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Model Mapping Using
Formalism Extensions

Transforming models
from one formalism
to another is key in
OMG's Model Driven
Architecture.
Formalism extension
plays an essential
role in this process.

Guy CGaplat and Jean-Louis Sourrouille, INSA of Lyon

he Object Management Group’s Model Driven Architecture! de-

fines a system development approach that formally separates sys-

tem specification from platform implementations—in platform-

independent models and platform-specific models, respectively.

According to MDA, software development involves a sequence of model

mappings that transform an initial PIM to a final PSM that is precise

enough for direct translation into an executable program.

A mapping is a set of rules and techniques
for translating one model into another. Map-
pings range from minor model refinements to
major transformations.

When the starting and final models are ex-
pressed in the same formalism, the mapping is
said to be intralanguage; otherwise, it is inter-
language.> The MDA sequence of mappings
from PIM to code—that is, from a semiformal
to a formal language—includes an undefined
number of intralanguage mappings and at least
one interlanguage mapping. We focus here on
interlanguage mapping, showing the central
role of formalism extension mechanisms in
managing the abstraction-level gap between
languages as well as the platform-level details
of specific implementations.

System modeling and formalisms
Figure 1 uses OMG’s Unified Modeling Lan-
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guage (UML)3 notation to illustrate the relation-
ships among the main notions in system model-
ing. A model represents a system using a given
formalism, or language—that is, a set of con-
ventional signs or terms. A model always re-
flects a subjective viewpoint on a system: To
model is to observe something according to a
chosen theory and to express the observer view-
point formally.

Primitives, semantics, and constraints

A formalism is based on a set of relevant ab-
stract primitives, or notions. In system model-
ing, abstract primitives include notions such as
class, inheritance, message, and constraint.
Concrete primitives represent these notions in
forms such as boxes and arrows; semantics spec-
ify their meanings: what it means to be “a class,”
for example. A notion’s semantics are an ab-
straction that can be expressed in any language.
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Figure 1. Basic model of relationships among the main notions in

layer, which defines metalanguages such
as MOF for the M2 level.

system modeling. The relationships are expressed in UML notation;

the example constraint is expressed in OCL.

Semantics induce constraints, such as the
irreflexive inheritance relationship. Con-
straints apply to models, restricting the use of
concrete primitives and ensuring the model’s
syntactical legitimacy. The constraints are
given an external form in a language such as
Object Constraint Language. Figure 1, for ex-
ample, uses OCL to express the irreflexive
constraint. A language’s expressive power and
computability determine whether constraints
can be checked automatically or not.

An extension specifies new notions and de-
fines their semantics using formalism primi-
tives, just as the original notions are specified.

Metamodels

Any formalism reflects a viewpoint that de-
termines a set of modeling primitives and their
semantics, along with the orthodox way to use
them. A formalism thus embodies principles for
viewing and modeling any system.* Because a
formalism has all the characteristics of a system,
it can be modeled as such—in Figure 1’s terms,
Formalism inherits from System.

A formalism’s model is usually called a
metamodel. We use m(s)/f to denote a model
m of the system s in the formalism f, and we
use mm(f)/F to denote a metamodel of f ex-
pressed in F—that is, a model mm of the sys-
tem f in the formalism F.

Notice that a model is a metamodel only
when it models a formalism. Any metamodel
mm of a formalism f describes the set of ab-
stract notions in f, their syntax, semantics, and
constraints. For example, the metamodel
mmy(f1)/F defines and expresses in F how to
make and give sense to any model m1,(sp)/f;.

In turn, F should be modeled. Although the
number of modeling layers is theoretically un-
limited, UML is based on a four-layer archi-
tecture labeled MO to M3. Figure 2 shows
four layers instantiating the model in Figure 1:

B MO defines the modeled system, aSystem.

B M1 defines aSysterr’s UML model, aModel.

B M2 defines two metamodels of UML—
specifically, aUMLmm1(UML)/UML, ex-
pressed in UML, and aUMLmm2(UML)/
MOF, expressed in OMG’s Meta-Object
Facility.’

B M3 defines a metamodel aMO Fimm(MOF)/
UML of the MOF expressed in UML.

