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Formal verification of QVT transformations for code generation

Kurt Stenzel · Nina Moebius · Wolfgang Reif

Abstract We present a formal calculus for operational
QVT. The calculus is implemented in the interactive theorem
prover KIV and allows to prove properties of QVT transfor-
mations for arbitrary meta models. Additionally, we present
a framework for provably correct Java code generation. The
framework uses a meta model for a Java abstract syntax tree
as the target of QVT transformations. This meta model is
mapped to a formal Java semantics in KIV. This makes it
possible to formally prove (interactively) with the QVT cal-
culus that a transformation always generates a Java model
(i.e. a program) that is type correct and has certain semanti-
cal properties. The Javamodel can be used to generate source
code by a model-to-text transformation or byte code directly.

Keywords Correctness of model transformations · QVT ·
Formal verification · Interactive theorem proving

1 Introduction

Model-driven development holds the promise to create better
software in shorter time since themodeler can concentrate on
the essential properties of the application under development.
Technical details will be filled in by model transformations.
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In specialized areas, the complete source code of an applica-
tion can be generated from the model.

However, there is the question of how to prove the correct-
ness of the generated code, or—more broadly speaking—of
the model transformations. This is a largely unsolved prob-
lem. Since transformations are highly versatile, there is no
universal notion of correctness (see e.g. [9,31] for surveys).
We are mainly concerned with semantic conformance [43]
and model level semantic correctness [31], i.e. that every
target model of a transformation has certain semantic prop-
erties. Usually a formal semantics of the source and target
model is needed, which is definitely not trivial if, for exam-
ple, UML activity diagrams are transformed into Java code.
Second, the transformation must be proved correct. This in
turn requires a formal logic and proof support for the trans-
formation language. Third, the transformations itself can be
large and complex which makes a formal proof difficult and
time-consuming.

In this paper, we present a framework that allows to prove
properties of generated Java code for transformations written
in operational QVT (QVTO [38]). The source meta model
is not fixed even though the example will use UML class
diagrams. This means it is possible to prove semantic con-
formance (the Java code has the same behavior as the source
model w.r.t. a semantics for the source). But we are also inter-
ested in transformations that add behavior to the Java code
that is not present in the source—in our example setter and
getter methods while the source contains only UML classes
and attributes. In this case, we can verify properties that are
only expressed in terms of the Java model and do not refer to
the source model at all. This work is part of our SecureMDD
approach [33,34], a model-driven development method for
security-critical applications based on cryptographic proto-
cols. The application, e.g. an electronic purse or a ticketing
system, is modeled with UML extended with a profile and



982

Fig. 1 A simple UML class diagram used for the generation of Java
code

an abstract programming language MEL. From the model,
a formal specification can be generated, and the security of
the application can be proved [35,36]. Additionally, the com-
plete Java code for the protocols can be generated by model
transformations. In this setting, it is imperative that the code
is correct and secure with respect to the formal specification
(i.e. a refinement that preserves security [20]).

In the next section, the framework for correct code gen-
eration will be presented (Sect. 2) followed by a simple
example that generates Java classes from a UML class dia-
gram (Sect. 3). The next two sections describe the formal
treatment: Sect. 4 shows how models and meta models can
be formalized in a theorem prover, and Sect. 5 presents
an overview of the calculus to prove properties of QVTO
transformations. Section 6 discusses some experiences, Sect.
7 presents related work, and Sect. 8 concludes. All for-
mal specifications and proofs can be found on our Web
page.1

2 A framework for correct code generation

We illustrate our approach with a small example. The idea
is to generate Java classes with fields, getters, and setters
from simple UML class diagrams as shown in Fig. 1. The
result are three Java classes A, B, and C. Class A (Fig. 2)
has two navigable associations with B and C, and will have
two fields of type B and C. The association between B and
C is navigable in both directions, so B will have a field of
type C, and C a field of type B. The UML primitive type
Boolean is translated toboolean, and Integer toint.

(Mapping unbounded UML integers to bounded Java ints is a
deliberate decision by the transformation engineer, because

1 http://www.informatik.uni-augsburg.de/lehrstuehle/swt/se/projects/
secureMDD/. The direct link is http://swt.informatik.uni-augsburg.de/
kiv/projects/secureMDD/uml2jastSimple/index.xml.

Fig. 2 Java class A generated from the UML class diagram

she knows that only small numbers will be used). Other,
more complicated methods like object serialization can be
generated in the same manner as shown below.

The aim is to formally prove properties about the gener-
ated Java code, e.g.,

1. The code is type correct.
2. Correspondence to the UML model: One Java class for

every UML class, one Java field for each UML Property,
etc.

3. Semantic properties of the generated methods: A getter
returns the value of a field, calling a setter, then the cor-
responding getter returns the same reference, etc.

Formal treatments of Java (either formal semantics of Java,
e.g. [51,54,59] or Java calculi for program verification, e.g.
[4,23,53]) all work on an annotated abstract syntax tree of a
Java program. This makes sense since parsing Java text and
annotating an abstract syntax tree are problems of compiler
correctness that pose very different challenges, and should be
separated from a Java semantics. If we use a model-to-text
transformation to generate Java code from the UML class
diagram, we essentially concatenate strings. For example,
generating the getter methods in XPand [61] looks like

Formal reasoning about the text requires parsing this mix-
ture of source text and quoted expressions, annotating the
resulting syntax tree, and then reasoning about its semantics,
thereby mixing the different problems (parsing, annotating,
and the dynamic behavior of the program). Our framework
introduces a meta model that represents a Java annotated

http://www.informatik.uni-augsburg.de/lehrstuehle/swt/se/projects/secureMDD/
http://www.informatik.uni-augsburg.de/lehrstuehle/swt/se/projects/secureMDD/
http://swt.informatik.uni-augsburg.de/kiv/projects/secureMDD/uml2jastSimple/index.xml
http://swt.informatik.uni-augsburg.de/kiv/projects/secureMDD/uml2jastSimple/index.xml
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Fig. 3 Generating Java code with an intermediate JAST model

abstract syntax tree (JAST). This allows a separation of con-
cerns (see also Fig. 3):

1. A model-to-model transformation is used to generate
an instance of the JAST meta model from an arbitrary
source and meta model (MEL is a meta model used
in SecureMDD). The transformation is specific for the
model-driven application. The JAST model is the basis
for formal reasoning.

2. From the JAST model, text can be generated by model-
to-text transformation. It is also possible to generate byte
code directly. (Not supported in our framework, though).
It should be noted that this step depends only on the JAST
meta model, and is completely independent of the trans-
formation that created the JAST model.

A small part of the JAST meta model is shown in Fig. 4
as a UML class diagram. The actual model is defined as an
Ecore model in Eclipse.

Every Java expression and statement is represented by one
EClass in the meta model (37 in our case). Other elements
represent method and field declarations and class declara-
tions. Every Java expression has a result type (that would be
computed by a compiler when annotating the syntax tree);
a binary (infix) expression like x + y has a left and right
expression and an operation; a local variable access is a sepa-
rate expression; an instance field access FieldAccess has
an invoking expression and a reference FieldCategory
that identifies the accessed field (a Java compiler determines
whether x is a local variable or an instance field and treats
the latter as this.x, Sect. 6.5 of The Java Language Spec-
ification [19]). The full meta model has 64 EClasses. The
exact details are a result of the formal Java semantics in KIV,
because the JAST meta model is as close as possible to the
semantics specification.

3 Transforming UML to JAST

In our example, we use operational QVT to transform the
UML class diagram into a JAST model. QVT (Query/View/

Transform) [38] is standardized by the OMG and sup-
ported by several tools, includingEclipse.QVTdistinguishes
between a relational and an operational part. Operational
QVT (chapter 8 in [38]) is essentially a programming lan-
guage based on OCL [40] with several features that are tai-
lored to model transformations.

Figure 5 shows the start of the transformation, Fig. 6 the
generation of the fields and methods for an attribute, and
Figs. 11 and 12 in the “Appendix” contain auxiliary opera-
tions. The figures contain the full code for the transformation.

