Automatically Validating Model Consistency during Refinement

Alexander F. Egyed
Computer Science Department
University of Southern California

941 W. 37" PI

ace, SAL 328

Los Angeles, CA 90089
+1 213 740 6504
aegyed@sunset.usc.edu

ABSTRACT

Automated consistency checking between software devel-
opment models still remains a complex and non-scalable
problem. Current solutions are frequently only able to de-
tect small numbers of inconsistency types, often under less
than realistic assumptions. This paper introduces a new
approach to consistency checking based on model trans-
formation. Our approach uses transformation to translate
and to interpret model information between different types
of views (e.g., diagrams) in order to simplify their compari-
son. Transformation-based consistency checking, in the
manner we use it, has never been attempted before and, as
this paper will demonstrate, has significant benefits includ-
ing (1) increased variety of automatically detectable incon-
sistencies, (2) improved scalability, (3) ability to handle
incompl ete, ambiguous model specifications, and (4) ability
to define domain- and model-independent inconsistency
rules. This paper will illustrate our approach in context of
model refinement and abstraction using a complex exam-
ple. Our approach isfully tool supported.
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1 INTRODUCTION

In the past decades numerous software models were created
to support software development at large. Models have
usualy in common that they break up software develop-
ment into smaller, more comprehensible pieces utilizing a
divide and conquer strategy. Models are extremely useful

in that respect since “it is not the number of details, as such,

that contributes to complexity, but the number of details of
which we have to be aware at the same time [21].”

. . 3.
The major drawback of models is that development con-
cerns cannot truly be investigated all by themselves since,
they depend on one another. If a set of issues about a sys-
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tem is investigated, each through its own models, then the
validity of solutions derived from those models requires
that commonalities (redundancies) between them are rec-
ognized and maintained in a consistent fashion. Consis-
tency between models, however, cannot easily be guaran-
teed since models embody information redundancies (in-
formation overlap) to enable their closed-world environ-
ments. Today, consistency checking between models has to
be done mostly manually, resulting in high costs.

In this work, we introduce a transformation-based approach
to consistency checking. We discuss our approach in con-
text of abstract and concrete views (views are representa-
tions of partial models like diagrams). Our approach is ge-
neric enough in that it does not matter what views are cre-
ated first. Thus, validating the consistency of an abstract
view that has been reverse engineering from a concrete
view (e.g., source code) can be treated equally to validating
the consistency of a concrete view that has been (manually)
refined from an abstraction. We will demonstrate our ap-
proach in context of UML class diagrams [20]. In previous
works, we also demonstrated our approach on UML object
diagrams and the C2SADEL language (the latter will not be
discussed in detail here since the C2SADEL and UML in-
tegration has been published previously [8]). Our transfor-
mation-based consistency checking approach adds the fol-
lowing novel contributions:

1. Larger scope of automatically detectable inconsisten-
cies including types of model inconsistencies that were
not detectable automatically previously,

Improved scalability due to reuse of transformation
results and optimized transformation infrastructure,
Higher effectiveness in handling incomplete specifica-
tions and other types of ambiguities,

More generic inconsistency rules applicable to a
broader set of models (e.g., some rules applicable to
class, object, and state chart diagrams).

2.

To evaluate our transformation-based approach to consis-
tency checking we also applied it successfully to other
types of heterogonous models like state chart diagrams and
sequence diagrams [5]. Furthermore, we validated the use-
fulness of our approach (in terms of its scope), its correct-
ness (e.g., true errors, false errors), and scalability via a
series of experiments using large and non-trivial third-party
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Figure 1. Abstract and concr ete class diagrams (entity view) of a hotel management system (HMS)

models [1,2] as well as in-house developed models. Addi-
tionally, our approach has been fully implemented enabling
us to gather extensive metrics (e.g., computational com-
plexity and scalability). Our tool, called UML/Analyzer,
enables consistency checking and model abstraction (trans-
formation) for UML object and class diagrams. The tool
also implements all transformation and consistency check-
ing measures discussed in this paper (and more).

The remainder of this paper is organized as follows: Sec-
tion 2 introduces a complex example and discusses abstrac-
tion and refinement problems in context of two class dia-
grams depicted there. In Section 3, we will highlight con-
sistency checking without transformation and discuss in
what cases it is effective and in what cases not. Section 4
introduces one of our transformation methods and then
discusses how this method improves the scope of detectable
inconsistencies. Section 4 discusses how our transformation
and consistency checking methods are also able to interpret
incomplete and ambiguous model information. Section 5
discusses issues like scope, accuracy, and scalability in
more detail and Section 6 summarizes the relevance of our
work with respect to related works.

2 EXAMPLE

Figure 1 depicts two class diagrams showing the entities of
a Hotel Management System (HMS) at two levels of ab-
straction. The left diagram is the more abstract class dia-
gram with abstract classes like Guest and Hotel and rela

tionships like “a guest may either stay at a hotel or mayagainst inconsistency rules.

The right side of Figure 1 depicts a refinement of the left
side. It can be seen that the basic entities@uest or Ex-

pense are still present although named slightly differently

It can also be seen that additional classes were introduced.
For instance, the concrete diagram makes use of new
classes likeReservation or Check to refine or extend the
abstract diagram. The concrete (refined) class diagram also
uses the same types of relationships as the abstract one plus
generalization relationships (triangle head) to indicate
inheritance. The concrete diagram also describes methods
associated with classes more extensively.

3 SIMPLE CONSISTENCY CHECKING

Having two diagrams depicting the same information at
different levels of abstraction implies that there must be
information overlap between them. Both diagrams describe
the same part of the HMS system separately and, in doing
so, they also share modeling information about their com-
mon environment. For instance, we can see that the abstract
classGuest was refined into the concrete claSgestEntity

or that the abstract relationshipas’ (betweenGuest and
Expense) was refined and extended into multiple relation-
ships with the new classé¥ansaction and Account be-
tween them. Note that the knowledge on how model
information in different views relate to one another is
commonly referred to as traceability (or mapping) [10].

