, then the
manager sends accept or reject accordingly. Unfortu-
nately, an inert client that does not send any request, which
is obviously a problem in the system, can not be detected
by checking the sequence diagram. In the worst case, no
client tries to connect, and thus the system halts forever.

To compensate for the loss of information, designs in
other UML formalisms are needed which do not com-
pletely depend on sequence diagrams, or the sequence di-
agram formalism must be extended. An excellent example
of the extension and use of sequence diagramsareLive Se-
quence Charts, as desiscribed by Harel [1].

5 Statechart Design

Statecharts are used to implement the behavior behind
the class definitions. They can be executed in our SVYM
(Statechart Virtual Machine) [2] [3], an interpreter for an
extended statechart formalism written in Python.

51 SVM Conventions

Before the statechart designs can be easily understood,
some SVM conventions must be introduced beforehand.
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SVM interprets models in the extended statechart for-
malism. New features are added. Though expressiveness
is not enhanced?, ease of useis greatly improved.

Component-based design is possible in SVM, though
original statecharts are not modular. This is necessary for
the chat model, where components such as clients and chat
rooms are designed separately, but work together in the
final system. Components are reused by importation. A
larger component imports (an instance of) a smaller one
into one of its states. The result is as if al the (hierarchi-
cal) states and transitions of the imported component were
directly written inside that state.

SVM models are written in text files. Macros are a con-
cept introduced in SVM. Macros are defined in the MACRO
section of an SVM source file. Once defined, they can be
used in brackets throughout the text file. For example, with
PREFIX=state defined, [PREFIX] can be used to literally
substitute string “state”, and thus [PREFIX]1 isequivalent
to statel.

Some of the predefined macros are used later on.
[EVENT (event, param)] raises an event. It carries a
string event and an optional list param as the parameters
that travels along with it. [PARAM] is used to retrieve pa-
rameters of the event being handled. It is usually used in
the guard or output of a transition. [DUMP (msg)] prints
debugging messages to the screen or recordsthemin a text
file.

Macros also serve as parameters when a component is
imported. The importing component may redefine some or
all of the macros originally defined in the imported com-
ponent, including predefined macros. As a continuation of
the previousexampl e, if theimporting component specifies
PREFIX=mystate asanimportation parameter, [PREFIX] 1
within the imported component isinterpreted asmystatel
instead.

It is easy to show that these extensions do not increase
the expressive power of statecharts.

5.2 TheChat Room Model in the Extended Stat-
echart Formalism

Components Client, ChatRoom and Manager are de-
signed in separate statecharts. As Figure 4 shows, model
Chat imports five instances of Client, two instances of
ChatRoom and one Manager. Each instance of the same
typehasauniquelD parameter. Instances of different types
can have the same ID since their sets of acceptable events
are digoint. This model can be ssimulated or executed in
the SVM environment.

The client component is shown in Figure 5. Initialy,
itisinthenochat state. It repeatedly triesto connect to the

2More extensions can be made to enhance expressiveness, but check-
ing the correctness of amodel becomes much more difficult.



chatroom via the manager by raising an mrequest event
every 1 to 3 seconds (uniformly distributed), until the re-
quest is accepted (the accept event is received. uniform
is a Python function which returns a random real number
in arange, and randint returns a random integer. The
event’s first parameter gives the client’s unique ID. The
event’s second parameter gives the destination chatroom
(randomly chosen from 1 or 2). Then, the client moves to
state connected and starts sending messages and receiv-
ing broadcasts. Since parameters of events are sent as a
list, [PARAMS] [0] gives access to the first parameter, and
so on. Note that when the content between square brack-
etsis not a macro name or a Python index, it is aguard as
defined in the original statechart formalism [4].

User-defined macro [ID] gives a unique ID to each
Client. Itsdefinition 1D=0 implies that the default value
is 0. It is changed by the importing component (the Chat
model in this case) to aunique number. ID of acomponent
isimportant. Since the whole system can be viewed as one
large statechart after importation, all broadcast events are
received by every orthogonal component. Thus, the only
way to send an event to a specific client is to give the re-
ceiver's ID in the parameter list. Each client checksiif its
ID matches before handling an event.

Compared to the Client component, ChatRoom iS
much more complicated. It uses a list messages [ID]
to queue incoming messages. This means every chat
room with a unique ID has its own queue. (For ID=0,
messages [ID] isequivalent to messages0.) If amessage
comes when it is busy processing a previous message (it
takes 1 second), the new oneis added to the list. Thetime
when the message is received is a so recorded so that even
if amessageis queued, its processing timeisstill 1 second
sinceits arrival.

