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Abstract. The UML standard specifies well-formedness rules as constraints on 
UML models. To be correct, refactoring of a model must take these constraints 
into account and check that they are still satisfied after a refactoring has been 
performed — if not, the refactoring must be refused. With constraint-based 
refactoring, constraint checking is replaced by constraint solving, lifting the 
role of constraints from permitting or denying a tentative refactoring to comput-
ing additional model changes required for the refactoring to be executable. 
Thus, to the degree that the semantics of a modelling language is specified us-
ing constraints, refactorings based on these constraints are guaranteed to be 
meaning preserving. To enable the reuse of pre-existing constraints for refactor-
ing, we present a mapping from well-formedness rules as provided by the UML 
standard to constraint rules as required by constraint-based refactoring. Using 
these mappings, models can be refactored at no extra cost; if refactorings fail, 
the lack of meaning preservation points us to how the constraint-based semantic 
specifications of the modelling language can be improved. 

1 Introduction 

Refactoring is the discipline of modifying a piece of software so as to improve one or 
more of its non-functional properties (such as readability, changeability, etc.) whilst 
maintaining its external behaviour [5]. While originally conceived as program restruc-
turing [7], refactoring is today applied to all kinds of software artefacts, including 
models [3, 6, 8, 13, 14, 15, 16, 21]. 

Constraint-based refactoring is a refactoring technique that builds on constraints 
for the specification of invariants that a refactoring must regard [18, 19, 22, 23]. In 
constraint-based refactoring, a refactoring problem is translated to a constraint satis-
faction problem (CSP) whose solutions represent all legal refactorings of the artefact 
to be refactored. For this, the syntactic and semantic rules of the language of the arte-
fact must be transcribed to so-called constraint rules which, when applied to the arte-
fact to be refactored, generate the constraints expressing all relevant invariants. Con-
straint-based refactoring has so far exclusively been applied in programming, a field in 
which it has however proven highly successful (see, e.g., [18, 19, 22, 23]). 

  In this paper, we apply — to the best of our knowledge for the first time — the 
technique of constraint-based refactoring to modelling. Doing this, we are able to ex-
ploit that the semantics of modelling languages such as the Unified Modelling Lan-
guage (UML) is partly specified in terms of so-called well-formedness rules, which 
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are largely constraints rejecting syntactically correct, but meaningless (malformed) 
models. In fact, as we will see, well-formedness rules such as the ones found in the 
UML standard [10] can readily be transformed into constraint rules that can serve as 
the basis of constraint-based model refactoring; thus, to the degree that the semantics 
of the UML (or any modelling language for that matter) is specified in terms of well-
formedness rules and other constraints, we are able to guarantee that our refactorings 
are meaning preserving. Furthermore, where the semantics is underspecified, con-
straint-based refactoring may let us detect this, and guide us in filling the gaps. 

The remainder of this paper is organized as follows. In Section  2, we present an in-
structive example explaining the idea of model refactoring based on well-formedness 
rules, here expressed using first-order predicate logic (FOPL) with predicates as con-
straints, extended with path expressions that are required for navigating the associa-
tions of the UML metamodel. In Section  3, we briefly recapitulate constraint-based 
refactoring, explaining how it works for programs. Section  4 specifies how well-
formedness rules are transformed to the constraint rules underlying constraint-based 
refactoring, with emphasis on dealing with the mismatches between what is required 
for expressing model invariants and what can be processed by a standard constraint 
solver. Section  5 applies this procedure to a number of real examples from the UML 
standard expressed in OCL. A brief comparison of related work with ours concludes. 

The two main contributions of this paper are 
1. the discovery that pre-existing constraints (e.g., existing well-formedness rules) can 

be used as the basis for constraint-based refactoring of models, and 
2. the specification of the necessary transformation of well-formedness rules to the 

constraint rules that are required for constraint-based refactoring. 

2 An Instructive Example 

Consider the simple model of a flat file system shown in Figure 1. Files are found in a 
directory by sending the latter a message named “find”, which in turn leads to a mes-
sage “getName” being sent to a file (from an operating system perspective, this is cer-
tainly overly simplistic; however, it will serve our purpose well). 