Lines 1 and 2 declare the meta models and UML and J
as abbreviations to resolve naming conflicts. Line 4 declares
the transformation simple that transforms a UML model
into a (JAST) model. Running the transformation will call
the main method (line 5) that selects an element of the UML
type Model from the input (line 6) and calls the mapping
createModel (line 7). There is no explicit assignment to
the output variable res because all model elements that are
created during the transformation will be collected automat-
ically in the output variable. (This is a syntactical conve-
nience when there is only one output model). A mapping
(line 9) is one of the central concepts of QVT and creates a
correspondence between a source and a target element. For
createModel, the source element is a UML Model, and
the target element is of JAST type JModel. The target element
is created automatically, and in lines 14–17 its properties are
set. A JModel has a name and ownedElements, a list of
(Java) packages. In this example, only one package is created
in line 15 using the QVTO construct object. It creates a new
target element without a correspondence to a source element,
and allows to set its properties. This is the second possibil-
ity besides mappings to create target elements. In line 11,
the classes from the UML model are selected. This requires
knowledge of the UMLmetamodel. self is a UML model
which is a specialized UML package, and the immedi-
ately contained elements of a UML package are contained in
the packagedElement property. The last part [Class]
selects only elements of type UML Class. In line 12, the
UML classes are mapped to Java (JAST) classes. The map-
ping toJavaClass creates a Java class by iterating over
the attributes of each class and creating the fields, getters,
and setters (lines 25–27). Each mapping creates a new corre-
spondence between the same source element (theUMLclass)
and different target elements that can be distinguished by the
name of the mapping.

The mapping createGetter (line 10 in Fig. 6) is
defined for the type Property since an attribute has type
Property in the UML meta model. It has as an additional
input the name of the class, because it is needed in some of the
JAST expressions. A JAST method declaration (see Fig. 4)
has a list of modifiers. The list is initially empty, and one
element is added in line 11 using the+ = notation instead of
:=. toFirstUpper() (line 12) is an operation of the pre-
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Fig. 4 Two excerpts of the JAST meta model

Fig. 5 Start of the QVTO
transformation

defined QVT/OCL library, while toJast() (line 13) is an
operation defined in the transformation itself (see Fig. 12).
The body of the method (line 14) is a block containing only

a return statement that returns a JAST field access (line 16)
(i.e. this.field). The statements and expressions are not
mapped, but generated as new objects (with the keyword
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Fig. 6 Mapping attributes to
Java fields and methods with
QVTO

object). This is a choicemade by the transformationwriter
that allows to reuse the code in different contexts (even if
this does not happen in the example). Actually, mappings are
more difficult to handle in the verification than new objects as
will be discussed in Sect. 6.5. The rest of the transformation
(Figs. 11, 12) contains auxiliary operations to create JAST
elements that can be reused in other transformations.

Obviously the QVTO code is much more verbose than the
actual Java source code, because the JAST model contains
all the information explicitly that is otherwise computed by
the Java compiler. Defining suitable reusable auxiliary oper-
ations helps to structure the transformations.

A programmer of the transformation needs a good knowl-
edge of the UML and JAST meta models, and some knowl-
edge about QVTO. A QVTO transformation is difficult
to understand in detail for non-experts because an arbi-
trary expression like .name could be part of the source
meta model, of the target meta model, of OCL/QVTO,
or of the predefined library of OCL/QVTO. QVTO is
a typed language, but types are mostly omitted in the
code, and inferred by the transformation engine, which
does not improve readability. Additionally, QVTO is a
very flexible language with many features and often there
are several possibilities to obtain the same functional-
ity.

Still, the QVTO transformation of the example is quite
simple. For example, no recursion or loops are used, and
only simple iterations over collections. The programming

style shown in this example is typical for operational QVT,
and well suited for the creation of abstract syntax trees.

4 Formal reasoning about models and meta models

For the formal part, we use the KIV system [3,21,28] that is
developed in our group. KIV is an interactive theorem prover
based on algebraic specifications with several logical exten-
sions (e.g. Dynamic Logic for imperative programs and Java
and temporal logic for parallel programs and state charts).

The calculus for operational QVT presented in the next
section is not limited to UML and JAST, but supports arbi-
trary input and output (meta) models. This means we need an
algebraic specification for meta models and models. Part of
the formal specification for meta models is shown in Fig. 7.2

It specifies a subset of the Ecore meta model from EMF [52].
It is a standard algebraic specification of a freely gen-

erated data type. In ePackage = mkEPackage(eName
: string; eClassifiers : eClassifiers),
ePackage is the sort that is specified, and mkEPackage
the only constructor. It has two arguments of sort string
and eClassifiers which can be selected with eName
and eClassifiers, respectively. In this slightly sim-
plified version, a meta model is an ePackage con-
taining a list of eClassifiers that define the model

2 The full specification can be found at http://swt.informatik.
uni-augsburg.de/kiv/projects/secureMDD/ecore/project.xml.

http://swt.informatik.uni-augsburg.de/kiv/projects/secureMDD/ecore/project.xml
http://swt.informatik.uni-augsburg.de/kiv/projects/secureMDD/ecore/project.xml
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Fig. 7 Part of the formal
specification for meta models

elements. An eClassifier is either an eClass, an
eDataType, or an eEnum. An eClass contains a list of
eStructuralFeatures that are either eAttributes
for properties with primitive types or eReferences for
properties containing other model elements (i.e. other EClas-
sifiers). The specification of lists and eType is not shown.
An eType is an eClassType containing the name of an
eClass as a string, a primitive type, an enumeration type, or
a collection type. Since an eClassType contains only the
nameof aneClass, not a reference to theeClass itself, the
full structure is a term, i.e. a tree, which is helpful for verifica-
tion. On the other hand, a meta model must fulfill some well-
formedness constraints, e.g. that the eClassTypes really
exist as eClasses, that eAttributes really have prim-
itive types and eReferences have eClassTypes, and
that there are no duplicate names. These constraints are spec-
ified together with the definition when a model is a correct
instance of a meta model (described below). Multi-valued
attributes or references have an eUpperBound �= 1,−1 for
a * multiplicity. The flags isEOrdered and isEUnique
are used to specify one of the standard four collection types
(sets, bags, sequences, and ordered sets). We have imple-
mented a plugin for Eclipse that allows to export an Ecore
meta model (UML or JAST or others) as a term of this spec-
ification.

While the specification of meta models for our purpose
is fairly straightforward, the specification of models is not.

Models form a graph structure, and there are several possi-
bilities to specify graphs algebraically. Additionally, a more
complicated structure than just nodes and edges is needed.
We decided to follow the internal representation of mod-
els in Eclipse EMF for two reasons. First, it allows to
export models from Eclipse to KIV, and second the inter-
nal representation is based on a tree structure that is well
suited for algebraic specifications and verification. Graphs
are difficult because cycles always need a special and care-
ful treatment. Otherwise, operations that are specified on
graphs may be inconsistent because recursive definitions
may not be well founded. With trees one can always follow
the structure from top to bottom. A similar approach was
taken in [16] where models are formalized in Isabelle/HOL
[37].

Models are specified as a freely generated algebraic
data type [60]. The tree structure of a model corresponds
exactly to a term denoting an element of the data type.
Hence, a model is acyclic by design. The tree structure is
induced by the containment property of eReferences in
the meta model. Containment corresponds to UML’s com-
position. If containment is true, a model element is con-
tained exclusively in one container, i.e. it cannot belong
to two containers at the same time. Containment shows a
strong ownership. For example, the packagedElements
of a UML Package or the ownedAttributes of a
UML Class have containment = true. The graph struc-
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Fig. 8 Main part of the formal
specification for models

ture is created by using external references to explicit object
identifiers. The main specification for a model is shown in
Fig. 8.

Model elements are eObjects with an unique object
identifier eId : oid, the name of the corresponding
eClass, and a list of eContents. An eContent has
a name and is either an attribute value (ecAttribute),
a contained reference ecContainedRef (for structural
features with isEContainment = true in Fig. 4), or an
external referenceecExternalRef (for structural features
with isEContainment = false in Fig. 4). A model is
either a single eObject or an eList, a list of eObjects.
Contained references contain again eObjects or lists of
eObjects, while external references simply contain the
object identifiers of the referenced objects. Contained refer-
ences and eObjects form a tree because they are specified
as a freely generated data type. Therefore, recursion over
them is always well founded. The four kinds of collections
are represented in the specification as lists (eValueList).
Their differences are handled in the calculus and in the
specification of algebraic functions that operate on collec-
tions. In the formal calculus presented in the next section,
a QVTO transformation receives an eObject (or a list) as
input and creates the output model as a list of eObjects.
This is specified by algebraic functions that operate on mod-
els.