Current consistency checking approaches detect inconsis-
tencies by traversing models and validating those models
For instance, consistency

have reservations for it.” The abstract diagram further checking approaches like JViews (MViews) [11], View-
states that #dotel may haveEmployees and that there are
Expense and Payment transactions associated with guests them into common (and usually formal) representation

(and hotels). It is also indicated thaGaest requires &e-

Points [12] or VisualSpecs [4] read diagrams, trarslate

schemes, and validate inconsistency rules against them.

curity deposit (e.g., in form on a credit card). The diagram These approaches, although successful in some cases, make
uses three types of relationships to indicate uni-directional,three fundamental and non-realistic assumptions: First, they
bi-directional, and part-of dependencies (see UML defini- assume that the traceability among modeling information

tion [20]). For instance, the relationship with the diamond
head indicates aggregation (part-of) implying that, say

Security is a part ofGuest. Additionally, the diagram lists

few methods that are associated with classes. For instanc

the clas€Expense has one method callegtAmount().

a

"1 1t must be noted that we use adisjoint set of class namesin order
éo avoid naming confusions throughout this paper. Duplicate

flames are allowed as part of separate name spaces.

2 There, trandation is sometimes referred to as transformation;
however, we have a different meaning for that term.



(the knowledge on how diagrams relate) is fully known,
second, they assume that that traceability follows a simple
one-to-one mapping; and third, building on the first two
assumptions, they assume that inconsistencies can be gen-
erally identified via direct comparisons where the structure
and extend of the comparison is unambiguous.

In the past three years, we have inspected a large number of
third-party software development models [1] and observed
that above three assumptions rarely ever hold. In order to
demonstrate how our approach stands up against such sim-
plifications, we chose an example that violates all of them,
making our example more complex and realistic. To violate
the first assumption, we provide only a small set of trace-
ability information between the diagrams:

Table 1. Mapping (traceability) data

Abstract Diagram | Concrete Diagram

Guest GuestEntity

Hotel Hotel Entity, Room, Hotel Collection
Security PaymentSecurity

Expense ExpenseTransaction and Room Fee
Payment PaymentTransaction

Collection GuestCollection, and Hotel Collection

Because of the limited set of traceability information, the
example in Figure 1 also violates the second assumption
about the one-to-one mapping. We now find several cases
of one-to-many mappings (e.g., Hotel maps to Hotel Entity,
Room, HotelCollection), one case of a many-to-many map-
ping (there are several choices of how reservation_for and
stays at map to the concrete diagram), one case of a many-
to-one mapping (HotelCollection is assigned to Hotel and
Caollection), and many cases of no mapping atogether (e.g.,
Employee in the abstract diagram or Account in the con-
crete diagram).

Finaly, we also violate the third assumption above in that a
direct comparison is now mostly impossible or the com-
parison is ambiguous. For instance, a case of ambiguity is
reflected in the many-to-many mapping of reservation_for
and stays at to the concrete diagram where existing model-
ing information is not sufficient to infer what their refine-
ments are. A human observer may still guess that the rela-
tionship reservation_for maps to the class Reservation and
its single relationships to Guest and Hotel, however, due to
the lack of traceability information, a machine cannot eas-
ily come to the same conclusion.* Our example aso has
several cases were direct comparison is impossible. For
instance, the abstract relationship from Guest to Payment
has no direct (one-to-one) counterpart in the concrete dia-
gram. As it can be seen, there is no direct relationship be-
tween GuestEntity and PaymentTransaction, its concrete
counterparts, but instead that relationship is clouded
through the use of “helper” classes (e.g4ccount and
Transaction) that refine the abstract relationship.

3 Although we could employ a synonym checker to duplicate the
human reasoning, such an approach would still be flawed.

To summarize, our example in Figure 1 exhibits a series of
non-trivial and complex features. By no means, is our ex-
ample a “special case” which requires special attention. In
fact, these complexities are representative of the complexi-
ties in the entire HMS and many other software models we
inspected. To date there exists no consistency checking
approach that can perforexhaustive consistency valida-
tions on such an example. The next section will show how
our approach addresses these challenges.

4 TRANSFORMATION-BASED CONSISTENCY
CHECKING
The example in Figure 1 exhibits multiple problems that
will be addressed in different parts of this section. The two
primary challenges are (1) how to enable comparison be-
tween model elements that do not have a simple one-to-one
mapping and (2) how to compare model elements that are
ambiguously mapped.

View Integration Framework

To identify inconsistencies in an automatable fashion, we
have devised and applied a view integration framework,
accompanied by a set of activities and techniques [5]. Our
view integration approach exploits the redundancy between
views: for instance, since the abstract diagram in Figure 1
contains information also used in the concrete diagram, this
information can be seen as a constraint between the abstract
and concrete diagrams. Our view integration framework
enforces such constraints and, thereby, the consistency
across these two views. In addition to constraints and con-
sistency rules, our view integration framework also defines
what information can be exchanged ahdw information

can be exchanged. This is critical for scalability and auto-
mateability. Our approach has the following activities:

» Mapping: identifies and cross-references related model-
ing elements that describe overlapping and thus redun-
dant pieces of information. Mapping is often done manu-
ally via naming dictionaries or traceability matrices (e.qg.,
see trace matrix in Table 1). Mapping assists consistency
checking by definingvhat to compare.

Transformation: converts modeling elements or dia-
grams into intermediate models in such a manner that
they (or pieces of them) can be understood easier in the
context of other diagram(s). Transformation assists con-
sistency checking by definirfgw to compare.

Differentiation: compares model elements and diagrams
with intermediate models that were generated through
transformation where differences indicate inconsistencies.

Figure 2 depicts the use @fansformation, Mapping and
Differentiation in context of our example. The figure shows
two basic inconsistency detection approaches. It shows that
in order to compare the two user-defifieiews A and C

(for abstract and concrete), we could either (a) compare
them directly or (b) transform C into ‘something like A’ so
that C becomes easier comparable to A. There are addi-

4 User-defined views are diagrams that are created by humans
(e.g., Figure 1). Derived views (interpretations) are diagrams that
are automatically generated via Transformation.