The Manager component simply relays messages.
Function rec_comm(client, room) records a connec-
tion in a list when a chat room accepts a client.
get_clients(room, client) looks up the list and re-
turns all the clients in chat room room, except client.
get_room(client) returnstheroomID for client.

The message queue of chat rooms and the connection
list of manager are examples of variables. They help to
record the state of the model. Strictly spesking thisis also
an extension to original statecharts, where states must be
explicitly specified. The discussion of variablesis outside
the scope of this case study.

5.3 Consistency with the Class Diagram

This component-based design should strictly conform
to the class design in Figure 1. Otherwise, a component
may send an event to a receiver, who cannot handleit. Or,
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the sender may provide less parametersthan required. The
result can be afatal run-time error.

A program can be written which automatically checks
sender-receiver consistency of all the method calls. Not
how at the code-level this might be checked by a type-
checker and/or linker. For example, Manager accepts event
maccept. This means it provides method maccept in its
class definition. In the guard and output of the transition
that handles this event, [PARAMS] [0] and [PARAMS] [1]
are used, so it requires at least two parameters. The
checker then looks through the whole Chat model and
finds that this method is only called (asynchronously) by
the ChatRoom component. The call [EVENT ("maccept",
[[PARAMS] [0], [ID]])] provides exactly two parame-
ters ([PARAMS] [0]3 and [ID]). The checking of this call
is successful.

Similarly, the consistency of all the method callsin the
model can be checked against the class diagram.

6 Consistency Checking by Model Execu-
tion

The chat model is simulated or possibly executed in
real-time (needed in case of a human in the loop) by the
SVM interpreter. The output produced in the execution is
dumped to screen and a to text file. As mentioned above,
human intervention is not needed if al user interaction is
explicitly modelled. The output trace is the only means
by which we validate the execution. Consistency of the
trace with all the design artifacts discussed above must be
checked.

Consistency with the class diagram was studied in the
previous section. The checker formally checks the state-
chart design. Model execution is not needed.

Consistency with the sequence diagrams is checked by
validating the output trace of experiments. Although cor-
rectness can in many cases not be proved (as it would re-
quire the exploration of a large or possibly infinite state-
space of possible behaviours), confidencein thefinal prod-
uct is greatly increased.

Consistency with the statecharts is implied provided
that the SVM execution environment is correct.

Proving consistency with the origina protocol is not
easy, because it contains much more information than the
sequence diagrams does. It is aso hard to be processed by
achecker program.

3 [PARAMS] [0] here refers to the first parameter of event request,
which is handled by the ChatRoom component. This parameter is further
passed on in event maccept as the latter’s first parameter.
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Figure 4: Chat model
broadcast [ [ID] in [PARAMS][0] ]/
[DUMP([PARAMS][1])]
accept [ [PARAMS][0]==[1D] | .
Crochat
(O, .= O
PARAMS|[0]==[ID
after(uniform(1,3)) / [t lO1==(1D]] after(uniform(1,5)) /
[EVENT("mrequest", [ [ID], randint(1,2)])] [EVENT("msend", [ [ID], rand_msg()])]

Figure 5: Client component

request [ [PARAMS][1]==[ID] and clientNum<3] /
[EVENT("maccept”, [ [PARAMS][0], [ID] 1)], clientNum+=1
request [ [PARAMS][1]==[ID] and clientNum>=3] /
[EVENT("mreject”, [ [PARAMS][O], [ID] ])]

root

after(messaged[ID][0][3]+1-[TIME]) /
[EVENT("check")]

check [ len(messages[ID]>11]/
[EVENT("mbroadcast", messages[I D][0][:3])],
delete messageq[ID][0]

send [ [PARAMS][1]==[ID] ]/
messages[ | D].append([PARAMS]+[[TIME]])

check [ len(messaged{ID]==11/ send [ [PARAMS][1]==[ID] ] /
[EVENT( %ﬂ&fﬁwﬁg‘%ﬁmm[@]' messages{ D] append([PARAMS] +[[ TIME]])

Figure 6: Chat room component

maccept / rec_conn([PARAMS][Q], [PARAMS][1]),
[EVENT("accept”, [[PARAMS][0]1)]

mbroadcast / [EVENT("broadcast",
[ get_clients(([PARAMS][1],
[PARAMS][Q]), [PARAMS][2] ])]

maccept /
[EVENT("accept", [[PARAMS][0]])]
msend / [EVENT("send", [ [PARAMS][0],
get_room([PARAMS][0]), [PARAMS][1] ])]