One important assumption is that the input model of a
transformation is a correct instance of its meta model. This
can now be formally specified for an ePackage and an

eObject. The specification is about 190 lines long. 3 The
two main properties are as follows:

1. a value in the eContents of an eObject is of the
type mentioned in the meta model for the corresponding
eStructuralFeature. This is comparable to clas-
sical type soundness for programming languages.
For example, the ownedAttribute of a UML Class
is defined as a collection of the eClassType Prop-
erty in the UML meta model. This means that an
eContent named ownedAttribute as part of an
eObject with eClassName UML::Class must be an
ecContainedRef with a value that is an eList of
eObjects, and each of these eObjects must have an
eClassName that is a sub-type of UML::Property in
the meta model.
Sets andOrderedSets additionallymust not contain dupli-
cates. Since collections are represented by lists, they are
always ordered.

2. the multiplicity of a value in the eContents of an
eObject is between the lower and upper bound of the
corresponding eStructuralFeature. In particular,
required references with lower = upper bound = 1 must
not be missing in the model.
Eclipse EMF distinguishes between attributes and ref-
erences. A required, but missing attribute is consid-

3 http://swt.informatik.uni-augsburg.de/kiv/projects/secureMDD/
ecore/specs/modelFitsMetaModel/export/unit.xml.

http://swt.informatik.uni-augsburg.de/kiv/projects/secureMDD/ecore/specs/modelFitsMetaModel/export/unit.xml
http://swt.informatik.uni-augsburg.de/kiv/projects/secureMDD/ecore/specs/modelFitsMetaModel/export/unit.xml
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ered correct. When the attribute is accessed, the default
value for its primitive type is returned. However, the
Eclipse validation fails if required references are miss-
ing.

Other properties are that the object identifiers are unique
and that themodel contains no additional stuff not mentioned
in themetamodel. SinceQVTO is a typed language, it should
be type sound in the following sense:

If a successfully type checked transformation is exe-
cuted with a source model that fulfills the first property
mentioned above, then the target model also fulfills this
property.

A formal verification of this property requires a formal
semantics for QVTO and a formal specification of the type
check. Type soundness has been proved for Java [12,59] and
other programming languages. The second property cannot
be guaranteed by a transformation. It is possible that a target
object is created, but a required structural feature is not set.
This cannot be detected by a type check, but can be verified
for a given QVTO transformation. For example, the JAST
meta model requires that every (Java) expression has a result
type. This is essential to give a formal semantics to a JAST
model.

The QVTO expressions create and modify the target
model. In the QVTO calculus, this is done by algebraic oper-
ations onmodels, i.e.eObjects. Other operations deal with
access to model elements. A rather complex operation is the
QVTO assignment to a structural feature with containment=
true. Consider the QVTO code fragment in Fig. 9 that creates
JAST elements.

The code creates explicitly three objects that will be con-
tained in the target model. As mentioned previously, no
explicit assignment to the output variable of the transfor-
mation is needed. The type of a LocVarAccess is a
structural feature with containment = true. In line 3, the
inttype object is assigned as expected. In line 5, the same
object is assigned again. However, a contained element can-
not belong to two containers at the same time. Therefore,
the object is removed from the x object and assigned to
the y object. This behavior is defined in the MOF specifi-
cation [39], p. 38. As a result, the x object has an empty
type which violates its multiplicity constraint. Experience
shows that this behavior is a serious source for errors in
transformations and difficult to track down, especially if the
target meta model often uses containment. Indeed, using a

mapping in the example above would introduce this error
because a second call to the mapping operation would return
the identical object, not a new one. However, since contain-
ment is true in the target model, two different objects are
needed.

The corresponding algebraic update operation update
(oid, econtent, model) gets as argument an object
identifier oid of an object to update, the new econtent,
and the model. If the econtent is an ecContainedRef,
then the contained value (or values) is first deleted from the
model, and then the actual update takes place. Both deletion
and actual update are defined recursively for eObjects by
following the tree structure inducedby containment.Verifica-
tion of actual QVTO transformations then requires theorems
about thisupdate operation, e.g. that it does not delete other
objects.

There exists a formal Java semantics in KIV [53,54]
that was defined several years ago. The formal semantics is
based on an algebraic specification of a Java abstract syntax
tree. The connection between a JAST model (an EObject
structure) and the existing abstract syntax tree is obtained
by a specification model2sem mapping a JAST model to
the abstract syntax tree. In this manner, a formal seman-
tics is provided for a JAST model. Invalid JAST models
are mapped to a dummy syntax tree. Another approach is
to specify the Java semantics in terms of a JAST model, but
this requires much effort since a formal Java semantics is
huge and complex, especially with a proof of type sound-
ness.

The Java semantics inKIV is a natural big-step operational
semantics. A Java expression defines a relation between
an initial Java heap and variable binding and a result-
ing Java heap, variable binding, and result after evaluat-
ing the expression: (v × h)[[e]]tds(v′ × h′ × result) Here,
v is the variable binding for local variables and method
parameters, h is the Java heap, e is the Java expression,
tds is the context consisting of the type (class and inter-
face) declarations, v′, h′ are the resulting binding and heap,
and result is the result of evaluating the expression. If
the expression does not terminate (e.g. if it is a call to a
recursive, non-terminating method), there is no resulting
state, i.e. the relation [[.]] is empty. The semantics faith-
fully models class initialization (first active use), and excep-
tions.

The next section presents the QVTO calculus and how to
formulate and prove properties of the target JAST model for
the transformation of Sect. 3.

Fig. 9 Example for
containment



989

5 A calculus for QVTO in dynamic logic

Operational QVT is essentially an object-oriented, impera-
tive programming language that operates on input and output
models, and keeps track of mappings with the help of a trace
that contains source object, target object, and applied map-
ping operation for every executedmapping call. Our calculus
for QVTO is a sequent calculus for dynamic logic (DL, [22]).
DL extends predicate logic with two modal operators, box
[ . ] . and diamond 〈. 〉., written as [α] ϕ and 〈α 〉ϕ . In standard
DL, α is a statement of an abstract programming language,
and ϕ is again a DL formula, i.e. it can contain again boxes
or diamonds. The intuitive meaning of [α] ϕ is that if α ter-
minates, afterward ϕ is true. 〈α〉 ϕ is true if α terminates and
afterward ϕ is true. The dualities [α] ϕ ⇔ ¬ 〈α 〉 ¬ ϕ and
〈α 〉 ϕ ⇔¬ [α] ¬ ϕ hold.

A sequent ϕ 1, . . . , ϕ m � ψ1, . . . , ψn consists of two lists
of formulas ϕ 1, . . . , ϕ m and ψ1, . . . , ψn (often abbreviated
by Γ and Δ) divided by � and is equivalent to the for-
mula Cl∀(ϕ 1 ∧ . . . ∧ ϕ m→ ψ1 ∨ . . . ∨ ψn). Cl∀ is the uni-
versal quantification over the free variables of the formula.
ϕ 1, . . . ϕ m can be thought of as preconditions, while one of
ψ1, . . . , ψn must be proved.

AHoare triple {ϕ 1 ∧ . . . ∧ ϕ m}α{ψ} can be expressed as
ϕ 1, . . . , ϕ m � [α]ψ or ϕ 1, . . . , ϕ m � 〈α〉 ψ if termination
is included.

In our QVTO calculus, the program α is a QVTO expres-
sion that is contained in a context (in, out, trace).
in represents the input model, out the output model, and
trace the trace that is created by the mapping operations.
The intuitive idea is that the QVTO expression α is evaluated
in the initial context (in, out, trace).