Because UML provides all the elements needed
to describe a language, UML models exist for
both the MOF and the UML itself.

A model mapping is a transformation
mq(s)Ify — my(s)/f2, shortened my/f; — mylfs.
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In intralanguage mappings, where f; = /5, an
ordered suite of modeling actions describes the
transformation m1,/f — m,/f. These modeling
actions are of few types: Create aModel-
Element, Delete aModelElement, and
AssignValueTo aModelElement, where
aModelElement is an instance of any primi-
tive notion of f.

In interlanguage mappings, the source and
target formalisms are different—for instance,
m/UML — m,/Java or m,/C++ — ms/assem-
bly code. The mapping effort depends on the
semantic distance between the two formalisms’
notions. Interlanguage mappings are more
complex than intralanguage mappings: They
must not only describe the modeling actions to
go from m; to m, but also compare the two
formalisms to determine the extent to which
the semantics of f; transfer to f,. For example,
they must translate UML asynchronous mes-
sages to C++.

To compare the notions of f; and f, requires
an M2 metalevel description of mm(f1)/F and
mn,(f>)/F in a common formalism F.6 MOF is a
good candidate for this task because it provides
operations on several abstraction levels. For ex-
ample, it allows users to invoke an update oper-
ation on M1-level objects and to access proper-
ties such as an object’s M2-level metaobject.

Comparing formalisms

Obviously, when f; includes primitive no-
tions that f, primitives cannot express, some
mappings m(sy)/f; — m(s,)/f> are not possible.
This problem doesn’t occur when f; and £, are
defined informally or semiformally. Nor does
it come up when a programming language is
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translated to executable code insofar as pro-
gramming languages are designed for such
translation. On the other hand, the problem
can arise when a semantic gap exists between
two formalisms—for example, differences in
their granularity or expressive power.

This semantic gap raises the question of a
formalism’s strength to build accurate models
of any system. Should the semantics of the for-
malism’s notions reproduce the semantics of the
“categories of things” in the modeled domains?
This position would require UML, for example,
to include notions of Class and Inheritance be-
cause they correspond to notions that exist in
“real life” modeled systems. Clearly, this posi-
tion is unrealistic.

A language is both a tool for expressing a
theory, or interpretation, of a given system and
a filter that acts on the perception of the system.
It is because natural languages provide the no-
tions of concept (or its equivalent) and special-
ization that we have learned to perceive simi-
larities between objects and organize them into
taxonomies. Thanks to natural-language prim-
itives, the world appears to be structured, and
by a boomerang effect, modeling formalisms
provide sets of primitive notions that are simi-
lar to each other, exhibiting only slight seman-
tic variations.

Extensions play an essential role in dealing
with the differences between formalisms.

Extending formalisms

The vocabulary needed to model a system
depends on the domain: Real-time systems dif-
fer from information systems, and so on. A
formalism might require new primitives or
structures to increase its expressive power for
different domains. There are two approaches
to adding primitives:

B accepting the principle of modifying the
set of primitives, and

m including the notion of extension as an ab-
stract primitive.

The former approach is heavy. It requires a
new release of the language to modify the
metamodel as well as a consensus on the new
version’s abstract primitives, concrete forms,
and semantics. Moreover, the formalism will
continually grow.

UML follows the latter approach and pro-
vides extension mechanisms: notions (stereo-
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type) based on existing primitives (metaclass),
properties (taggedValue), and constraints
(constraint). This way, UML deals with light,
local, or not yet commonly accepted modifica-
tions. UML defines how to make extensions;
the extensions, stored in profiles, define new
primitives and their semantics.” For example,
the UML Profile for Schedulability, Perfor-
mance, and Time defines primitives in the real-
time domain.

For model mapping, formalism extensibil-
ity is both a burden and an advantage. It’s a
burden insofar as developers who add exten-
sions fo to f must precisely define their se-
mantics to allow m(s)/(fi + fexr) = m2(s)/fa.
On the other hand, extensibility offers a
chance to enhance expressive power: Let pro-
file P,_, be UML profile extensions that de-
fine the f; primitives not existing in f,. The
formalism f; + P,_, has the expressive power
of f1, and the mapping m,/f; — my/(f> + Pr_p)
becomes straightforward.