: (@ something|  (b) closely resembles hierarchical decomposition of systems
Derived R ‘ provided in many views. For instance, in UML, layers of
A classes can be built using a feature of classes that allows
g them to contain other classes. Thus, a class can be subdi-
E vided into other classes, forming a tree-like hierarchy. In
oS v, relation abstraction it is the relat|qns (arrows) andl not the
User A C A classes (boxes) that serve as vehicles for abstraction. Rela-
Defined mep tions (with classes) can be collapsed into more abstract
Figure 2. View transformation and mapping to comple- relations. Relation abstraction is needed since it is fre-
ment view comparison (differ entiation) quently not possible to maintain a strict hierarchy of

. . hecki h . . classes. Since our abstraction technique has been published
tional consistency checking approaches not depicted in previously, we will only provide a brief summary here. For

Figure 2, like (c) to transform A into ‘something like C' SO0 5 nore detailed discussion, please refer to [6].
that A becomes easier comparable to C or (d) to transform
both A and C into a third type so that they become easierln order to abstract the concrete diagram in Figure 1, we
comparable in the context of that third type. Those latter have to apply both abstraction types. Figure 3 shows a par-
approaches are, however, not used in this paper. tial view of Figure 1 depicting, in the top layer, the abstract

. . classedHotel, Guest, andPayment and, in the bottom layer,
We already discussed the shortcoming of approach (a)¢heir concrete counterpartdotelEntity, HotelCollection,
however, listed it here again since it describes a IegltlmateRoom, GuestEntity, and PaymentTransaction (recall Table
consistency checking approach that works in some case§) The pottom layer also depicts all relationship paths be-
tween these concrete classes, i.e., like the path that origi-
thates fromGuestEntity with an aggregation tBReservation

diagram into a form that makes the result directly compara-¢q|owed by an association tdotel Entity.

ble with the abstract diagram. As part of our collaboration
with Rational Corporation we created an abstraction tech-The first abstraction step groups concrete classes that be-
nique [7] and, in this paper, we will demonstrate its integra- long to single abstract classes. For instance, the concrete
tion with our consistency checking technique. classedHotelEntity, HotelCollection, andRoom are all part
. . f the same abstract clabtotel (Table 1). Classifier ab-
For completeness, the third other approach (c) mentionedyyaction is used to group them and create a more abstract,

above suggests the refinement of the architecture into gyerjyed class calleHotel. That derived class is depicted in
design so that the designs can be compared. This approacfie first (1) derived view in Figure 3. Besides grouping the
is not possible here since there currently are no fully auto-yhree concrete classes, the abstraction method also repli-
mated refinement techniques available. Finally, the forth caieq the inter-dependencies of those three classes into the
approach (d) suggests transforming both diagrams into &yerived, abstract class. It can be seen that the derived class
th|rq representation sc_hemg that allows thelr_ direct COM-otel now has relationships tReservation and Guest that
parison. The example in this paper does again not requirgyere “inherited” fromHotel Entity and Room respectively.

such an approach, however, it must also be noted that, a.lﬁlso note that the single concrete clas&emgstEntity and
though the latter two approaches are not used here, we sti I'DaymentTransaction were grouped into the more abstract,
Herived classeGuest and Payment. They also inherited all
inter-relationships from their concrete counterpadiassi-

fier abstraction therefore simplified our understanding of
the concrete relationships betwedotel, Guest, and Pay-

ment. Previously we were not able to reason about the di-
Abstraction implementing Transformation rect interdependencies between concrete classes, however,
In the course of evaluating nine types of software modelsnow we have created one direct relationship betvGest

[5] (class, object, sequence, and state chart diagrams, thefndHotel. Still, in order to enable more meaningful consis-
abstractions and C2SADEL) we identified the need for four tency checking we also need to eliminate the other helper
transformation types called\bstraction, Generalization, classesReservation, Account, and Transaction since they
Structuralization, and Translation. This paper focuses on still obstruct our und(_arstandlng. The problem is that those
inconsistencies during refinement and thus only nédds  classes were not assigned to any abstract classes, thus, can-

straction. See [5] for a discussion of the other types. not be eliminated via classifier abstraction.

Abstraction deals with the simplification of information by The second abstraction step groups concrete relationships
removing details not necessary on a higher, more abstractto single abstract relationships. For instance, the concrete
level. We distinguish between basically two types of ab- relationship path going froiBuest via Reservation to Hotel

straction techniques calledlassifier abstraction andrela- in Figure 3 (bottom) describes a semantic dependency be-
tionship abstraction, both of which are based on diagram- tween those classes. That dependency, although more
matic views using box-and-arrow type representations (e.g.laborate, still has a meaning that can be approximated
class diagrams or state chart diagrams). Classifier abstracthrough simpler, more abstract model elements. In particu-
tion is probably the more intuitive abstraction type since it 1ar, this example shows an aggregation relationship be-

other types of diagrams. For instance, we have also inte
grated class/object diagrams with the C2SADEL architec-
ture description language were approach (d) was needed t
first establish a “common” repository [8]

4
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Figure 3. Abstraction applied on part of HM S showing abstract, concrete, and derived modeling information®

Table 2. Excerpt of abstraction rulesfor classes|[6]

thermore, the number at the end of the rule indi-

1) Class x Association x Class x AggregationRight x Class equals Association 100

2) Class x AggregationLeft x Class x AssociationLeft x Class equals AssociationLeft 100
3) Class x Association x Class x AggregationLeft x Class equals Association 90

4) Class x AggregationLeft x Class x GeneralizationLeft x Class equals AggregationLeft 10

5) Class x GeneralizationLeft x Class x GeneralizationLeft x Class equals GeneralizationLeft 100

6) Class x DependencyRight x Class x AggregationRight x Class equals DependencyRight