An example is the following sequent:

valid(in, UML), suitable(in), out == [], trace == []
�〈 (in, out, trace) Simple::main()〉
typeCorrect (model2sem(out))

Simple::main() is a call to the QVTO transforma-
tion’s main() method, the top-level entry point into the
transformation. The in model must be a valid UML model
valid(in, UML) that is additionally suitable for the
transformation suitable(in). The output model out
and the trace are initially empty. This is the actual situation
when the transformation is started. Then, after running the
transformation, the resulting output model out converted
to the formal Java specification model2sem(out) is a
type correct Java program typeCorrect(model2sem
(out)). The value of out is changed by evaluating the
transformation. The trace is also changed, but not referenced
in the postcondition, the inputmodel remains unchanged dur-
ing the transformation. The predicates used in the pre- and
postconditions are specified algebraically. The type correct-
ness proof is described in Sect. 6.5.

It is also possible to prove properties for parts of the trans-
formation. In our example, we have one mapping that creates
a Java method declaration for a setter, and one mapping for
a getter. We can formulate a property that after calling the
setter, the getter returns the setter’s argument. In Java, this
would look like a.setB(b); b == a.getB();. For-
mally, this looks like

1. valid(in, UML), suitable(in), isProperty(a), a ∈ in, unmapped
(a, trace)

2. � 〈 (in, out, trace) f := a.map declareField(c)〉
3. 〈 (in, out, trace) g := a.map createGetter(c)〉
4. 〈 (in, out, trace) s := a.map createSetter(c)〉
5. (∀v, this, b, h1, h2, h3, val, tds.
6. tds=class c {model2sem(f),model2sem(s),model2sem(g)}
7. ∧ validJava(v, h1, this, b, tds)
8. ∧(v × h1)[[this.set B(b)]]tds(v × h2 × ⊥)

9. ∧(v × h2)[[this.get B()]]tds(v × h3 × val)
10. → val == b)

In lines 2, 3, and 4, the mappings from the transforma-
tion are called for a UML attribute a and each result is
assigned to a variable. This assignment is not part of the
original transformation, but that is no problem. Line 1 con-
tains the preconditions. Since the mappings are defined for a
UMLProperty, the invoking variableamust be a property
(isProperty(a)) of the input model (a ∈in). Addition-
ally, we need to know that a has not yet been mapped by any
mapping operation. This is expressed by (unmapped(a,
trace). Otherwise, the mapping operation would not be
executed, but the target object would be retrieved from the
trace. In this case, we would need the precondition that it is
the correct target object. However, in the actual transforma-
tion, we are sure that the attributes are unmapped.

The three diamonds are executed in order, and the target
modelout and tracetrace aremodified by side effect. This
means that out and trace in line 3 refer to the resulting tar-
get model and trace of the mapping call in line 2 even though
the variable names are the same—this is an intrinsic feature
of Dynamic Logic. The postcondition of the three consecu-
tive diamonds begins in line 5. In line 6, the JAST elementsf,
g, s are converted to their Java semantics counterpart (a Java
field declaration and two method declarations), and a class
containing them is constructed. In line 8, the semantics of a
setter call is used. set B is the name of the setter that is con-
structed from the name of the UML attribute. this.set B(b) is
evaluated with an initial Java heap h1 and local variable map-
ping v. this and b must refer to valid objects or values in the
h1 and v. This is expressed by validJava(v, h1, this, b, tds).
The semantics of the setter will result in a modified heap h2
which is then used in line 9 as the initial heap for the get-
ter call. The semantics of this call will produce a result val
which is equal to the setter’s argument b (line 10), our desired
property.
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The sequent is quite long because so many conditions
are needed. In particular, the Java semantics is well defined
only for type correct Java programs with a compatible heap.
Hence, the class must contain the method declarations and a
declaration for the field, and the invoker this and argument
b must reference valid objects or values. The proof itself
requires only a couple of minutes (real time, i.e. including
user interactions) since the generated methods are so sim-
ple. In comparison, the type correctness proof—discussed in
Sect. 6.5—required about 2weeks to complete.

5.1 Example rules of the calculus

The calculus essentially has one rule for every operational
QVT expression, plus some generic rules. It works by sym-
bolic execution of the QVTO program from its beginning
to its end (i.e. computation of strongest postcondition). This
means it follows the natural execution of the program. Map-
ping and operation calls are replaced by their implementation
(inlined), then nested expressions are flattened to a sequence
of simple expressions that can be executed directly. OCL and
QVTO do not distinguish between statements and expres-
sion, there are only expressions that return a result. To make
this result accessible, the calculus introduces assignments if
necessary. The calculus avoids OCL’s invalid which is
discussed in detail in Sect. 6.1. Applying proof rules to a
goal creates a proof tree from bottom to top. Starting with
the transformation’smainmethod the initial proof looks like
this:

.

.

.

5.Γ ′ � 〈model := elems![Model]; ...〉 ϕ

4.Γ � 〈elems := umlmodel.rootObjects();
model := elems![Model]; ...〉 ϕ

3.Γ � 〈model := umlmodel.rootObjects()![Model]; ...〉 ϕ

2.Γ � 〈varmodel := umlmodel.rootObjects()![Model]〉〈...〉 ϕ

1.Γ � 〈main()〉 ϕ

Goal 2 expands the main() call. A sequence of expres-
sions can be divided into individual diamonds, i.e. 〈 (in,
out, trace) α;β〉 ϕ ≡ 〈 (in, out, trace) α〉〈 (in, out, trace)
β〉 ϕ . Goal 3 replaces the local variable declaration with
a simple assignment. Goal 4 flattens the right-hand side of
the assignment. A new variable elems is introduced to
capture the intermediate result. In the next step, a proof
rule for umlmodel.rootObjects() can be applied.
rootObjects is a predefined library operation that selects
the top-level elements of the input model. This eliminates
the expression by adding new preconditions to Γ . In the next
step, a proof rule for elems![Model] can be applied and
so on.

We present some proof rules to give an impression of the
calculus.

5.1.1 Conditional

The rule for a conditional works like this:

1. e = true, Γ � 〈(in, out, trace) x := α〉 ϕ

2. e = f alse, Γ � 〈(in, out, trace) x := β〉 ϕ

Γ � 〈(in, out, trace) x := if e then α else β endif; 〉ϕ
Γ is an arbitrary list of formulas containing precondi-

tions. e, α, and β are QVTO expressions, and ϕ is again a
Dynamic logic formula. The rule has two premises, one for
the case that the test is true, one for the case that it is false.
The conclusion contains the if expression that is assigned
to x . The assignment may have been introduced by another
rule of the calculus. In case the test is true the, then part
is assigned to x , otherwise the else part. The result of the
test cannot be undefined (see Sect. 6.1). This captures the
standard meaning of an if expression. However, the rule
is only applicable if e is a simple expression, either a lit-
eral (like true or f alse) or a variable. In these cases, it
is possible to write e = true because a literal (or a vari-
able) can be used in predicate logic formulas in our calcu-
lus. If the test is a complex expression like seq->exists
(...), the flattening rule must be applied first that will
introduce a new variable:

flag := seq->exists(...);
x := if flag then ...

After the expression has been evaluated, the conditional
rule is applicable.

5.1.2 Iterators

Collections and iteration over collections are important fea-
tures of OCL and often used in QVTO transformations. The
tricky part about QVTO is that iterators usually compute a
result collection, but modify the target model by side effect.
This makes reasoning about them difficult. Currently, the
proof strategy uses induction which requires an unwinding
proof rule that depends on the iterator. The generic proof rule
looks like this (the context is omitted):

1. Γ � seq �= null
2. Γ, seq = [] � 〈x := empty_result; 〉 ϕ

3. Γ, seq �= [] � 〈e := x-> f irst (); a := body(e);
y := seq->rest ()->op(e|body(e));
x := combine(a, y)〉 ϕ

Γ � 〈x := seq->op(e|body(e)); 〉 ϕ

The rule is formulated for a sequence seq, bags and sets
must be converted first. An iterator op is applied with a body
body that uses e to bind the successive individual elements.
The result is assigned to x. The first premise requires the
proof that seq is not null. This means we have a real col-
lection, and the operations first() and rest() are well
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defined.The secondpremise covers the case that the sequence
is empty (seq = []). In this case, x is assigned the correct
result empty_result that depends on the iterator, i.e. false
for exists,true for forAll. The third premise unwinds
the collection and performs one step for the first element of
the collection. A new variable e is assigned to the first ele-
ment, and the body of the iterator is executed. The result is
stored in a new variable a. Then, the iterator is applied to the
rest of the sequence. Finally, the results are combined (with
or for exists, and for forAll etc.) and assigned to x .
This captures exactly the behavior of the iterators.Operations
that can abort the iteration require a modified third premise
that includes a conditional. This proof rule is only useful in
inductive proofs since the length of a collection is usually
not fixed so the proof rule can be applied forever.