Each formalism in the n2,/f; — m,/f, map-
ping can provide extension mechanisms, and
both are useful in the MDA approach. PIMs are
described in UML, then adorned and tagged
with ad hoc elements that are defined in pro-
files—like marking in MDA.® For example, the
Corea profile defines stereotypes—Corpalnter-
face, CorBaValue, and so on—that mark classes
to indicate what they represent.” The UML-to-
Ptolemy translation follows the same path.’

Using extensions to map hetween formalisms

Figure 3 summarizes the general cases for
translating models from one formalism to an-
other, m/f; — mlf;.

Translation 71 addresses notions common
to f1 and f; (a, in Figure 3). Without language
extension, direct translation would be limited
to these notions.

Translation 72 addresses notions in f, but
not in f;. The translation requires an exten-

sion of f; to capture the notions needed from
f> (b, in Figure 3). Figure 4 illustrates the ex-
tension of a UML model (f;) for a 72 transla-
tion into C++ (f,) for the Adaptable Real-
Time Object (ARTO) framework,'? which we
developed for optimizing the quality of serv-
ice (QoS) of real-time software systems. C++
includes many notions and expressions not in
UML; for instance, the main function to
manage multithreaded programs, which is
automatically created during translation. Fig-
ure 4 shows code in UML notes—f; exten-
sions with notions from f,, such as nbWwait-
ing = 0—to compute the object’s current
state from the states’ definition domains.

For notions in f; but notin f; (c, d, and e in
Figure 3), we distinguish three cases.

One is rewriting f; (70) notions in fq, m/f; —
mlf; (c, in Figure 3). For example, an n-ary re-
lationship is translated into 7 binary relations
without changing the semantics. Figure 4 illus-
trates this case with regard to the general form
of a UML transition: event [condition]/
action. To hide actions in the state diagram,
the ARTO framework calls the object method
m () when the object receives the event m—as in
the UML protocols. When the object receives
ack, the ARTO framework calls the method
ack() {nbWaiting — ;} to execute the code
related to action. ARTO doesn’t provide syn-
chronous messaging: rewriting a synchronous
message in an asynchronous message followed
by a wait might be suitable.

When rewriting is impossible or when it re-
quires model changes that go too deep to war-
rant it, notions of f; that have no translation
into f, are forbidden (d, in Figure 3); for in-
stance, multiple inheritance is forbidden when
the target language is Java.

The third case is to define an f, extension
that includes the needed f; notions (e, in Fig-
ure 3), then to translate f; into terms of the f,
extension (73). In ARTO, this case applies to

Figure 4. ARTO state
diagram in UML

rewritten and tagged
for translation to G++.
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Figure 5. Development
process example: m(s)
is the system model
at various states of
development.

the numerous UML notions that C++ does not
provide, such as active objects and asynchro-
nous messaging, but above all to the exten-
sions related to QoS, such as message dead-
line, worst-case execution time (WCET), or
message queue size.

The 13 translation mode shifts translation
difficulties to later in the development process—
specifically, to code generation. For instance,
generating code from UML models requires a
C++ library to implement the asynchronous
messages.

How difficult are these translations? 71, 12,
and 73, which deal with a, b, and e in Figure
3, are easy to automate because the transla-
tion preserves the notions. 70 is a rewriting in
the same language that can be partly auto-
mated; moreover, software developers can
avoid it by not using notions of a. All these
translations are quite simple; the Figure 3
framework therefore shows a general and
practical approach for model translation.

From PIM to code

Figure 5 illustrates the general development
process for transforming the specification of a
given target application’s PIM, m(s)/f;, into a
program (s)/f; written in an executable lan-
guage fr. Typically, a developer first describes
the system in UML (f; in Figure 5). Then the de-
veloper or an automatic process translates the
model into a programming language such as
C++ (f» in Figure 5, with f; # f;), and the com-
piler translates the program into executable
code (fy). (Figure 5 doesn’t show the earlier
transformations that refined the PIM by adding
elements related to the application domain.)