7) Class x AssociationRight x Class x GeneralizationRight x Class equals AssociationRight 70

8) Class x Aggregation x Class equals Class 100

cates its reliability. Since rules are based on seman-
tic interpretations, those rules may not always be
valid. We use reliability numbers as a form of pri-
ority setting to distinguish more reliable rules from
less reliable ones. Priorities are applied when de-
ciding what rules to use when. We will later dis-

0

100

tween the classes Reservation and Guest (diamond head)
indicating that Reservation is a part of Guest. The example
also shows a uni-directional association relationship from
Hotel to Reservation indicating that Reservation can access
methods and attributes of Hotel but not vice versa. What
the diagram does not depict is the (more abstract) relation-
ship between Guest and Hotel. Semantically, the fact that
Reservation is part of a Guest implies that the class Reser-
vation is conceptually within the class Guest. Therefore, if
Reservation can access Hotel, Guest is aso able to access
Hotel. It follows that Guest relates to Hotel in the same
manner as Reservation relates to Hotel making it possible
for us to replace Reservation and its relationships with a
single relationship of type association originating in Guest
and terminating in Hotel (third derived view in Figure 3).

In the course of inspecting numerous UML-type class dia-
grams, we identified over fifty class abstraction rules. A
large set of abstraction rules for UML class diagrams is
published in [6]. Table 2 shows a small sample of abstrac-

tion rules need in this paper. Abstraction rules have a given

part (left of “equals”) and anmplies part (right of
“equals”). Rules 1 and 8 correspond to the two rules we
discussed so far. Since the directionality of relationships is
very important, the rules in Table 1 use the convention of
extending the relationship type name with “Right” or
“Left” to indicate the directions of their arrowheads. Fur-

® In order to improve the readability of the figure, we decided to
duplicate model elements (e.g., Account). In reality, dataiskept in
what we cal a reduced redundancy model which almost com-
pletely eliminates redundancy. To display it here would make the
figure unreadable. Furthermore is the discussion of the reduced
redundancy model outside the scope of this paper.

cover that those reliability numbers are also very
helpful in determining false errors. It must be noted that
rules may be applied in varying orders and they may also
be applied recursively. Through recursion is it possible to
eliminate multiple helper classes as in the case of the path
betweenPaymentTransaction and GuestEntity (see second

(2) and third (3) derived views in Figure 3).

Classifier and relationship abstraction must also be applied
to the rest of the concrete diagram (Figure 1). Conse-
qguently, abstraction simplifies our understanding of the
transitive  (indirect) relationships between important
classes. Once abstraction is completed, all helper classes
have been eliminated leaving behind their absirdetpre-
tations. This abstract interpretation is similar in structure to
the user-defined abstract class diagram (also compare top
two layers of Figure 3) and both can now be compared (re-
call Figure 2b). Obviously, our abstraction method satisfies
our need as a transformation method in that it truly simpli-
fies the relationships between the user-defined abstract and
concrete diagrams. Arrows with circular arrowheads on one
end are generated automatically as part of the abstraction
process to indicate comparable model elements. These ar-
rows are trace informatiorinferpretation traces) that, to-
gether with theabstraction traces (dashed arrows with
regular arrow heads), forms the foundation for consistency
checking as discussed next.

Differentiation

In the beginning of Section 4 we listed two primary chal-
lenges in dealing with incomplete model information. The
previous subsection solved the first one by showing how
partial mappings (traces) can still be used to meaningfully
abstract class diagrams. This section deals with how to
identify inconsistencies, also addressing the second chal-
lenge in how to deal with ambiguities. In the following, we



will first describe the basics of our consistency-checking
approach (differentiation) under normal conditions, fol-
lowed by an explanation how ambiguities are treated. The
Differentiation component of our framework uses consis-
tency rules and validates them against our model reposi-
tory. In Figure 3, the third derived view represents the in-
formation the concrete view (bottom layer) has in common
with the abstract view (top layer). Differentiation is used to
detect differences between the derived and abstract views,
where differences are genera indications of inconsisten-

concrete relation may be outside the scope of the abstract
view. To validate this case, the qualifier states that it ap-
plies (1) to relations that do not have aalystractions
(dashed arrows) and (2) to relations that do not healé
zations (realization traces are the opposite ends of interpre-
tations traces). Figure 3 has many relations (derived and
user-defined ones). Checking for relations that do not have
abstractions ensures that only the most abstract relations are
compared. This eliminates an erroneous inconsistency since
concrete relations (e.g., the aggregation fifbransaction

cies. We use the term “indication” to point out that detected to Account) are not considered because they are part of the
inconsistencies must be treated as potentially inconsistentreation of derived interpretations. Checking for relations
since any form of automated model analysis has the potenthat additionally do not have realizations eliminates rela-
tial of errors. tions such as the derived association betw@aest and

: , Payment since it is related to the abstract view, indicating
In the following we present a small sample of CONSIStency y it is “within” the scope of the abstract one. There are

rules that built upon the derived views generated in I:'g'urestill several relations left (e.g., generalization from concrete

3. Consistency rules have two parts; a qualifier to delimit Cash to Payment or aggregation from abstraGuest to

the model elements it applies to gﬂd a condition that mUStPayment. The rule therefore continuous on and defines that
be valid for the consistency to be thue consistency is ensured ribne of the classes the relations
point to have realizations either. That last part of the rule
makes sure that abstract relations (e.g., abstract view) are
not listed as inconsistencies. There remains only one rela-
. , tion in Figure 3 that violates this rule; the generalization
Rule 1 states that for two relations to be consistent theyfom Cash to Guest. This generalization has neither an ab-
must also have the same types. Its qualifier (befar§ “  gtraction nor a realization trace; however, its neighbor class

terpretations (interpretations are trace links that indicate

comparable data; indicated via arrow with circular arrow |3. Destination direction/navigability of concreterelation does
head in Figure 3). In Figure 3, we have six interpretation |not match abstract relation:

traces; three of which are originating from relationships |0 r O relations, size(r->interpretations)>0 [
(circular end denotes point of origin). Above rule, then [[0i O r->interpretations, type(i)=type(r) 0
states that there must be at least one interpretation of thaf si ze(r->destinationC assifiers +

relation for which the type of that relation is equal to the | ->destinationclassifiers->realizations)=0]]

type of its interpretation. In Figure 3, the abstract relations pyle 3 defines that for two relations to be consistent they
“stays_at” and “reservation_for” satisfy above condition oyght to be pointing in the same directions (same classes).
however, the abstract relation “makes” does not. This casejke the first rule, this one only applies to relations that
denotes an inconsistency since “makes” is of type “aggre-haye interpretations. It states that there must be at least one
gation” and its interpretation is of type “association.” If we jnterpretation with the same type as the realization, were
now follow the abstraction traces backward (dashed arrows,ihe realization “r’ must have the same destination classes

that were generated during abstraction), we are able t055 the realizations of the interpretation’s destination classes.
identify the concrete user-defined model elements (e.g..a destination class here is a class at the end of a relation’s
classesAccount and Transaction as well as their relation-  5rrowhead (e.g.Hotel for reservation for). This rule ap-

ships toGuestEntity andPaymentTransaction) that contrib-  pjies to the two relationseservation for andstays at only
uted to the inconsistent, derived interpretation. (the relationmakes is ruled out by the qualifier saying that
this rule applies to relations of the same type).

1. Type of concrete relation is different from abstraction:
Or Orelations, size(r->interpretations)>0 O
[OF Or->interpretations, type(i)=type(r)]

2. Concreterelation has no corresponding abstraction:

Or Orelations, size(r->abstractions)=0 O
size(r->realizations)=0 O

-[0c Or->classifiers, size(c->realizations)>0]

In case of Rule 3 and theservation_for andstays at rela-
tions we encounter an ambiguous case in that the two (re-
alization) relations point to the same two interpretations

The first rule showed a case on how to compare model(labeled (A) and (B) in Figure 3). The problem is due to the
elements in case interpretation arrows exist. Rule 2 showdack of traceability information which causes a dilemma in
that there are also variations. In particular, it is defined herethat it becomes hard to decide what model elements relate
that all concrete relations must somehow be traced to ab{0 one another. Our approach faces ambiguities under the

stract model elements; if such a trace is missing then thehyPothesis that there ought to be one case that must be con-
sistent. Thus, our approach sequentially traverses all inter-

® Some qualifier conditions were omitted for brevity (e.g., check-
ing for transformation type) since they are not needed here.

7 For now treat the one-to-many traces as two separate one-to-one
traces. We will discuss later how to deal with it properly.

8 It is outside the scope of this paper to discuss the workings of
our reduced redundancy model which treats derivatives like Pay-
ment together with PaymentTransaction as “one element.”



pretations that may apply and tries to assess each interpre- () and realization (R). The example discussed in Rule 1
tation’s consistency with its realization. For instance, in above showed such a case. Situation b) corresponds to the
case of the realizatiomeservation for, our framework example we discussed with Rule 2 where we encountered a
compares it with both derived interpretations (labeled (A) concrete interpretation (concrete relation) that had no ab-
and (B) in Figure 3) individually. Applying our previous straction. The reverse is also possible where there is an
consistency rule on the derived interpretation (A), it then abstract realization that has no refinement. While discuss-
finds that it is inconsistent with the abstract relatieser- ing Rule 3 with its ambiguity example, we encountered
vation for since the directions of their arrowheads do not situation ¢) where one realization has two or more interpre-
fully match. It thus eliminates the derived relation (A) as a tations (one-to-many mapping). This scenario required the
viable interpretation ofeservation_for. Our approach next validation of the consistency of at least one interpretation
comparesreservation_for with the derived interpretation (OR condition) for overall consistency to be true. Scenario
(B), for which it finds a consistent use of arrowheads. The d) was not discussed thus far; however, Figure 1 shows an
relationreservation_for thus “force” the interpretation (B) example. There, in the abstract view, we find thag¢st has

as being its only, unambiguous interpretation. two different aggregationsdébitcard and creditcard) to
Security. Upon abstracting the concrete view we indeed

Ambiguous Reasoning derive an aggregation interpretation betwe®nest and

In case multiple interpretations were found to be consistent : e : :
or inconsistent, the ambiguity would have remained until Security, however, only one (many-to-one mapping). In this

(1) other model elements “force” away some of its interpre- case, only one of the two abstract aggregations (realiza-
. > y N p , tions) is allowed to “force” the derived interpretation away
tations or (2) other consistency rules are found that f!Iter (XOR condition), leaving the other aggregation with no
i‘;v:ley é?tfggrgt)ast;?;;' r-gra?ci:tgegta?f \t/vhﬁter?ailtnistz)?/aflfdear;elg theinterpretation (scenario b). We also used scenario d) in
Lo : ys at. when It ) connection with scenario c) previously to resolve an ambi-
for directional consistency (rule 3), it is initially diagnosed uity case (many-to-many mapping) betweeeserva-
as being also ambiguous (again note the interpretation trac%on for andstays at and its interpretations, which shows,
:/Uoglgulr)ee 3)érg?r¥]vggera§g%“;?n 'tsw\ﬂ'tﬂgtr'ogh a :::C(lgf that more complex many-to-many problems can be reduced
e P o ng _any - to a sequence of basic consistency checking scenarios. Fi-
stays at’'s interpretations was validated previously, and if

yes, whether any one of them were taken away (by force) nally, scenario e) shows a case where multiple distinct in-
n this case. we indeed find tt vation for has taken terpretations exist for a smgle reghzatlon. Note that this
away interp,r etation (B), leavingtays at with only one case is different from scenario c) in that separate transfor-

. 2/ FEY ; ' . mations created those interpretations. For instance, we
thus unambiguous option of validating its consistency with

. . S . ; . could derive an interpretation o&servation for through
interpretation (A) for which it determines an inconsistency. abstraction of a concrete class diagram but also through