2.1 A Simple Well-Formedness Rule  

Following a common language pattern which allows only those elements to be refer-
enced (or used) that have been declared (or defined) elsewhere, we assume that for a 
Sequence Diagram such as that of Figure 1 a) to be well-formed, the names of the 
messages must correspond to names of operations defined by the classifiers (as in 

Figure 1. UML model of a flat file system: a) a Sequence Diagram and b) a Class Diagram. 
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Figure 1 b) associated with the lifelines of the objects to which the messages are sent.1 
This is expressed by a well-formedness rule  

 ∀l ∈ lifelines ∀m ∈ l.messages ∃o ∈ l.classifier.operations: m.name = o.name (1) 

which is specified relative to the metamodel shown in Figure 2 and in which lifelines 
is the set of lifelines of the Sequence Diagram to be checked (the context in OCL 
terms). The reader can easily verify that, with respect to well-formedness rule (1), the 
model of Figure 1 is well-formed. 

2.2 Name Refactoring 

Now suppose that the message labelled “getName” in the Sequence Diagram of Figure 
1 a) is to be renamed, say to “x” (a variation of the RENAME METHOD refactoring [5], 
in which the refactoring is initiated by the renaming of a use rather than that of a defi-
nition). Re-evaluating well-formedness rule (1) immediately tells us that this renaming 
is not acceptable, since the rule now evaluates to false: for the message renamed to 
“x” and the classifier File, there exists no operation defined by File that has the same 
name “x”. Quite obviously, the problem can be fixed by renaming the operation la-
belled “getName” to “x” also; the question that remains, however, is, can this neces-
sary secondary change be computed, from the given model and well-formedness rule? 

As it turns out, it can, simply be replacing the constraint checker used for probing 
well-formedness (evaluating the constraint expression to true or false) with a con-
straint solver, which can adapt the constrained properties2 of the model so that the 
constraint is satisfied (and the model is well-formed). For this, application of the well-
formedness rule (1) to the model of Figure 1 must be transformed into a constraint sat-
isfaction problem (CSP), i.e., a set of constraint variables and constraints suitable for 
submission to a constraint solver such as MiniZinc [9]. In case of (1), this is done by 
unrolling the quantifiers, instantiating the quantified variables with the elements of the 
model the rule is applied to. For the model of Figure 1, this leads to the constraint set 

{mfind.name = oadd.name ∨ mfind.name =  ofind.name,   mgetName.name = ogetName.name} 

in which mfind is an object literal denoting the message originally named “find” a.s.f., 
and in which mfind.name denotes the name property of mfind (a.s.f.) which, for the time 
being, we equate with a constraint variable. Thus, when the name property of mgetName 

                                                 
1 For the sake of simplicity, we assume here that all operations of a classifier are defined in the 
same Class Diagram. In practice, different operations may be introduced in different Class Dia-
grams, showing different views on the model; yet, for a Sequence Diagram to be checkable for 
well-formedness, it cannot introduce the required operations itself. 
2 We use the term property here to collectively denote attributes and association ends associ-
ated with an object ([11], §7.5.1 and §7.5.3). Conforming to [11], we use the dot notation o.p 
to denote the value of a property p of an object o, where o may be an object literal or a variable 
(including another property). 

Figure 2: Metamodels for the diagrams of Figure 1. 
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is set to “x”, the solver will force a change of the name property of ogetName to “x” also, 
making the model well-formed again. Since it has also kept its original meaning (the 
message binds to the same operation as before), it is a refactoring. 

The situation is somewhat different, however, if mfind is renamed, say to “y”: in that 
case, renaming either of the operations defined by the classifier Directory associated 
with the lifeline to which “y” is sent, to “y” also, would equally satisfy the above con-
straint set, and thus restore well-formedness of the diagram. However, not both possi-
ble renamings maintain the original meaning: if oadd is renamed to “y”, the model is 
well-formed with respect to (1), but has a different meaning, since now mfind binds to a 
different operation. 

Obviously, the well-formedness rule (1) is insufficient for refactoring, since it is in-
different to the operation a method binds to. Given that (1) is about well-formedness, 
not about meaning, this is not surprising: (1) and the metamodel of Figure 2 express a 
necessary condition for the binding of a message to an operation, namely that an op-
eration exists that has the same name as the message, but they do not express which 
operation a method binds to, or that the notion of binding does at all exist — this is 
not required for well-formedness.  