Figure 7. Manager component
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6.1 Output Trace

[DUMP (msg) ] macro is used to record messagesmsg in
afile, until the execution is finished (either automatically
or by manua control by the debugger). Each message
consists of three parts: the time written as a tuple (t,s),
the sender or receiver with its unique ID, and the message
body. The following is taken from the output:

CLOCK: (10.5s,0)

Client 0

Says "Hello!" to ChatRoom 1

CLOCK: (11.5s,0)

ChatRoom 1

Broadcasts "Hello!" to all clients except
Client 0

CLOCK: (11.5s,2)

Client 1

Receives "Hello!" from Client 0

This output is produced by the manager, which has ac-
cess to al relevant information in the communication. At
time 10.5 a message is sent by the client with ID 0. Ac-
cording to the protocol, chat room 1 broadcasts this mes-
sage after 1 second. Another client (client 1), which is
also connected to chat room 1, receives the broadcast at
the same time. The original sender of the message fromis
also shown.

6.2 Consistency with the Sequence Diagrams

Consistency with the sequence diagrams can be checked
in a rule-based approach. A set of rules are defined and
written in atext file. A checker reads the file and checks if
the output trace satisfies every rule.

Regular expression are extended to describe rules. A
rule consists of four parts. pre-condition, post-condition,
guard (optional) and counter-rule property (optional). Pre-
condition is a regular expression used to match a part of
the output trace. 1t, combined with the guard (a boolean
expression), defines when the rule is applicable. When it
is applicable and the counter-rule property is false, the
post-condition (another regular expression) must be found
in the output; if counter-rule is true, the post-condition
must not be found.

For example, the following rule expresses the fact that
the sender of a message does NOT receive the broadcast
after 1 second:
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pre-condition | cLock: \((\d+\.{0,1}\d*)s, (\d+\
.{0,1}\d*)\)\n\Client (\d+)\nSa
ys "(.*?)" to ChatRoom (\d+)\n
CLOCK: \([(\1+1)]s, (\d+\.{0,1}\
d*)\)\nClient [(\3)]\n Receives

"[(\4)]" from Client [(\3)]\n

[(\1+1)]<50

true

post-condition

guard
counter-rule

In the pre-condition, five expression groups are de-
fined in parentheses. They are numbered 1 to 5. Group
1 matches the floating-point time. Group 2 matches the
sequence number. They congtitute a time tuple. Group
3 matches the integer client ID of the sender. Group 4
matches the message, whichis an arbitrary string. Group 5
matches the chat room which the sender isin.

In the post-condition, [(...)] containsan expression,
where values of groups can be cited with their index num-
bers behind “\”. Thus, [(\1+1)] isthe value of the first
group plus 1. [(\3)] isequa to group 3. More about the
regular expressions used can be found in [5].

Suppose the execution stops at simulated time 50. The
checking should not exceed time 50. Without additional
conditions, if a message is sent to a chat room at time
49.5, the checker would expect a corresponding broadcast
at time 50.5. To cope with this, aguard [ (\1+1)]<50 is
added. This tells the checker that the rule is applicable
only when the value of group 1 (floating-point time) plus 1
isless than 50.

Since a client should not receive its own message, this
isacounter-rule.

6.3 Consistency with the Protocol

It is difficult, if not impossible, to prove the model is
completely consistent with the protocol. The protocol, also
regarded as a set of requirements, is described in natural
language. Itsinterpretation is the main obstacle for the de-
velopment of an automatic checker.

One may arguethat the protocol can betransformedinto
aset of rules. With the rule-based method described above,
consistency with the protocol can be checked. However, it
is hard to transform the complete meaning of the protocol
into aformal representation, which is easily processed by
aprogram. Obviousfactsimplied in the protocol and com-
mon knowledge are usualy lost. As an interface between
human beings and computer programs, a natural language
processing techniqueis required.

In this case study, a series of steps are used to achieve
the final, executable design. Information is lost while
converting a design into another in a different formalism.
Checking between intermediate steps does not guarantee
the correctness of the final product.



On the one hand, checking intermediate steps is not
strong enough. On the other hand, it is extremely hard
to check the model directly against the original protocol.
“How to prove the correctness of afinal design” isthe last
and largest open question in this case study.