5.1.3 Mapping call

One of the most interesting and the most complicated proof
rules is the one for a mapping call, i.e. x := a.map
m(args);. Mapping operations and mapping calls are
described in Sect. 8.2.1.5 and 8.2.1.21 in the QVT speci-
fication [38]. We describe only a simplified version of the
rule. It has three premises (see Fig. 10):

1. The invoking expression a may not be null: a �= null
2. As mentioned in Sect. 3, a mapping creates a correspon-

dence between a source and a target element, and the
transformation keeps track of this correspondence in a
trace. So if the source element has been mapped before
(i.e. is contained in the trace), the mapping is not exe-
cuted, but the result is looked up in the trace:

a ∈ trace � 〈(in, out, trace) x := lookup(a, trace); 〉ϕ

lookup is not a QVTO expression, but a logical func-
tion with an algebraic specification that can be used as
a QVTO expression. The introduction of “new” expres-
sions is a useful technique in a calculus to modularize
complex behavior. QVTO has a resolve expression
that can be used to search the trace for elements (Sect.
6.5 contains an example why this is useful). In the proof
rule, resolve is also reduced to lookup.

3. Otherwise, themapping call is replaced by the (modified)
body of the mapping operation. The body of a mapping
operation consists of three (optional) sections: an initial-
ization section (denoted byinit {...}), a population
section where attributes of the result are computed, and a
termination section (denotedbyend {...}). Themap-
ping toJavaClass (Fig. 5) contains only an init sec-
tion and a population section without any keyword, and
the mappings in Fig. 6 contain only the population sec-
tion. The QVT) specification states that between the init
and population section, the following happens: If the pre-
defined result variable is still null, a target element of
the correct result type is created, assigned to the result
variable, and the source and target elements are added to
the trace.

In the proof rule, a mapping call x := a.map m();
with declaration

mapping m() {init; population; end;}

is replaced by

{init;addToTrace(result); population; end;
x := result;}

First, the init section is executed. Then, the logical extension
addToTrace(result) is executed. This extension has its own
proof rule that either does nothing (if result has been assigned
in the init section) or creates the result object, assigns it
to result, and adds it to the trace. Then, population and
end sections are executed, and finally, the result variable is
assigned to x.

This finished the description. Figure 10 shows the rule.
Since mappings can be overridden for more specific invok-
ers, there can bemore premises similar to premise 3 for every
possible mapping body. (The QVTO specification states that
“This follows usual object-oriented virtual call semantics.”)
Merging and disjuncting mappings is not supported. Addi-
tionally, the formal parameters are bound to the actual argu-
ments by equations, and the predefined QVT variable self
is bound to the invoker a. This may require renaming of
variables to avoid conflicts.

Fig. 10 The proof rule for
mapping calls
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5.1.4 Dealing with the QVTO trace

The mapping rule contains one premise (the second) for the
case that a source object has been mapped before. The trace
is specified as a list, and it is simple to specify operations
that add to the trace, or search for an object in the trace. The
elements in the trace itself contain all the information needed
to faithfully handle traces: (1) a reference to the source object
(if there is one, it is also possible to have mappings without
a source object), (2) the signature of the mapping operation,
(3) additional actual arguments to the mapping operation (if
any), and (4) a reference to the target object. Adding to the
trace is done by a newQVTO expression addToTrace that
exists only in the calculus, and is introduced by the proof
rule for mapping calls (in the conclusion in Fig. 10). As
with all other expressions, one proof rule exists to evalu-
ate and discharge the expression. The relevant description in
the QVT specification is Sect. 8.2.1.15 (MappingOperation).
The addToTrace captures the behavior of the “implicit
instantiation section”:

1. Γ, target = null, newTarget = eObject (...),
newOut = add(out, newTarget),
newTrace = add(trace, [source, sig, args, newTarget])

� ϕ [target/newTarget][out/newOut][trace, newTrace]
2. Γ, target �= null, newTrace = add(trace, [source, sig, args, target])

� ϕ [trace/newTrace]
Γ � 〈(in, out, trace) addToTrace(source, sig, args, target)〉 ϕ

– Premise 1 deals with the case that the result of the
mapping operation target is still null. In this case,
a new object is created (newTarget = eObject (...)),
added to the target model out (newOut = add(out,
newTarget)), and a new entry is added to the trace
(newTrace = add(trace, [source, sig, args, new
Target])). newTarget, newOut, newTrace are new
variables that are introduced to refer to the new elements.
The addToTrace expression is discarded, and in the
postcondition ϕ , the old variables target, out, trace are
replaced by the new ones (ϕ [target/newTarget][out/
newOut][trace, newTrace]). This is a standard tech-
nique in Dynamic Logic. The effect is that other QVTO
expressions in ϕ use the new values (cf. the theorem for
the getter–setter identity at the beginning of the section).

– Premise 2: If the target is not null (this means it has
been instantiated explicitly in the init section of the map-
ping), then it is simply added to the trace.

This finishes the presentation of the calculus. The next
section discusses design decision, experiences, and issues
with QVTO.

6 Experiences and discussion

6.1 OCL invalid

QVTO is based on OCL. Normal (essential) OCL does
not support error handling, but has a generic error element
invalid that is used as the result of an operation that would
raise an exception in Java. For example, calling an opera-
tion on a null source, selecting the first element of an empty
sequence, using bad indices in string operations, or casting
to the wrong type with oclAsType return invalid. The
reason is that OCL was designed as a specification language
that is close to formal logic, not as a programming language
([40], Sect. 7.2 Why OCL?). Now, however, OCL is used as
a programming language. Most OCL operations are strict,
i.e. return invalid when passed invalid as an argu-
ment. This has the effect that an inadvertent occurrence of
invalid as the result of a programming error propagates
through the code, then disappears somewhere. The result is
that the transformationwill create an unexpected, and usually
bogus target model. Programming experience with several
thousand lines of QVTO transformations shows that locat-
ing the error can be very time-consuming. Therefore, we
feel that deliberately programming with invalid values
should be avoided. Instead of testing whether the result of
x->first() isinvalidwithoclIsInvalid, one can
test beforehand if the sequence is empty.

The problem with invalid is aggravated by the fact
that Eclipse sometimes shows an unexpected behavior.
The OCL semantics specifies that neither the then nor
the else branch of a conditional is executed if the test
returns invalid and that the result of the conditional
is also invalid (Def. A.30 in Sect. A.5.1.2 in [40]).
Eclipse, however, evaluates the else branch and returns
its result. Other diverging behavior concerns some of the
iterators.4

6.2 Some open questions in the QVTO specification

OCL is used in QVTO as a programming language. How-
ever, the OCL specification does not care about effi-
ciency. For example, the semantics states that exists and
forAll must iterate over the complete collection even if
the test for the first element returns true for exists
(or false for forAll). A normal programming language
would abort in this case, and Eclipse does this. Techni-
cally, this is wrong since the body of the iterator may con-
tain side effects, e.g. create objects in the target model.

4 As far back as 2003, several issues were opened to clarify the behav-
ior of the conditional http://www.omg.org/issues/ocl2-rtf.open.html#
Issue6554 and forAll/exists http://www.omg.org/issues/ocl2-rtf.open.
html#Issue6539 that are still unresolved.

http://www.omg.org/issues/ocl2-rtf.open.html#Issue6554
http://www.omg.org/issues/ocl2-rtf.open.html#Issue6554
http://www.omg.org/issues/ocl2-rtf.open.html#Issue6539
http://www.omg.org/issues/ocl2-rtf.open.html#Issue6539
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On the other hand, it is obviously extremely bad program-
ming style to used side effects for tests like exists and
forAll. QVTO has a large section on imperative exten-
sions to OCL, but does not redefine the original OCL expres-
sions.