As it turns out, however, the semantic underspecification in (1) can be easily fixed 
by replacing the existential quantification with a Skolem function [17] 

 binding: Lifeline × Message → Operation (2) 

mapping a lifeline and a message to the operation the method (should) bind to. Since 
the lifeline is functionally dependent on the message (meaning that for any given mes-
sage, a lifeline is uniquely determined; cf. Figure 2), (2) can be projected to  

 binding: Message → Operation (3) 

which lets us Skolemize (1) to  

 ∀ l ∈ lifelines ∀ m ∈ l.messages : m.name = binding(m).name (4) 

In modelling, the introduction of the binding (or lookup) function represented by (3) 
translates to adding a metamodel association between Message and Operation as shown 
in Figure 3. This added association allows us to rewrite (4) to  

 ∀ l ∈ lifelines ∀ m ∈ l.messages : m.name = m.operation.name (5) 

whose application to the model of Figure 1 gives us the constraint set 

{mfind.name = mfind.operation.name,  mgetName.name = mgetName.operation .name} 

which lacks the disjunction of the previous set. Instead, it has three different kinds of 
properties (constraint variables): the names of messages and operations (as before), 
and additionally the operation of a message (the one it binds to). However, consider-
ing that to preserve meaning, the binding of messages to operations must not change 

Lifeline
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name

Message

name

0..* 1

Classifier
Operation

name

Operation

name

0..*

operationsmessages classifier

11 1

operation 10..*

Figure 3. Integration of the metamodels of Figure 2, extended by an association between mes-
sages and the operations they bind to. 
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(it is an invariant of the RENAME refactoring), the value of m.operation is fixed, mean-
ing that the constraint solver cannot change it. Therefore, if the message mfind is re-
named from “find” to “y”, the solver must rename the operation bound to, ofind, with it. 

One might contend that RENAME refactorings are particularly simple and that it is 
pure coincidence that renaming can be done using existing well-formedness rules (en-
hanced with some additional semantics). To counter this objection, we take a look at 
another, somewhat more complex refactoring. 

2.3 Type Refactoring 

Suppose that the model of Figure 1 is to be refactored to allow nested directories. For 
this purpose, the refactoring EXTRACT SUPERCLASS [5] is applied to classes Directory 
and File. Besides creating a new superclass, Content, that generalizes both Directory 
and File, this refactoring suggests that the new generalization be used in place of Direc-
tory or File wherever the generalization is deemed useful [5]. In our example, this is 
the case for the composition of directories, which can now be composed of files and 
directories, as reflected in Figure 4 (note that for this, not only the composition, but 
also the target of the message labelled “getName” changes). What must be made sure 
by the refactoring, then, is that the operations required from Content are defined by 
Content, so that the changed model is well-formed and keeps its meaning. In the given 
example, this means that Content must define ogetName. 

Contrary to the above RENAME refactoring, applying (5) to the model of Figure 4 
does not help to compute the required change: the constraints generated are the same 
as before but in this case, since no name has changed, are satisfied for the model as is. 
Interestingly, the same does not hold for applying (1) to Figure 4: (1) requires that the 
operation a message binds to is defined by the classifier associated with the lifeline the 
message is sent to. Where did this constraint get lost? 

 As it turns out, replacing the existential quantification with the Skolem function 
binding in (4) ignored the restriction of the range over which was quantified, namely 
l.classifier.operations, a slip that did not affect the RENAME refactoring (since this 
refactoring does not change classifiers associated with lifelines or move operations be-
tween classifiers), but that shows for EXTRACT SUPERCLASS. In fact, before Skolemi-
zation in (4), the subexpression 

∃ o ∈ l.classifier.operations : m.name = o.name 

of (1) must be rewritten to  

∃ o : o ∈ l.classifier.operations ∧ m.name = o.name 

:Directory :Content

find
getName

Directory

Content
content

File

a) b)

Figure 4. Model of Figure 1 refactored to nested directories: a) new superclass Content ex-
tracted from File and Directory, and change of association end content to target that class; b) 
generalization of classifier File to Content. 
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so that Skolemization leads to the well-formedness rule 

 ∀ l ∈ lifelines ∀ m ∈ l.messages : 
 m.operation∈ l.classifier.operations ∧ m.name = m.operation.name (6) 

which replaces (5). The constraints generated by applying this rule to the model of 
Figure 4 are 

mfind.operation∈ lleft.classifier.operations ∧ mfind.name = mfind.operation.name 
and  

mgetName.operation∈ lright.classifier.operations 
 ∧ mgetName.name = mgetName.operation .name 

in which lleft and lright denote the left and right lifeline, respectively. Considering  
• that the operation properties are again fixed, thus maintaining binding,  
• that the name properties are also fixed for this refactoring, and  
• that the classifier property of lleft has remained unchanged, whereas that of lright has 

been given a new, fixed value CContent (the class literal representing Content), 
the above two constraints can be reduced to  

ofind ∈CDirectory.operations ∧ “find” = “find” 
and  
 ogetName ∈CContent.operations ∧ “getName” = “getName” 

which, taken as a CSP, are solved by making ogetName a member of CContent.operations.3 
Note how this change does not necessarily amount to pulling up ogetName from CFile to 
CContent: in absence of a constraint requiring that an operation can be defined in only 
one classifier, it could also amount to defining ogetName in both CContent and CFile. If that 
is not acceptable, the missing constraint must be added. 