7 Conclusion

A concrete exampleis discussed in this case study. An
executable model is developed from initial requirements.
Stepsare gonethrough and designs at different level s of ab-
straction are studied. A component-based approachis cho-
sen to make the model modular and manageable. A class
diagram defines the interface of components. Sequence di-
agrams formalize the communication and make automatic
checking possible, though they only partly illustrate the re-
quirements. The component-based model is modelled in
the extended statechart formalism. This model is directly
interpreted by the SVM execution environment.

Development of the chat room model givesriseto a se-
ries of consistency problems. For some of them, automatic
checking is successfully applied.

1. Consistency between the sequence diagrams and the
class diagramis checked. A checker verifies al the
required methods are correctly specified in the inter-
face.

2. Consistency between the statecharts and the class di-
agram is also checked in a similar way. The sender
of an event always provides enough parametersto the
receiver.

3. Consistency between the statechartsand the sequence
diagramsis checked with arule-based checker. Regu-
lar expressionsare extended to specify pre-conditions,
post-conditions, guards and counter-rule properties.

However, other consistency problems remain unsolved.

1. Consistency between the class diagram and the proto-
col (initial requirement) is not checked. Design flaws
may be discovered in later steps or be hidden in the
final product.

2. Consistency between the sequence diagrams and the
protocol is only checked manualy. Though the se-
guence diagrams are just a formalization of the pro-
tocal, it is not easy to check their correctness with a
program.

3. Itiseven harder to check the consistency between the
final design in extended statecharts and the protocol.
This checking is necessary, as information is lost in
intermediate steps.
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Attention must be paid to these open questions which
mostly pertain to inter-consistency. It is believed that con-
sistency checking should be an integral part of the devel-
opment process and of software development tools.
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Abstract

The UML is becoming the de-facto notation for
software engineering projects. It is a common
hypothesis that incompleteness and inconsistency
allowed by UML are a source for problems in the
software development process. However, it appears
that many adequate software systems are built with the
use of UML. This raises the question as to what degree
inconsistency and incompleteness in UML designs
impact software engineering projects. For instance,
are there typically many or few inconsistencies in a
design? Which type of inconsistency occurs most
often? Do the types of inconsistencies that are present
in a design change in the course of the design process?
If'so, how?

To investigate these questions, we have developed a
number of techniques for analyzing UML designs. In
this paper, we present the results of our study on
inconsistency and incompleteness in large industrial
systems.

1. Introduction

Software systems are described using multiple
views. These view are partially overlapping. UML is a
collection of diagramming techniques for describing
these different views. Describing software systems
using multiple diagrams that contain overlapping
information introduces the risk for inconsistencies.

Often it is impossible to conclude whether diagrams
are inconsistent or incomplete. Consider the example
presented in Figure 1. In the message sequence chart
(MSC), an instance of class A invokes a method Z on
an instance of class B. However, in the class diagram,
Class B does not have a method Z. Is the MSC
inconsistent with the Class diagram or is the Class
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Diagram incomplete with respect to the MSC? Hence,
we consider incompleteness to be strongly related to
inconsistency.

Inconsistency and incompleteness allowed by UML
can be sources of problems in software development.
This paper describes initial results of our research into
the severity of the inconsistency and incompleteness
problem and the results of quantitative assessment of a
number of industrial systems.

We will put related work into perspective in section
2. In section 3 we will define the notions of consistency
and completeness, define their relationship and give
classifications of different types of inconsistencies. The
classifications are illustrated with examples. Our
approach to the problem of detecting design faults and
some examples of inconsistency rules and metrics will
be given in section 3. The results of analysing
inconsistency in industrial cases are presented in
section 4. Our conclusions and ideas for future work
are summarized in section 5.

Class diagram

Class A
Method _x

Class B
Method y

MSC

:Class A :Class B

Method z

Figure 1. Inconsistency or incompleteness?



2. Related Work

There main areas of related work are: software
product metrics and consistency analysis of UML.

The work on software product metrics attempts to
quantify quality attributes of software design. The work
on software product metrics has been oriented at the
level of source code. In recent years, some work on
metrics has been applied at the level of software design
[3] [2] and software architecture [10]. However, this
has mainly been a migration of existing code-level
metrics to the level of UML. This plain migration fails
to acknowledge that software architecture and design
differ from code in that they exhibit inconsistency and
incompleteness.

Metrics for inconsistency and incompleteness might
be good predictors for the quality of the resulting
systems. The research described in this paper is the first
attempt known to the authors that proposes the use of
inconsistency metrics.