Some iterator expressions are specified precisely by defin-
ing their behavior with the help of other QVTO expressions.
However, most of the time the semantics is described in nat-
ural language only. This is more or less clear for the good
cases, but exceptional situations are often not mentioned.
Another area which requires clarification is the treatment of
class hierarchies in the meta models. Some examples of open
issues:

– Assignments: (QVT 8.2.2.11)

“Null values are also skipped.” For example, in
modifiers := Sequence { null, “public” };
the result will be a list with one element, “public”, and
in
modifiers += null;
the null value will not be added to the list. This is a quite
nice feature for programming. However, the specification
should also mention explicitly that assigning invalid
also has no effect.

– Resolve expression: (QVT 8.2.1.22)

“A resolve expression is an expression that inspects trace
objects of the transformation in order to retrieve target
objects …”

One version of resolve returns the first target object that
matches a given test. The specification does not mention
what happens if there is no such element. One might
expect invalid, since first() is invalid for an
empty sequence (in the specification and in Eclipse), but
Eclipse returns null.

Fig. 11 Mapping UML types to JAST types

– Switch and alt(ernative) expression:
(QVT 8.2.2.8/8.2.2.9)

“…It returns the executed expression if the condition
is satisfied, otherwise it returns null. It is semantically
equivalent to an if expression with a null in the else
clause.”
A conditional returns invalid if the test is invalid.
The specification seems to be contradictory.
Actually, the complete QVT specification uses the word

invalid only once and in a different context. QVTO is
based on OCL, but the specification seems to assume that
invalid never occurs.

More serious omissions concern class hierarchies. An
example is shown in Fig. 11. Suppose we want to map UML
types to JAST types. The meta class hierarchy is simplified
and shows only the relevant meta classes. Both the UML
meta class and the JASTmeta class Type are abstract. UML
classes should be mapped to JAST class types, and primitive
types to primitive types. Other sub-classes of Type are not
considered. As a transformation writer, I would like to use
the following code:

The idea is that the concrete mappings UML::Class::
type2type() and UML::PrimitiveType::type2
type() override and implement the abstract mapping
UML::Type::type2type() that should never be called.
This code is not accepted byEclipseQVTO, but the specifica-
tion is largely silent about this.Mapping operations andmap-
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Fig. 12 Correct overriding of
mapping operations

ping calls are covered in the QVT specification in 8.2.1.15
and 8.2.1.21.

– It is not specified whether a mapping operation can be
declared as abstract (as in line 4).

– The result element of the mapping operation is cre-
ated automatically after the init section unless it
was explicitly created there. However, the result type
JAST::Type is abstract in line 4, and cannot be instanti-
ated.The specificationdoes notmention this case.Eclipse
QVTO requires that an init section exists syntactically.
However, if the result object is not created, there the trans-
formation fails at run time with a Java exception.

– When does one mapping operation Msub overrides
anotherM? The specification says in 8.2.1.10 that “…the
signature must be compliant …” without defining what
compliant is. It is clear that the source type of Msub must
be a sub-type of M’s source type (e.g. UML::Class and
UML::Type). It is not clear what must hold for the argu-
ments and the result types.Onepossibility is to require the
signatures of the operations to be equal. Another possibil-
ity is to allow covariance for parameters, and contravari-
ance for result types. The fictional code above requires
contravariance for the result type, because then the result
objects of the concrete mappings can be created automat-
ically. Eclipse QVTO requires equality.

Hence, only the code in Fig. 12 works.

6.3 Development of the calculus

OCL has 12 expressions, imperative OCL 21, and QVT 5
additional expressions,most of themwithmany features (e.g.
the ImperativeIterateExp (QVT 8.2.2.7) defines 6 different
iterators). The OCL and QVT standard library have about
175 predefined operations. This means that implementing a
calculus for full QVT requires a huge effort. Therefore, we
follow a pragmatic approach: Currently the calculus has rules
only for a subset of all expressions (18) and operations (30),
namely those that occur in the transformations we verified
so far. More proof rules will be added in the future.

The calculus and used algebraic data types are designed
with full QVTO in mind. In particular, exceptions, try-catch,
and breaks can be included without any modifications to the
existing calculus. Support for relational QVT requires exten-
sions to deal with patterns.

The OCL and QVT specifications are together 500 pages
long. However, the description is often imprecise and leaves
many issues open, even for rather central language constructs.
This raises the question how a correct proof rule should look
like. Here, we follow the following strategy:

1. If an issue is not clear from the specification, but is irrel-
evant for “normal ” QVT transformations, the proof rule
will have a precondition that excludes the issue.

2. Otherwise we check what the QVTO implementation in
Eclipse [42] and SmartQVT [49] do. If their behavior
seems reasonable, the proof rule is designed correspond-
ingly. This makes sense because verifying and actually
running a transformation should produce the same results
(i.e. correct target models).

3. Otherwise we program our transformations around the
issue and do not support it. We also make sure that
our transformations work in both Eclipse QVTO and
SmartQVT.5 Since Eclipse QVTO and OCL are actively
developed, their behavior may change for some language
constructs in a new version.

4. For serious differences between the OCL specification
and Eclipse like the behavior of exists and forAll,
the proof rule ensures the Eclipse behavior. If no side
effects occur, there is no difference (except maybe in effi-
ciency). Our calculus allows to express that an expression
has no side effects, and this could be included in the proof
rule. However, this would require additional proof effort,
and seems pointless because it never happens in reality.
Probably the best solution is to implement a syntactical
check that the body of exists and forAll has no side
effect.

5 Development on SmartQVT seems to have stopped. Unfortunately,
the available open source version does not work with newer Eclipse
releases.
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An important design decision was the omission of
invalid from the calculus. One reason was the lack of pre-
cision in the specifications and implementations. A second
reason was that invalid should not be used in transforma-
tions as discussed in Sect. 6.1. The third reason was that it
makes proof rules more complicated without any benefit.

This does not mean that the calculus is incorrect or
assumes that invalid does not occur. On the contrary, the
calculus guarantees that invalid does not occur. In situa-
tions where the result of an operation could be invalid it
must be proved that this situation does not occur. For exam-
ple, for x->first(), it must be proved that x is a non-null,
non-empty sequence. This simplifies the calculus consider-
ably because a special treatment of invalid and its prop-
agation can be avoided. Otherwise every proof rule would
have at least one additional premise. For x->first(), we
would need one premise that x is already invalid, a second
premise that x is null or empty, and a third premise for the
good case where the first element is selected. There is no
theoretical obstacle against supporting invalid, but since
a well-designed transformation does not use it, there is no
reason either.

6.4 Assumption hunting

Often it is not clear what assumptions are made about the
input model of a transformation. A standard assumption is
that the model is a correct instance of its meta model. We
must include this property explicitly in our proofs for the
UML model (valid(in, UML) in the preconditions), but do
not assume that the additional constraints mentioned in the
UML specification hold. But usually there are more specific
assumptions. First, we have syntactical assumptions. The
names of classes and attributes must be legal Java names,
and not contain duplicates. Next, in our example, it is nec-
essary that all attributes have types, although the type is
optional in UML. Additionally, the type must be either a
UML class, the primitive type Boolean, or the primitive
type Integer. Other cases are not covered by the transfor-
mation. Thismakes sense since the transformation is used for
a special purpose, and is not intended to transform arbitrary
UML class diagrams or models to code.

A slightlymore subtle assumption is about the structure of
the source model. An attribute could reference a class that is
contained in a sub-package of the top-level package (a UML
model is a package). However, the transformation selects and
transforms only the packagedElements of themodel and
would “miss ” this class. The result would be a JAST model
that is not type correct.

In general, formal verification is very good at finding
(hunting for) implicit assumptions. All assumptions must be
incorporated explicitly in the preconditions, or the verifica-
tion will fail. This is comparable to model validation (every

source model that passes validation is guaranteed to produce
correct target models), but slightly different to defensive pro-
gramming (i.e. checking assumptions in the transformation
itself, e.g. with assertions). With defensive programming,
a source model either will produce a correct target model
or fail. However, we want to prove that the transformation
does not fail, but always produces a correct target model—
given the “right” source model. This means that defensive
programming does not really help verification, but does not
complicate it either (we prove that the assertion will never
fail anyway).