Thus, we have that the well-formedness rule (1) enhanced and rewritten as in (6) is 
not only sufficient for performing name refactoring, it also supports a type refactoring 
of the kind described in [22]. Admittedly, the typing constraint expressed in (6) is 
somewhat simplistic in that it does not consider inheritance or subtyping; however, we 
do not delve into the technicalities necessary for this here, because they complicate 
matters unduly (and have been addressed in great detail elsewhere; see, e.g., [12, 22]). 

2.4 Interpreting Diagrams 

It is instructive to see that the Skolemized well-formedness rule (6) is not only suffi-
cient for the RENAME and EXTRACT SUPERCLASS refactorings, it also allows the auto-
matic mapping of a Sequence Diagram to an instance of the metamodel of Figure 3, in 
particular the correct setting of the operation property of messages: if the name prop-
erties of messages and operations, as well as the classifier associated with a lifeline 
and the operations defined by the classifier of a lifeline are fixed (which they are dur-
ing interpretation of a given model), a constraint solver applied to the constraints gen-
erated from (6) as above sets the values of m.operation to those operations that are de-

                                                 
3 Note that the class literal CContent is both the owner of the property CContent.operations and the 
value of the property lright.classifier. This is so because the property classifier has reference se-
mantics, a notion foreign to standard constraint solvers; we will return to this in Section  4.2. 
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fined by the target classifiers and whose names equal those of the messages m.4 Note 
that, that a message should bind to the operation of the same name is not formally 
specified elsewhere: if anything, it reflects our intuitive interpretation of Sequence 
Diagrams, or how a tool that accepts a Sequence Diagram and maps it to an instance 
of the metamodel interprets it. Thus, there appears to be a mutual dependency between 
the ability to refactor, and specifying the semantics of, models using constraints. 

2.5 Summary 

To summarize, we have that the same constraint (here defined as a well-formedness 
rule) serves the interpretation of the diagrams it constrains, and their refactoring. The 
only adaptation necessary for the different uses of the constraint is to specify which 
properties are fixed and which are non-fixed (and thus can be adapted by the con-
straint solver). This distinction will play an important role below. 

3 Constraint-Based Program Refactoring 

The technique of constraint-based model refactoring that we are presenting in this pa-
per is based on constraint-based program refactoring as described in some detail in 
[18, 19, 22, 23]. In constraint-based program refactoring, a program to be refactored is 
transformed to a CSP by application of so-called constraint rules, which are generally 
of the form 

query 

constraints 
Here, query represents a logical expression searching for elements of the program to 
be refactored, and constraints represents the set of constraints to be generated (added 
to the CSP) for the program elements selected by the query. Both the queries and the 
constraints contain variables that are placeholders for the program elements the rule is 
applied to; these variables (which are not constraint variables!) are implicitly univer-
sally quantified. For instance, application of the constraint rule  

binds(r, d )  

r.name = d.name 
(7) 

to a program to be refactored searches the program for occurrences of all pairs of ref-
erences r and declared entities d such that r binds to d, and generates for each found 
pair a constraint requiring that name properties of r and d equal. This constraint rule 
expresses a binding invariant of the underlying programming language: for r to bind to 
d, r and d must have the same names. Taken alone, this constraint allows it that a ref-
erence r or a declared entity d be given a new name by a refactoring as long as the 

                                                 
4 Actually, this is not quite correct: for computing the binding of a message to an operation 
based on names and classifiers, operation names must be unique within each classifier. How-
ever, since this does not affect our discourse on refactoring (in which binding is predetermined 
and only needs to be maintained), we can ignore this constraint here. 
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name of the other changes to that name as well; however, constraints generated by the 
same or other constraint rules may constrain the properties (constraint variables) 
r.name and d.name further. Note that when applied to a well-formed program, the 
generated constraints are always satisfied with the properties set to the values reflect-
ing the program as is before the refactoring (the initial values). 