Of course, the problem of consistency is not limited
to UML-based approaches and is also manifest in, for
instance the RM-ODP method [1]. Our focus is on
UML-based approaches.

The area of consistency in UML can broadly be
divided into the complete approaches and the partial
approaches. The complete approaches aim to define a
fully formal semantics for the complete UML notation.
Notable initiatives in this direction are the ‘precise
UML’ project [12] and the ‘Omega’ project [11].

Partial approaches select a subset of the UML
notation, typically related to one view such as the
process view, and proceed to develop a well-defined
meaning for that subset with the aim of automatically
identifying inconsistencies in this partial design.
Starting point for literature on this line of research are
the workshop on consistency problems in UML [17].

The partial approaches can be divided into two
principle types: a formal approach that is concerned
with mapping (parts of) UML designs onto formal
methods in order to give a meaning to the UML
constructs. The second is a design-oriented approach.
Here emphasis is on modelling the UML in order to
analyse properties of the design. In this approach UML
is modelled using a meta-model or using OCL [18]).
Subsequently, consistency rules for actual UML
designs are defined in terms of the meta-model.

The formal approaches attempt to map partial
designs that describe system dynamics such as
Sequence Charts and State charts onto operational
formalisms such as process algebra’s and Petri-Nets.
For example, Engels et. al. [5] have presented
consistency checking for UML State chart diagrams by
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providing a mapping onto CSP. McUmber and Cheng
provide a mapping of UML onto Promela [15]. An
example of a formal approach that formalizes the
functional/structural view of UML designs using Z is
described by [14].

In the design-oriented approach, Hnatkowska et. al.
[8] present a number of consistency rules that are
defined in terms of the OCL. Also our approach falls in
this category. We use a subset of the UML meta-model
and formulate consistency rules in terms of that meta-
model. As we will show later in the paper, this
approach supports the detection of inconsistencies as
well as the computation of design metrics and
heuristics, while it does not require the more complex
machinery of fully formal methods.

3. Our approach for identifying
inconsistencies and incompleteness

In this section we first introduce our conception of
inconsistency and incompleteness. Subsequently, we
explain the scope within software development where
we want to be able to identify inconsistency and
incompleteness. The next sections give a meta-model
for UML designs and a formal set of inconsistency and
incompleteness rules.

3.1 Concepts

Faults in UML designs can be of different nature. A
basic type of design faults is concerned with the well-
formedness of diagrams. An example of a well-
formedness rule is that all classes in a class diagram
must contain a name. More complex fault may occur
due to the overlap of information in different diagrams.
Inconsistency and incompleteness faults fall in this
category of faults.

' Diagram X | Diagram Y

Figure 2. Inconsistency.

A software design describes a set of possible
solutions. If diagrams of a design specify solutions that
imply contradictory design decisions, then there is an
inconsistency between these diagrams (illustrated by
figure 2). Any software system will correspond to at
most one of these diagrams. It this inconsistency is



unresolved, this may lead to misunderstandings and
integration problems. Hence one of the diagrams needs
to be adapted.

Consistency defines the soundness of a design. In
addition we address completeness of a design.
Completeness of a design is concerned with the fact
that the presence of information in some diagram
requires the presence of other information in another
part of the design (illustrated by figure 3). For instance,
if there is a use-case that describes some system
functionality, then there should also be a (collection of)
class(es) that provide(s) this functionality. If some
information that we can deduce from available
diagrams is not present in a design, then there is an
incompleteness in the design.

Diagram X - Diogram'Y |

Figure 3. Incompleteness.

Another conception of completeness is to consider
whether all the requirements of a system are met by a
design. This notion of completeness is concerned with
the traceability of development and is very relevant to
system development. Validating this type of
completeness automatically may be possible to some
degree for the functional properties. However, for non-
functional properties this becomes extremely difficult.
Instead, we shall use inconsistency and incompleteness
in way defines earlier: relating to contradicting or
missing information that can be deduced from a
collection of UML diagrams that form the description
of a single system.