6.5 Proof experiences

Interactive theorem proving usually requires substantial
effort, for example, the verification of an l4micro-kernelwith
8,700 lines of C code by Klein et al. required 11 person years
of effort and another 9 person years of research [29]. How-
ever, the example also shows that interactive verification can
handle large case studies where fully automatic techniques
must fail. In this sense, interactive verification scales up.

It requires quite a lot of experience to use interactive the-
orem provers successfully, because the user must know the
logic, the input language, how things are formalized, and how
to utilize the strength of the tool.

QVTO transformations often use iterators over sequences
or sets, e.g. css->map toJavaClass() This avoids
loops or recursion, but is similarly difficult for verification.
The properties that hold during the iteration must be formu-
lated as invariants. Informally, this looks like:

The original list css can be divided into two parts.
The classes of the first part have already been mapped,
and the output model already contains corresponding
Java type declarations. The classes of the second part
and their attributes are unmapped.

Unfortunately, it is not possible to use an invariant rule that
is similar to the well-known Hoare rule for while loops
because the result list that collects references to the newly
created target objects does not remain invariant. Structural
induction that works well for the verification of algebraic
lists or for functional programming languages does not work
either because the target model and the trace are modified by
side effect. It may be possible to devise a specialized proof
rule, but we have not done so yet.

Proving type correctness of the generated Java abstract
syntax tree is much more difficult than proving properties
about the behavior of the generated setter and gettermethods.
The getter-/setter property shown in Sect. 5 requires 28 user
interactions, and someminutes to finish. The type correctness
proof, on the other hand, requires about 70 lemmas, more
than 800 user interactions in total (i.e. including lemmas),
and about 2weeks to complete.
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One reason for the increased complexity is that the full
transformation must be considered, while the setters and get-
ters are created by a much smaller part of the transformation.
A second reason is that several iterations are used, and the
lemmas about the iterations must fit together. The third rea-
son is, however, that intermediate results are not type correct,
only the final result is, for example, class A is generated first
and has a field of class type B. However, B is created later so
A in itself is not type correct. The proof uses two different
ideas:

– It is necessary to establish a structural correspondence
between the source and the target model: all Java classes
correspond to UML classes and vice versa.

– A kind of look ahead is needed that the missing parts are
eventually generated:
All types that occur in a class (i.e. the types of fields
and methods) correspond to UML classes in the source
model.
Assume that this class is checked in a context where all
these types already exist as Java classes. Then, it is type
correct.

Eventually, for every UML class a Java class is gener-
ated. Then every class is type correct because the assump-
tion is fulfilled. The most important lemma that handles
both iteration and the look ahead deals with css->map
toJavaClass() (see “Appendix B”). It took a while to
establish this approach, but now it can be reused in other
transformations.

Quite a lot of work also goes into reasoning about the
structure of the models since the formal specification is quite
complex, and UML itself is very complex. As with every
new calculus, verification is quite tedious at first, and more
experience is needed to see how to improve automation.

7 Related work

Related work can be divided into three areas: formal treat-
ment of OCL and QVT, formal treatment and correctness
of model transformations in general, and correctness of Java
code generation.

The OCL specification [40] contains a formal semantics
on paper (i.e. not tool supported which makes a big differ-
ence). Brucker and Wolff formalize OCL in Isabelle/HOL
on 500 pages [7]. Their goal is to “provide a semantic rep-
resentation compliant with the OCL standard semantics def-
inition”. They define OCL with respect to UML class dia-
grams (in contrast to Ecore/MOF used in QVT), and faith-
fully model undefined and invalid values. The semantics is
specified using a shallow embedding. This means for exam-
ple that there does not exist an abstract syntax tree of a OCL

program. They also proved a calculus based on a three-valued
logic. Experience shows that a three-valued logic creates a
considerable technical overhead for concrete proofs. As dis-
cussed in the previous section, our calculus works without
invalid values. The shallow embedding means that an OCL
expression must be translated into a HOL expression. Then,
normal HOL proof rules are used. Our calculus operates on
an abstract syntax tree for QVTO, so that there is an explicit
proof rule for an OCL/QVTO if statement. Proof automa-
tion “…is still at the beginning.”. The whole work is not
aimed at provingproperties about actualOCLprograms (only
one example is mentioned, a stack), and it is difficult to judge
whether QVTO could be added without major modifications.
Not surprisingly, they identify many problems in the speci-
fication (see [6] for an update).

There seems to be no other work that supports the ver-
ification of arbitrary OCL programs. However, there are a
number of automatic approaches that deal with OCL con-
straints on UML class diagrams. The USE tool by Gogolla
et al. [17] supports different techniques for checking OCL
constraints for concrete UML models, e.g. with Alloy [18].
Bordbar et al. [1] and Krieger and Knapp [30] also translate
OCL expressions into the input language of Alloy [24], and
check that a concrete model fulfills the constraints. Soeken et
al. [50] encode OCLwith bit vectors and use a SMT solver to
prove consistency and reachability for OCL constraints for
a fixed number of objects. Queralt et al. [41] deal with OCL
constraints for class diagrams in general, and write:

It is well-known that the problem of automatically rea-
soning with integrity constraints in their full general-
ity is undecidable. This means that it is impossible to
build a reasoning procedure that deals with the full
expressiveness of OCL, and that always terminates and
answers whether the schema satisfies a certain prop-
erty or not.

They go on to discuss two automatic approaches (restricted
constraints and incompleteness/non-termination), and com-
bine both in their own tool AuRUS for better results. Interac-
tive verification does not have these limitations, but requires
the invention of suitable invariants and generalizations by the
user.

There is some work on the semantics of different parts of
QVT. Büttner and Kuhlmann [8] identify problems with the
design of imperativeOCLwhich is part ofQVTOand extends
OCL. For example, the evaluation context is not properly
defined since imperative OCL has side effects but OCL not.
They argue that it should not be possible to use imperative
OCL everywhere, e.g. in invariants.

Favre [15] formalizes the QVT Core language and meta
models in CASL. The QVT specification reduces relational
QVT to the Core language and defines the semantics of
QVTR in terms of the Core semantics. Favre’s formalization



997

uses algebraic specifications to definemodels andmeta mod-
els. Here, references to other model elements are algebraic
data types on their own. This avoids cyclical algebraic oper-
ations. In our specification, we achieve the same by using the
containment relation. The Core language is formalized with
a shallow embedding (similar to OCL in HOL). This makes
it in principle possible to reason about relational QVT trans-
formations by translating them to the Core language and then
apply the algebraic definitions. It seems, however, that this
has not been done. Romeikat et al. [45] show (informally)
how relational QVT can be translated into operational QVT,
and Jouault and Kurtev [25] translate QVT to ATL [26]. So
in a sense, these languages are more or less exchangeable.
However, for interactive proofs, it is essential that the orig-
inal language is supported. Otherwise one gets lost in the
technical overhead and looses track of what to prove.

An (incomplete) overview over model transformation
approaches by Czarnecki and Helsen in 2006 [11] concluded
that they are “often ad hoc, that is, without proper theoretical
foundation.”. Correctness is mentioned only once as a vague
possibility. However, Varró and Pataricza [58] wrote already
in 2003

In theory it would be advisable to prove that a model
transformation preserves certain predefined semantic
properties for any well-formed model instance, but
this typically requires the use of sophisticated theorem
proving techniques and tools with a huge verification
cost.

Then, they go on to argue that the effort is not justified. In
contrast, we believe that security- or safety-critical applica-
tions justify this effort and that a suitable methodology and
techniques can make the task manageable.

Giese et al. [16] transform state automata into PLC (pro-
grammable logic controllers) code. The transformations are
based on triple graph grammars [48]. The (meta) models
and transformations are translated manually to Isabelle/HOL
[37], and the semantic equivalence of source and targetmodel
is proven.However, this direction ofwork seems to have been
abandoned.

There is a large body ofwork on using (triple) graph gram-
mars for model transformations. While they have a well-
defined mathematical semantics and background theory—
like confluence, termination, or modularity—(see e.g. the
books by Rozenberg [46] or Ehrig et al. [13]), a verification
tool to prove specific properties of individual transforma-
tions is missing. This means that a transformation is usually
translated into another formalism.