Once the constraints have been generated from a program to be refactored, the 
refactoring may commence. For this, one or more of the constrained properties (con-
straint variables) are assigned new values, reflecting the refactoring intent. If the con-
straints are still satisfied with the new assignments, the refactoring is finished. Else, a 
constraint solver may attempt to assign other constraint variables new values, until a 
solution is found. The assignments constituting the solution represent the additional 
(secondary) changes to the program required to make the refactoring work; if no solu-
tion is found, the refactoring must be rejected. 

It is instructive to note that to a certain extent, the queries (expressions above the 
bar) and the constraints (expressions below the bar) of a constraint rule are exchange-
able for each other. In fact, as we have noted elsewhere [19, 20], the main difference 
between constraints and queries is that while a query is evaluated at rule application 
time, a constraint (generated by rule application) is evaluated at constraint solving 
time. This means that for constraints whose constrained properties are all fixed (so 
that they can be evaluated at rule application time), constraint rules can be rewritten to 
save the generation of these fixed constraints. For instance, in the constraint rule  

binds(r, d ) 
d∈r.receiver.type.members r.name = d.name 

if the receiver of a reference, its type, and the set of members of the type are all fixed, 
the constraint d∈r.receiver.type.members can be dropped from the rule consequent: it 
always holds if binds(r, d ) holds and therefore does not constrain the solution (if 
binds(r, d ) does not hold, the rule is not triggered and the constraint is not generated, 
anyway). On the other hand, assuming that names are non-fixed means that the con-
straint r.name = d.name is needed for refactoring, since otherwise, one may be 
changed without the other. 

The possible rewriting of constraints rules due to fixed properties is central to our 
transformation of well-formedness rules to constraint rules. 

4 From Well-Formedness Rules to Constraint Rules 

Well-formedness rule checking can be viewed as a special case of constraint-based 
refactoring (constraint generation and subsequent constraint solving) in which all con-
strained properties (constraint variables) are fixed and set to their initial values. For 
instance, the constraint rule (7) directly translates to the well-formedness rule  

∀r, d, binds(r, d ) : r.name = d.name 

However, the opposite mapping, from a well-formedness rule to a constraint rule, is 
more difficult, since it must separate the fixed from the non-fixed properties (and 
therefore depends on the concrete refactoring). 
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4.1 Separation into Queries and Constraints 

Generally, a constraint rule has the form of a universally quantified implication, with 
the additional restriction that, as noted in Section  3, the premise must contain only 
constraints whose properties are fixed for all model elements quantified over (so that 
they can be evaluated at rule application time). Thus, the first step in transforming the 
well-formedness rule (6) into a constraint rule is rewriting it to  
 ∀ l, m : l ∈ lifelines ∧ m ∈ l.messages → 

m.operation∈ l.classifier.operations ∧ m.name = m.operation.name 
(8) 

The remainder of the transformation depends on which properties are fixed and which 
are non-fixed for a given refactoring, as shown in Table 1 for three sample refactor-
ings. 

For RENAME, name is the only non-fixed property so that (8) can be transformed to 

l ∈ lifelines m ∈ l.messages  

m.name = m.operation.name 
(9) 

This is so because l.messages never changes so that the constraint m ∈ l.messages can 
be evaluated at rule application time, after m and l have been bound to concrete model 
elements (recall that both m and l are implicitly universally quantified), and because 
neither of m.operation, l.classifier, and l.classifier.operations can change their values, 
so that m.operation∈ l.classifier.operations must remain satisfied and can be dropped5 
(as stated in Section  3, all constraints are satisfied with their initial assignments). 

For EXTRACT SUPERCLASS, the transformation is analogous, yielding 

l ∈ lifelines m ∈ l.messages  

m.operation∈ l.classifier.operations 
(10) 

which, applied to the example of Section  2.3, produces exactly the constraints neces-
sary to force that ogetName is an operation of CContent. Finally, for MOVE METHOD [5] 
(which, depending on which kind of model element or diagram it is applied to, should 
be called MOVE OPERATION or MOVE MESSAGE), (8) transforms to  

l∈ lifelines m 

m∈ l.messages → m.operation∈ l.classifier.operations 

in which the constraint m ∈ l.messages cannot be promoted to a query, since 

                                                 
5 Note how (9) corresponds to the incomplete well-formedness rule (5) that turned out to be 
sufficient for the RENAME refactoring of Section  2.2. 

Table 1: Fixed and non-fixed properties for three important refactorings (cf. Figure 3). 