It must be noted at this point that our ambiguity resolution generalization of a specific sequence diagram (showing a
mechanism has an element of randomness in that the outkind of test scenario), or through the structuralization of a
come may vary if the order, in which model elements are behavioral state chart diagram [5]. In those cases, we might
validated, differs. For instance, sfays at had beed vali- identify multiple, distinct interpretations foreserva-
dated beforereservation for, it would have forced away tion_for and all of them have to be consistent (AND condi-
interpretation (B) for itself, leavingeservation_for with an tion). Again, scenario e) can also be combined with other
inconsistent interpretation (A). Nevertheless, in both sce-scenarios to enable more complex, heterogeneous consis-
narios the system would find the same inconsistency, plustency checking [5].

also generate a warning about the existence of the amb'gu'Generality of Consistency Rules

ties pointing in the proper direction. We see this case Earlier in the paper we claimed our rules to be very generic.

agﬁg%?:j e:?or %)g,zgel:s (\j/\(/)h?]roet efg;}?t'mg;t foo';rpglfgalt[et us recall rule 1 where we compared the type of a con-
9 9 yp rete relation with its abstract counterpart.

error but instead to elements close to them (usually state-
ments thereafter). Thus, inconsistency feedback has to bed. Type of concrete classifier isdifferent from abstraction:
interpreted cautiously. This case, like any other case, re{0 c O classifiers, size(c->interpretations)>0 O
quires a human judgment call at the end. [O0i Oc->interpretations, type(i)=type(c)]

To generalize from the previous rules and examples, inRule 4 does the same for classes. As it can be noted, both
validating consistency among (concrete/abstract) modelconsistency rules look almost alike in structure. Actually,
elements we potentially encounter five situations as de-we could merge them by replacing ‘0 classifiers”
picted in Figure 4. Situation (a) is the most simplistic one with “c O nodel el ement s.” In fact, that same consistency
where there is a one-to-one mapping between interpretatiorfule can then also be used to validate the consistency be-
tween concrete and abstract state chart diagrams, making
this rules generic across box-and-arrow-type, heterogene-

and . L : i
‘ ﬁﬂor Xor ous views (it is not done here to enable a finer granularity

R YR IIRY R YR IR [
during inconsistency detection). There are, however, excep-

j/ none
tions to above generality. Consider rule 5 which validates

.a) .b) ) ?) . 9 ) e). the consistency of cardinality (multiplicity) between rela-
Figure 4. Basic Differentiation Rulesfor Ambiguity tions (e.g., “0..n” or “1” in Figure 1):




5. Cardinality of concrete relation different from abstraction diagrams nor limited to the UML. We also identified
Or Orelations, size(r->interpretations)>0 O around 40 additional inconsistency types between other
[Oi Or->nterpretations, type(i)=type(r) O types of UML diagrams [5] (sequence and state chart dia-
size(r->destinationC assifiers = grams) as well as the non-UML language C2SADEL [8]. In

i ->destinationcl assifiers->realizations)=0 [ these cases, transformation-based consistency checking was
[r->cardinality=i->cardinality]] used, like discussed in this paper.

In UML, only relations of class diagrams use cardinality. Accuracy (True I nconsistencies/False I nconsistencies)

Thus it is neither meaningful nor possible to generalize this An important factor on how to estimate the accuracy of our
rule to, say, state transition links (relations in statechart approach (or any consistency checking approach) is in
diagrams) nor is it meaningful to apply this rule onto measuring how often it provides erroneous feedback (e.g.,
classes. This restriction, which limites the scope of general- report of inconsistencies were there are none). As any
ity of our consistency rules, is not caused by our consis- automated inconsistency detection approach, our approach
tency checking framework but instead by the domain. Also may not produce correct results at all times. However, our
note that rule 5 has an extensive qualifier condition. The approach provides means of evaluating the level of “trust”
rule states that cardinality checking is only useful if the one may have in its feedback. For instance, in Table 2 we
interpretation and realization have the same type and the presented abstraction rules and commented that each rule
same destination classes. The latter condition is important has a reliability number. Our approach also uses those
since knowing about consistent cardinalities to inconsistent numbers to derive an overall estimation of how accurate the
classes has no value or purpose. Also note tfial€notes  apstraction is. For example, in Figure 5 we see that our tool
a symmetric difference (XOR for sets). derived an abstraassociation betweenSecurity and Hotel

5 DISCUSSION and indicated that it is 90% (<<0.9>>) certain that it is cor-
Scope rect, indicating high trustworthiness.

Additionally to the fi_vga (in)consistency rules presented in apgther way how accuracy can be estimated is in the in-
this paper, we identified almost 20 more that apply to re- consistency feedback itseif. For instance, in Figure 5 we
finement [5]. Figure 5 (bottom left) shows an excerpt of the see 3 warning asserting trssys at has multiple ambigu-

list of inconsistencies between the diagrams in Figure 1 asyys interpretations. Later on we encounter another warning
generated by our tod)ML/Analyzer. Our tool is also inte-  jngicating thatis_checked in was removed as a viable in-
grated with Rational Ro§e which is used as a graphical terpretation ofreservation_for. These warnings indicate

front-end. The right side depicts the complete derived ab-that one should also investigate the surrounding elements
straction (right) of the concrete diagram (Figure 1). Par- gye to ambiguity.

tially hidden in the upper left corner of Figure 5 is the ]

UML/Analyzer main window, depicting the repository There are two ways on how to improve the accuracy of our
view of our example. Besides inconsistency messages, ougpproach: (1) provide more reliable (detailed) abstraction
tool also gives extensive feedback about the model ele-ules and (2) provide more trace information. For instance,
ments involved. For instance, in Figure 5 one inconsistencyif Table 1 had contained a trace from the concrete class
is displayed in more detail, revealing three concrete modelReservation to the abstract relatiareservation_for then the
elements (e.g.Reservation) as the potential cause of the Whole ambiguity with respect to the relationships between
inconsistency. The usefulness of our transformation-basedGuest andHotel would have been avoided.