3.2 Scope

Figure 4 depicts a number of important artefacts that
are produced in a software development project and the
relations between them. The figure distinguishes the
three levels: requirements, design and implementation.
The figure shows that each requirements is related to
one or more use cases. Each use case is associated with
a number of scenario’s (or sequence charts). Each
sequence chart uses one or more classes and a class
may have a state chart. At the implementation level
there should be code for each class in the UML
diagram. The scope of our research are the artifacts that
are modelled using UML (between the horizontal
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lines). Hence we exclude the relations with
requirements and implementation artefacts. The main
reason for this is that automated checking the
consistency and completeness of the relation between
requirements and design and between design and
implementation require very different techniques or
may even turn out to be infeasable without significant
human contributions.
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Figure 4. Scope of our research.
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Another conception of completeness is to consider
whether all the requirements of a system are met by a
design. This notion of completeness is concerned with
the traceability of development and is very relevant to
system development. Validating this type of
completeness automatically may be possible to some
degree for the functional properties. However, for non-
functional properties this becomes extremely difficult.
Instead, we shall use inconsistency and incompleteness
in way defines earlier: relating to contradicting or
missing information that can be deduced from a
collection of UML diagrams that form the description
of a single system.

3.3 Relational Meta-Model

As a basis for the definition of rules and metrics we
use a meta model that describes the elements of a UML
design and their interrelationships. An proximate
candidate is the UML meta model. This model is a
well-defined meta model for the UML specified by the



Object Management Group [OMG] using the Meta
Object Facility (MOF).

The interchange format for the UML is XMI, whose
specification is based on the UML meta model
specification. The specifications of both, the XMI and
the UML meta model are very extensive and cover
much more information than needed for defining our
rules and metrics.

Our analysis focuses on the four most widely used
types of diagrams: class diagrams, state chart diagrams,
use case diagrams and message sequence charts
(MSC). These are a subset the UML, therefore the
subset of the meta model depicted in Figure 5 suffices
for our purpose. Our meta model is essentially a
relational data model.

The meta model incorporates the central concepts of
the addressed diagram types. In the use case diagram
the use cases are central and have relations to actors
and scenarios (message sequence charts). The MSCs
consist of messages and objects. This diagram type has
a relation to the class diagrams, where the classes are

The table definitions are given in the appendix).

In the next section, we present examples of rules
and metrics for the three categories well-formedness,
consistency and completeness. We express rules and
metrics in a form of relational algebra.

3.4 Well-formedness

Individual diagrams must satisfy certain basic
soundness restrictions, i.e. well-formedness rules. Here
we present some examples these rules. For each
example of our rules we give a brief explanation and
the definition in terms of the relational meta model.

No abstract Leaf Classes. Leaf classes are classes
without any subclasses. Leaf classes should not be
declared abstract. The purpose of abstract classes is to
hand down abstract functionality to subclasses,
therefore abstract leaf classes are conflicting. The only
exception of this rule is if the described system is a
framework that is supposed to provide abstract
functionality for subclassing.

obviously the central concept. Classes may be (VcecC (me M :
described by state machines. The relations between (c.idc, m.idm) € CM))
classes and actors (inheritance, associations and
development) are omitted in figure 5 for the sake of
clarity. (The elements of the tables (as it is a relational
meta model all entities represent tables) are omitted to
keep the figure simple.
1..n has
Use Cases Actors
1..n
predecessor
1| 1has
1..n
Scenarios Messages
1 consists of
1..n 1.n
callee caller
can change /7.95.
1 to 1 1
States Objects
Methods
1..n | has 1.n
belongs to | 1
1..n
has 1 elongs to 1..n
StateMachines Classes Attributes
0..1 dascribes 1.n has

Figure 5. Relational meta model.

29



Private attributes. A class’ attributes should be
declared private. Otherwise the concept of
encapsulation does not hold.

(VcecC (V ae€e A A
(c.idc, a.ida) € CA
a.visibility = ‘private’ ))

Data records. Classes with only attributes and no
methods are data records in disguise and therefore they
do not comply with the paradigm of object-orientation.

(V ce C (Ame M :

(c.idc, m.idm) € CM))

Objects must have a name. Each object in a
scenario must have a name. A named object is much
more expressive and understandable than an unnamed
one. Especially in the case that several objects of the
same type occur in one scenario it is essential to name
objects.

(Voeo o.name # 1)

3.5 Inconsistency

Consistency is compliance between different views
or diagrams of a design. The various diagrams of a
design contain  overlapping information.  This
overlapping information is a possible source of
inconsistencies, as the overlapping information might
not ‘match’. For two diagrams to be consistent, they
must at least satisfy certain consistency rules, which
will be described here.

Messages must correspond to methods. Each
message received by an object in a scenario must
correspond to a method in the object’s class interface.

(Vee€ekE

(3me M : e.method = m.idm ) )

Messages only between related classes. In class
diagrams, messages should only be passed between
classes that are related to each other by means of
associations of dependencies. This law corresponds 