REFACTORING 
PROPERTY 

RENAME 
MESSAGE/OPERATION 

EXTRACT 
SUPERCLASS 

MOVE 
MESSAGE/OPERATION 

messages fixed fixed non-fixed 
operation fixed fixed fixed 
classifier fixed non-fixed fixed 
operations fixed non-fixed non-fixed 
name non-fixed fixed fixed 
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l.messages may be changed by the refactoring (it is changed for the source and target 
lifelines of the message to be moved, and may be changed for other messages that may 
have to move with it; cf. [5] for why this may be the case). 

For well-formedness rules with quantifiers nested inside expressions, these must be 
moved to the left prior to the transformation [17]. Existential quantifiers that cannot be 
removed using Skolemization have to be unrolled during constraint rule application 
(as was done in Section  2.1, before Skolemization was brought into play; note that, 
since the number of model elements is always finite, unrolling is always possible). 

4.2 Mapping Properties to Constraint Variables 

In the previous sections, we pretended that the properties involved in well-formedness 
rules can be directly mapped to constraint variables that can be handled by a con-
straint solver. Generally, however, this is not the case. Instead, we have to deal with 
the following mismatches: 

• Properties may have reference semantics. Properties representing certain attrib-
utes and all association ends have reference semantics, i.e., they point to other ob-
jects. By contrast, constraint variables generally have value semantics, and their 
values (except for set values; see below) are unstructured. 
Solution: Map properties with reference semantics to constraint variables with 
value semantics, and emulate dereferencing of such variables as shown below. 

• Properties may have other than {1} multiplicities. Many properties are optional, 
which in UML is represented by a {0..1} multiplicity. Others model links to arbi-
trary numbers of objects at the same time, which is represented by a {0..*} multi-
plicity. By contrast, constraint variables always have a single value, which may 
however be a set. 
Solution: Map properties to constraint variables with set domains, and transform 
multiplicities to constraints on the cardinalities of the values of these variables. 

• Properties may be chained. Properties with reference semantics (cf. above) may 
be chained, which amounts to a navigation of properties, involving dereferencing 
of intermediate properties. By contrast, constraint variables cannot be derefer-
enced: the value of a constraint variable cannot be, or have, a constraint variable. 
This is particularly a problem if the properties through which is being navigated 
are non-fixed (meaning that their values can be changed by a constraint solver). 
Solution: Let )....( 1 pppxC n  be a constraint constraining property p accessed 
via navigation through properties p1, …, pn (all with reference semantics and, for 
uniformity of presentation, all assumed to be set-valued) starting from the object 
represented by variable x (so that nppx ... 1   evaluates to the set of objects that can 
be reached from x by navigating through p1, …, pn; note that C may — and usually 
will — constrain other properties as well). Without loss of generality, we assume x 
to be universally quantified and restricted by a predicate (constraint) P involving 
only fixed properties, so that we have 

 )....()(: 1 pppxCxPx n→∀  (11) 

To be able to map )....( 1 pppxC n  to a constraint of a constraint rule, we first 
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have to replace nppx ... 1   with a variable y representing the model elements 
reached from x via p1, …, pn so that we can rewrite (11) to the intermediate form 

 
).(...

)(

1 pyCppxy

yxP

n →∈ 
 (12) 

which is implicitly quantified over x and y and in which y.p is a constraint variable 
not involving dereferencing. If the p1, …, pn are fixed properties (i.e., if their val-
ues cannot be changed by the refactoring), (12) translates to 

).(

...)( 1

pyC

ppxyxP n∈
 

in which np..p.xy 1∈  is evaluated as a query so that the involved properties p1 
through pn need not be mapped to constraint variables. For instance, the constraint 
rule for RENAME, (9), translates to 

l ∈ lifelines m ∈ l.messages o ∈ m.operation 
m.name = o.name 

whose generated constraints contain only properties that map directly to constraint 
variables (cf. Table 1 to see that only fixed properties appear above the bar; note 
that, conforming to the above, m.operation is assumed to be set-valued, i.e., a sin-
gleton). If a single pi is non-fixed, (12) translates to 

).(.