rnancictanms crharkina annrnacrh ic naoithar limitad tn eclace

4+ Rational Rose - (untitled) - [Class Diagram: Logical View / Perspective 1] I b I t
Model Derive Anshze Display Help File Edit “iew Fomat Browse Beport Query Took Addlng  Window Help =& x| Sca aotli y . Lo .
= In terms of scalability we distinguish
Model Element Tree Hotel |1.n <20 9x 0.n| Security |<0.n_<<1.0>> . .
E Guest [Cass] Lo I - computational complexity and man-
F\eh‘namenl {&bstraction1 73} ..abstracllon Oon - s _checked in on - ual intervention. D|ﬁerent|at|0n, our
erived) Abstractedinterpratation {HMS:.T . ) L.
ssaciation ‘quests’ [ssociation] 19} asso << 0z> 0.n | Guest actual consistency Checkmg activity
[+ Azsociation 'stays_at' {Association131} ass l_ . . .
e e e is very fast (O(n_)) since it only re
[@ Aoohoctclos Employes s retbeenrefied | s quires the one-time traversal of all
Cardinality to classifier "Security’ of concrete agaregation '<<1.00 ' [Secunity/Guest] does nat match cardinality to classifier 'S scurity’ of t e Ob> model elements and a S|mp|e com-
Cardinality to classifier 'Guest’ of concrete aggregation '¢<1.0x»' [Security/Guest] does nat match cardinality to clazsifier Guest’ of the at 1 | N R .
- WARNING: Ambiguous concrete agaregation '<<1.02>' [Security/Guest] was removed az a viable interpretation for abstract aggregatior Collecti parlson Natura”y, transformatlon IS
[ Abstract aggregation 'debitcard' [S ecurity/Guest] has no remaining interpretation after remowal of ambiguities offection H HH H
[ Absfract association 'payments' [Payment/Collection] has not been refined more Complex bUt |tS Scalablllty IS
[+~ Abstract association 'expenses’ [Expense/Collection] has not been refined |mpr0ved due to the reuse Of der'ved
WARNING: Abstract association "stays_at' [Hotel/Guest] has multipls ambiguous interpretations. 0.n . . .
- Cardinality to classifier Hotel' of concrete association 'is_checked_in' [Room/GuestE ntity/Guest/Hotel] does not match cardinality to cla <2(] Qe mOde| InfOI‘matIOI’] (SOmeth'ng a pure
- Type of the interpreted association '<<0.9>' [Guest/Payment] does not match type of abetract agaregation 'makes’ [Payment/Guest] 5 H 5
- Cardinality to classifier 'Guest' of concrete association '<<0.9> ' [Guest/Expense] does not match cardinality to classifier 'Guest' of the ab Comparatlve ConSIStenCy CheCklng
B WARNING: Ambiguous conciete association fis_checked_in' [Room/G uestEntiy/Guest/Hotel] was remaved as 5 viable interpretation f approach could never do [4, 11,12]).
[=I- Sounze [direction/navigability] of interpreted association '4<1.0x3' [Guest/Hotel] does not match direction/navigability of abstract assoi 0.n W I d d h b f
- association reservation_for | HMS::Design::abstractHotellN)[-) HMS::Design: abstract: Guesti 111 e alrea y enCountere t e pene ItS
[=- asgnciation << 1.003' [ HMS:Desigre: concrete:Guest(M][-) HMS:: Desigr:: concrete: HotelM)(-]] 1 1
aggregation 'has_reservation' [ HM S Design::concrete:: GuestE ntity[-)(4) HR5:: Design::concrete: Reservation[M)[-] HMS::Desig 2 Of reuse preVIOUS|y For InStance’
i~ HM5::Design:concrete::Reservation C ﬂ When we abstracted the path from
i association reservation_for' [ HMS D esigre:concrete:HatelE ntity(N][-] HMS:: Desigr:: concrete: Reservation[M][-] HMS:: Desigre: - -
Abstract agaregation ‘has' [Hotel/Expense] has nat been refined PayrmntTransa.CUOn to GueStEntlty
- Abstract aggregation 'amp\oys' [Emploves/Hatel] has not k?aen refined, V|a ACCOunt and Transac“on, the
- Concrete class TransactionCollection’ has no coresponding abstraction.

Figure 5. UM L/Analyzer tool depicting inconsistencies path GuestEn-
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tity/Account/Transaction needed to be investigated as a
sub-path. Later, when the path from ExpenseTransaction to
GuestEntity was abstracted, we found that it shared the
same sub-path GuestEntity/Account/Transaction. The sec-
ond abstraction was thus able to reuse results of a previous
abstraction.

To date we have applied our tool on UML models with up
to several thousand model elements without problems in
computational complexity. More significant, however, is
the minimal amount of manual intervention required to use
our approach. For a small problem it is quite feasible to
provide sufficient human guidance (e.g., more traces,
less/no ambiguities), however, for larger systemsit is infea
sible to expect complete model specifications. In that re-
spect, our approach has the most significant benefits. We
already outlined throughout this paper how partial specifi-
cations, ambiguities, and even complex many-to-many
mappings can be successfully managed by our approach. In
case of larger systems this implies substantial savings in
human effort and cost since complete specifications are
often very hard if not impossible to generate manually [10].

Change propagation

Model-based software development has the major disad-
vantage that changes within views have to be propagated to
al other views that might have overlapping information.
Our consistency checking technique supports change
propagation in that it points out places where views differ.
The actual process of updating models, however, must still
be performed manually. Our transformation technique, on
the other hand, may also be used as an automated means of
change propagation (see also [6]).

Due to the extensive use of transformation, as part of con-
sistency checking, we encounter another change propaga-
tion issue. Since derived interpretations are generated out
of user-defined views, those interpretations may also be
affected by changes within user defined views. For in-
stance, in Figure 3 the concrete class Transaction is used to
generate the derived association between Guest and Pay-
ment (see layer 3). As we discussed previously, scalability
requires that derived information is not discarded, creating
the predicament that derived information may become out-
dated if user-defined information changes. For instance, if
the class Transaction is deleted, the derived association
between Guest and Payment also becomes obsol ete.