Varró [56] (and Pataricza [58]) develop a framework
based on graph transformations that allows to model check
properties of the source and target model of a transfor-
mation. The properties are also defined by graph trans-
formations. Transformations and properties are translated

into a transition system (a Kripke structure), and then
can be checked with the SAL tool suite [47]. However,
this does not prove that a transformation preserves the
properties for arbitrary well-formed source models (cf.
the quote above). It is not clear whether this frame-
work is also applicable to the extended graph transforma-
tion language VIATRA2 by Varró and Balogh [57], since
this language supports imperative constructs and recur-
sion.

Another possible formalism is rewrite logic that can also
be used to specify transformations directly. Boronat et al.
[5] support relational “QVT-like” model transformations
in the Maude tool [10]. It is possible to check automati-
cally for violations of invariants that are given by the user.
This problem is undecidable for an infinite state space,
i.e. failure to find a violation does not mean that there is
none. Therefore, a full verification of a transformation is
not possible. Another possibility is to model check propo-
sitional Linear Temporal Logic formulas. However, propo-
sitional LTL is too restricted to express complex prop-
erties of generated Java programs. Lucas and Toval [32]
also formalize a subset of relational QVT in Maude, and
check that two models are equivalent w.r.t. the transforma-
tion.

ATL [26] is a transformation language that is also included
in the Eclipse modeling framework. It supports pattern-
based rules and imperative constructs, and started with only
an informal semantics. Troya and Vallecillo [55] formal-
ize ATL with rewrite logic in Maude. Their main goal is
to give a formal semantics to ATL. As a benefit, Maude’s
tool support for analysis can be used. The tool suite Hen-
shin [2] by Taentzer et al. is based on graph transforma-
tions. It contains tools to detect deadlocks for concrete
source models (i.e. that the transformation will get stuck
without applying all rules), to verify propositional LTL for-
mulas, and to check invariants as in Maude. A full veri-
fication of transformations is not possible. GROOVE [44]
by Rensink and Kastenberg is a tool for modeling object-
oriented systems with the help of graph transformations.
Given a finite-state space, e.g. by restricting the length of
lists to three, it is possible to model check propositional CTL
formulas [27].

There is very little work concerning the correctness of
generated Java code which may be due to the complexity of
Java. Engels et al. [14] transform activity diagrams to TAAL,
a Java-like programming language, with graph transforma-
tions, and present a correctness notion based on trace equiva-
lence. They can check the correctness for concrete input and
output models, but their “ultimate aim is a general proof of
correctness for the transformation”. Rahim andWhittle [43]
transform state machines to Java code, and add annotations
for a model checker to the Java code. The model checker can
then be used to prove that the Java code behaves as the state
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machine for every concrete input and output model. They
argue that “Verifying the generated output in this way is more
efficient than formally verifying the transformation’s defini-
tion.” This means the verification can fail any time because
the output is not correct. In contrast, we aim at a full verifi-
cation of the transformation itself.

8 Conclusion

We have presented a framework that allows the formal verifi-
cation of Java code generation in a model-driven setting. It is
based on a meta model for an annotated abstract Java syntax
tree (JAST), a formal Java semantics, and operational QVT
transformations from arbitrary models into a JAST model.
The major ingredient is a calculus for operational QVT that
allows formal reasoning about transformations. It is imple-
mented in our theorem prover KIV.

Our target are transformations for security-critical sys-
tems, primarily in the context of our SecureMDD project.
Here, a UML model extended with our MEL programming
language of a security protocol is the basis for a formal spec-
ification where the security of the system can be proved,

and for generating a Java implementation of the protocols.
It is essential that the generated code is correct, i.e. a cor-
rect refinement of the formal specification. Since we gen-
erate Java Card code that runs on resource restricted smart
cards, the generated code is not trivial. Serialization and de-
serializationmust work correctly, and detect malicious input.
Objects must be reused, values copied, the code must never
throw run time exceptions, etc.

The transformations are several thousand lines long. In
principle, it is now possible to prove these properties though
the effort will be considerable. The work presented in this
paper is just a starting point. Future work includes adding
heuristics to the prover to increase automation, supporting
more QVTO operations, incorporating input validation, and
proving the correctness of our SecureMDD transformations.
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Appendix A: the rest of the example transformation

See Figs. 13 and 14.

Fig. 13 Operations creating
JAST expressions
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Fig. 14 Auxiliary operations

Appendix B: main lemma for the type correctness proof

Below is a simplified version of the man inductive lemma
for the mapping css->map toJavaClass() (line 12 in
Fig. 5, line 10 below). 6 It is generalized to allow induction on
then number of classes to map, and it contains the look ahead
argument that eventually all classes will be type correct. The
formula is explained below.

1. valid(in, UML), suitable(in), classrefs = select(‘packaged
Element’, in),

2. css � classrefs, unmapped(css, trace),
3. valid(out, JAST), out = out’ + jcs, isJavaClasses(jcs), # jcs + #

css = # classrefs,
4. ∀ tds. tds = model2sem(jcs)
5. → tds.names = firstN(# tds, classrefs.names)
6. ∧ parttc(tds) ∧ types∃ (tds.alltypes, classrefs)
7. ∧ ∀ td, cntxt. td ∈ tds ∧ td ∈ cntxt
8. ∧ types∃ (td.alltypes, cntxt)
9. → fulltc(td, cntxt)

6 The original theorem is toJavaClass-induction-fulltc
in specification UMLCDSimple at http://swt.informatik.uni-augsburg.
de/kiv/projects/secureMDD/uml2jastSimple/project.xml.

10. � 〈 (in, out, trace)res := css->map toJavaClass()〉
11. ∃jcs’. out = out’ + jcs + jcs’ ∧ res = pointsTo(jcs’)
12. ∧ ∀ tds. tds = model2sem(jcs + jcs’)
13. → tds.names = classrefs.names
14. ∧ parttc(tds) ∧ types∃ (tds.alltypes, classrefs)
15. ∧ ∀ td, cntxt. td ∈ tds ∧ td ∈ cntxt
16. ∧ types∃ (td.alltypes, cntxt)
17. → fulltc(td, cntxt)

– Generalized invariant:The precondition describes a sit-
uation in the middle of the iteration. The original list
is classrefs, the UML classes of the input model
(line 1).
The classes in css have not yet beenmapped (unmapped
(css, trace), line 2), hencecss is a postfixof classrefs
(css � classrefs, line 2).
The output model contains some Java classes jcs
(isJavaClasses(jcs) and out = out’ + jcs, line 3). The
length of css plus the length of jcs equals the length
of the original classrefs (# jcs + # css = # class-
refs, line 3). The idea is that jcs holds the result of the
already mapped UML classes.

http://swt.informatik.uni-augsburg.de/kiv/projects/secureMDD/uml2jastSimple/project.xml
http://swt.informatik.uni-augsburg.de/kiv/projects/secureMDD/uml2jastSimple/project.xml
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Now let tds be the Java classes jcs converted to
the formal semantics (line 4). Then their class names
(tds.names, line 5) equal the first n names of the original
UML classes (line 5).

– Type correctness: Theses Java classes tds are partially
type correct (parttc(tds), line 6) and they contain only
class types that are UML classes (types∃ (tds.alltypes,
classrefs), line 6).
Every Java class td that occurs in tds and in an arbi-
trary context cntxt (line 7) and where all types occur-
ring anywhere in td also exist as Java classes in cntxt
(types∃ (td.alltypes, cntxt), line 8) is (fully) type correct
(fulltc(td, cntxt), line 9).

– Postcondition: Then the output model contains addi-
tional Java classes jcs’ (line 11) that are referenced by
the result variable res, and the Java classes from the pre-
condition jcs plus jcs’ together (tds = model2sem(jcs
+ jcs’), line 12) have all names of the original UML
classes (tds.names = classrefs.names, line 13), i.e. the
iteration has finished.

The rest of the postcondition (lines 14–17) is identical to
the precondition (lines 6–9).

The postcondition implies that all Java classes are fully
type correct.
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