......)(

1

1111

pyCpxx

ppxyxppxxxP

iii

niiiii

→∈
∈∈

−

+−− 
 

which (implicitly) quantifies over x, xi–1, xi, and y, and in which the constraint 
C(y.p) is guarded by the condition that whatever the values assigned (by the 
solver) to pi, y is reached from x via nppx ... 1  .6 For instance, the constraint rule 
for EXTRACT SUPERCLASS, (10), is rewritten to 

l ∈ lifelines m ∈ l.messages c 
c ∈ l.classifier → m.operation∈ c.operations 

in which l.classifier is a singleton for all l (see Table 1 for fixed and non-fixed 
properties). If two properties pi and pj with i < j are variable, (12) translates to  

).(..

.........)(

11

1111111

pyCpxxpxx

ppxyxppxxxppxxxP

jjjiii

njjjjiijiii

→∈∧∈
∈∈∈

−−

+−+−−− 
 

and so forth. Note that in all cases, the queries involve only fixed properties so that 
they can be evaluated at rule application time, and the generated constraints con-
tain no chained properties so that no dereferencing is required. 

Thus, together with the transformations of Section  4.1, we are able to rewrite any well-
formedness rule expressed in terms of FOPL with path expressions into a constraint 
rule that produces only constraints amenable to a standard constraint solver. 

                                                 
6 Note that x0 ≡ x and xn ≡ y, and that queries involving p0 (for i = 1) or pn+1 (for i = n) are 
dropped. 
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5 Real Examples from the UML Standard 

To demonstrate the generality of our approach, we have applied it to three OCL well-
formedness rules directly taken from the UML Superstructure specification [10]. We 
do not delve into the details of translating the various OCL iterators to solver con-
straints here; this has been dealt with, for instance, in [2]. 

• From the Constraints section of §7.3.22, “InstanceSpecification”: 
The defining feature of each slot is a structural feature (directly or in-
herited) of a classifier of the instance specification. 

 slot->forAll(s | classifier->exists (c | c.allFeatures()->includes (s.definingFeature))) 

This is a typing rule, expressing that the defining feature associated with a slot of 
an instance specification must be a feature of at least one classifier the specified in-
stance is an instance of. Assuming that typing must be preserved, but that the clas-
sifier(s) associated with an instance may be changed (e.g., EXTRACT SUPERCLASS 
[5] or GENERALIZE DECLARED TYPE [22] applied to a Communication Diagram), 
this translates to the constraint rule 

 
()...:

.

sallFeaturecaturedefiningFesclassifierselfcc

slotselfs

∈∧∈∃
∈

 (13) 

in which self represents the context [11], the Instance Specification the rule is ap-
plied to, and in which the existential quantification must be unrolled upon rule ap-
plication. Skolemization is also possible, but requires a slight adaptation: the de-
rived property featuringClassifier of features ([10], §7.3.19) corresponds to a set-
valued Skolem function featuringClassifier: Feature → ℘(Classifier), allowing us 
to rewrite the above rule to 

∅≠∩
=∈

classifierselflassifierfeaturingCf

aturedefiningFesfslotselfs

..

..
 

in which the second conjunct from the consequent of (13), 

s.definingFeature∈s.definingFeature.featuringClassifier.allFeatures() 
has been dropped (because it is tautological).  

• From the Constraints section of §7.3.44, “Property”: 
Subsetting may only occur when the context of the subsetting property 
conforms to the context of the subsetted property. 

subsettedProperty->notEmpty() implies 
  (subsettingContext()->notEmpty() and subsettingContext()->forAll (sc | 
    subsettedProperty->forAll(sp | 
      sp.subsettingContext()->exists(c | sc.conformsTo(c))))) 

This rule is to express that in case a set-valued property (attribute or association 
end) is to subset one or more other properties, the context of the property, the own-
ing or, in case of an end of a more than binary association, all owning classifiers, 
must conform to the classifier(s) of the properties that are being subset. For a PULL 

UP PROPERTY refactoring, it translates to the constraint rule 
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)(.:().().
0|().|

.0|.|

cconformsToscContextsubsettingspcContextsubsettingselfsc
Contextsubsettingself

scropertysubsettedPselfspropertysubsettedPself

∈∃→∈
>

∈>
 

which is however ambiguous with respect to which subsetting context should con-
form to which, in case there is more than one. At least, [10] hints at a suitable 
Skolemization, by requiring conformance with the “corresponding element in the 
context of the subsetted property” (albeit without formalizing correspondence).  