In order to remedy this problem we apply the concept of
lazy transformation and purging. Purging is used to trav-
erse derived model elements when a change happens. For
instance, if the class Transaction were deleted, purging
would follow all its abstraction traces (Figure 3) to find
elements that were derived from it and delete them as well.
Since a derived element in turn may have been the founda-
tion for other derivations, purging happens recursively.
Lazy transformation then ensures that derived information
is not re-transformed right away. The “lazy” part is impor-
tant in order to avoid unnecessary purging and re-
transformation during model synthesis.

6 RELATED WORK

Existing literature uses transformation for consistency
checking mostly as a means of converting modeling infor-
mation into a more precise, formal representation. For in-
stance, VisualSpecs [4] uses transformation to substitute
the imprecision of OMT (a language similar to UML) with
formal constructs like algebraic specifications followed by
analyzing consistency issues in context of that representa-
tion. Belkhouche-Lemus [3] follows along the tracks of
VisualSpecs in its use of a formal language to substitute
statechart and dataflow diagrams. We also find that formal
languages are helpful, however, as this paper demonstrated,
we also need transformation methods that “interpret” views
in order to reason about ambiguities. Neither of their ap-
proaches is capable of doing that. Furthermore, their ap-
proaches create the overhead of a third representation.

Grundy et al. took a slightly different approach to trans-
formation in context of consistency checking. In their
works on MViews/JViews [11] they investigated consis-
tency between low-level class diagrams and source code by
transforming them into a “base model” which is a struc-
tured repository. Instead of reasoning about consistency
within a formal language, they instead analyze the reposi-
tory. We adopted their approach but use the standardized
UML’'s meta model as our repository definition. Further-
more, MViews/JViews does not actually interpret models
(like the other approaches above), which severely limits
their number of detectable inconsistencies.

Viewpoints [12] is another consistency checking approach
that uses inconsistency rules which are defined and vali-
dated against a formal model base. Their approach, how-
ever, emphasizes more “upsteam” modeling techniques;
and has not been shown to work on partial and ambiguous
specifications. Nevertheless, Viewpoints also extends our
work in that it addresses issues like how to resolve incon-
sistencies or how to live with them; aspects which are
considered outside the scope of this paper.

Koskimies et al. [14] and Keller et al. [13] created trans-

formation methods for sequence and state chart diagrams. It
is exactly these kinds of transformations we need; in fact,

we adopted Koskimies et al.'s approach as part of ours.
Both transformation techniques, however, have the draw-
back that they were never integrated with a consistency
checking approach. This limits their techniques for trans-

formation only. Also, as transformation techniques they

have the major drawbacks that extensive specifications
and/or human intervention are needed while using them.
This is due to the inherit differences between state charts
and sequence diagrams. Ehrig et al. [9] also emphasizes
model transformation. In their case they take collections of
object diagrams and reason about their differences. They
also map method calls to changes in their object views,
allowing them to reason about the impact methods have.
Their approach has, however, only been shown to work for
a single type of view and they also have also not integrated
their approach into a consistency checking framework.

Our work also relates to the field of transformational pro-
gramming [16,18]. We have proposed a technique that al-



lows systematic and consistent refinement of models that,
ultimately, may lead to code. The main differences between
transformational programming and our approach are in the
degrees of automation and scale. Transformational pro-
gramming is fully automated, though its applicability has
been demonstrated primarily on small, well-defined prob-
lems [18]. Our refinement approach, on the other hand, can
be characterized only as semi-automated; however, we
have applied it on larger problems and a more heterogene-
ous set of models, typical of real development situations.

SADL [17] follows a different path in formal transforma-
tion and consistency. This approach makes use of a proof-
carrying formal language that enables consistent refinement
without human intervention. The SADL approach is very
precise, however, has only been shown to work on their
language. It remains unknown whether a more heterogene-
ous set of models can be also refined via this approach.
Also, the SADL approach has only been used for small
samples using small refinement steps.

Besides transformation, another key issue of consistency
checking is the traceability across modeling artifacts.
Traceability is outside the scope of this work but, as this
paper has shown, it is very important. Capturing traces is
not trivial, as researchers have recognized [10], however,
there are techniques that give guidance. Furthermore, proc-
ess modeling is also outside the scope, although we find it
very important in the context of model checking and trans-
formation. To date, we have shown that a high degree of
automation is possible, but have not reached full automa-
tion yet. Processes are important since they must take over
wherever automation ends [15,19].

7 CONCLUSION

This paper presented a transformation-based consistency
checking approach for consistent refinement and abstrac-
tion. Our approach breaks down model checking into the
major activities Mapping, Transformation, and Differentia-
tion which may be applied iteratively throughout the soft-
ware development life cycle. To date, our approach has
been applied successfully to a number of third party models
including the validation of a part of a Satellite Telemetry
Processing, Tracking, and Commanding System (TT&C)
[2], the Inter-Library Loan System [1] as well as several
reverse-engineered tools (including UML/Analyzer itself).

We invented and validated our relation abstraction tech-
nigue in collaboration with Rational Software [7] and have
since enhanced it as well as integrated it into our frame-
work. Our consistency checking approach is fully auto-
mated and tool supported and our approach distinguishes
itself from related works [3,4,9,11-14,16-18] in that it (1)
detects a larger variety of inconsistencies, (2) applies
equally to forward- and reverse engineering, (3) is much
less restrictive in the amount of prior (manual) specification
required, (4) can handle ambiguities, and (5) scales to large
models. Our approach is also very lightweight since it does
not require the knowledge or use of third-party (formal)
languages [4,12,17] but instead integrates seamlessly into
existing modeling languages. We successfully demon-
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strated this in context of the Unified Modeling Language
and C2SADEL.
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