• From the Constraints section of §15.3.12, “StateMachine”: 
The context classifier of the method state machine of a behavioral fea-
ture must be the classifier that owns the behavioural feature. 

specification->notEmpty() implies (context->notEmpty() and 
  specification->featuringClassifier->exists (c | c = context)) 

This is to express that a state machine specifying a behavioural feature (method) of 
a classifier must have that classifier as its context; it could be violated by a MOVE 
BEHAVIOURAL FEATURE refactoring, changing the featuringClassifier and context 
properties. The derived constraint rule for this refactoring is 

contextselfclassifierfeaturingCsccontextself

ionspecificatselfsionspecificatself

.:.0|.|

.0|.|

∈∈∃∧>
∈>

 

whose existential quantifier must be unrolled upon application. Note that, since 
featuringClassifier has multiplicity {0..*} (cf. above), it is not clear to which clas-
sifier the context property of a state machine should be set, not even intuitively — 
in absence of a sensible Skolem function correcting this, context should be given 
multiplicity {0..*}, too, and the constraint should be changed to 

specification->notEmpty() implies context = specification->featuringClassifier 

6 Related Work 

By presenting an initial set of model refactorings, and by providing formal (OCL) pre- 
and postconditions for some of them, Sunyé et al. set an early landmark [21]. Philipps 
and Rumpe subsequently showed how state machine refactorings can be viewed as re-
finements that can be proven meaning preserving [13], but it is unclear how their ap-
proach generalizes to other refactorings. Pretschner and Prenninger let the user specify 
predicates that partition the state space of state machines, from which refactorings can 
then be computed [15]; their approach also appears to be specialized to one kind of 
models. Porres specified a refactoring as a set of transformation rules relying on an ac-
tion language for query and updating models, where correctness of the refactored 
model is guaranteed by checking conformance with the metamodel and satisfaction of 
applicable OCL constraints [14]. By contrast, we use metamodel and constraints as 
specifications of the refactorings. Gheyi et al. presented an approach for proving struc-
tural model refactorings for Alloy [6]; however, the technical scaffolding required for 
correct refactoring is significant, especially when compared to our approach, which re-
uses pre-existing semantic specifications.  
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Not dealing with model refactoring, but nevertheless related to our work, Cabot et 
al. investigated how UML/OCL models can be transformed to CSPs that can be sub-
mitted to a constraint solver, to verify stated correctness properties of models by gen-
erating instances [2]. Our work is different in that we always start with a correct 
(meta)model instance (the model to be refactored) that is then temporarily invalidated 
by a refactoring, so that a similar (neighbouring) instance needs to be found. As has 
been shown elsewhere [19], this allows us to use an algorithm for constraint genera-
tion that avoids the complexity problems from which the unbounded translation of [2] 
suffers. Ali et al. [1] also employ OCL constraint solving, for (UML) model-based test 
case generation, but to address the combinatorial complexity encountered in [2], resort 
to a search-based approach; their search heuristics could be integrated in our approach 
to make constraint solving even faster. Also methodically related to ours is Egyed’s 
work on fixing inconsistencies in models, as detected by the violation of constraints 
[4]: in fact, fixing inconsistencies can be seen as solving an unsatisfied CSP (with the 
set of solutions representing all possible repairs). With the Beanbag language [24], 
OCL-like consistency relations can be extended with fixing behaviour specifying how 
changes leading to model inconsistencies are to be compensated with other, repairing 
changes; however, the compensated changes are not necessarily meaning-preserving, 
and thus not refactorings. Even if certain refactorings could be specified as fixes in 
Beanbag, different refactorings would still need different fixing operations. This is in 
contrast to the approach presented here, for which a single set of well-formedness 
rules suffices for different refactorings. Finally, Correa and Werner extended the no-
tion of model refactoring to the (co-)refactoring of OCL constraints [3]. Since OCL 
has well-formedness rules specified in OCL [11], our approach should be extendible 
to OCL refactoring also; however, we have not investigated this further. 

7 Conclusion 

For a modelling language without semantics, every change to a model is a refactoring. 
The more of the semantics of a modelling language has been specified, the fewer 
changes to a model result in models with the same meaning, i.e., in refactorings. By 
taking semantic specifications pre-existing in the form of well-formedness rules ex-
pressed in a constraint language as a starting point, we are able to transform refactor-
ing problems as diverse as renaming, generalizing, or moving model elements, to 
CSPs that are amenable to a standard constraint solver, which can thus be used to 
compute the additional changes required for a specific intended model refactoring. Us-
ing our approach, semantic underspecification is unveiled by refactored models that 
do not mean the same to the user; in such cases, the pre-existing constraints may be 
complemented with the missing semantics, for instance by extending the metamodel 
and adapting the constraints accordingly. 
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