Ideally, once a model mr(f; — f)/fr de-
scribes the actions to translate f; notions into f,
notions in a transformation language fr, such
as QVT,!" a generic metatranslator can build a
specific translator. Generally, translators such
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as compilers are not language-parameterized,
and the developer must code actions directly.
On the other hand, m/(f; + Pr ) > ml(fr +
Py, ,) requires a minimal description of the
target platform model #2°(s/pm)/f. This descrip-
tion includes application-independent data,
such as the target language, and various appli-
cation-dependent parameters. In ARTO, for
example, such parameters include methods’
WCET and active objects’ thread assignment.

A developer could set values directly in the
PSM, but it is preferable to set parameters that
can be replaced by values at translation time.
For instance, instead of marking the operation
op; with a 10-millisecond WCET in the PSM,
op; is associated with a parameter d_op;. The
developer will define the value of d_op; in
m’(s/pm)/f according to the platform, and the
compiler will use the correct value during
translation (f is translator specific).

Therefore, several models are combined at
translation time to build the target platform
model. Mixing models isn’t easy even when
they are expressed in the same formalism:
Data from the two models must be linked (for
example, d_op; with its value); moreover, the
links must be preserved throughout successive
development iterations. The same problem
arises in aspect-oriented software develop-
ment where an aspect weaver gathers the
viewpoints on a system, or aspects, to generate
the target code.'>!3 Marking the PIM/PSM
(Add (b) in Figure 5) using f; extensions and
annotations'* makes the translation into £,
easier. The extension mechanisms have great
practical interest: Py, s anticipates the map-
ping from f; to f», by using f, primitives as if
they are f;’s, while P, _, extends £, primitives
with f; primitives that do not exist in /5.

By definition, as soon as the PIM integrates
platform-specific information, it becomes a
PSM. Elements such as operating system API,



hardware compression, or operations’ WCET
are related to the target platform. Assuming that
f> is the mapping’s target language, the transfor-
mation of PIM to PSM begins when model ele-
ments depending on f, are added using the
Pf —f, extension. Hence, the real mapping issue
is ‘model translation between different for-
malisms rather than model transformation from
PIM to PSM.

Adding specific data to the PIM might seem
paradoxical, but it works because the descrip-
tion is captured separately in extended f;.
Many CASE tools, such as I-Logix’s Rhapsody
and IBM Rational Rose RT, follow this path
to generate code from extended UML, keeping
rather good platform independency. Unfortu-
nately, tool extensions aren’t compatible, and
models are tool dependent. This makes a
strong point in favor of common profiles.

The development process ends by mapping

(s)/f, to mys)/f. While programming lan-
guages cannot add new notions, they can sim-
ulate extensions through external libraries.
The libraries implement specific f, notions ab-
sent from f. A thread management library is
one example.

To sum up, the PIM-to-code process in-
volves defining the profiles Py,  and Py s,
then translating from f; + Py, , into fr+ Pr s,
while combining m/(f; + Py —fl) and m’ s/pm /f
and finally implementing in f the libraries that
correspond to f, extensions.

Application to ARTO tool development

We used this process to develop a compan-
ion tool for the ARTO framework. The mod-
eling language consisted of UML plus exten-
sions to manage the QoS (UML) and C++
for expressions that UML cannot describe
(Pciumr,, ). An iteration of the development
process includes two mappings:

m(s/ pm
M(IUML g Py _pgy — S P

lib(P, _
m(CH +Poyy ey Pt -cr)

m(s)/code

We used the Rational Rose tool to handle
UML and added functions to manage exten-
sions and generate code. The ARTO specifica-
tion wasn’t complete at the beginning of the
tool development project, so we first imple-
mented and validated a library to supply all the
necessary QoS notions and behavior. Then we

defined the UML extensions, using stereotypes
to introduce new notions such as the Ac-
tiveObject and MetaObject classes. System de-
scription requires many tagged values—method
duration, message choice policy, object thread
number, exceptions, and so on—too numerous
to use the UML form {name = value}. We
therefore developed an add-in with a dialog for
inputting values in a more user-friendly way.
The add-in verifies constraints related to values.
Some model modifications imply changes in re-
lated parts; the add-in performs these automat-
ically, thus relieving the developer of an unnec-
essary burden.

We based code generation on a general
mechanism that proved useful. The ARTO
framework includes numerous “holes” that
developers can fill in many ways. Default be-
havior is inherited while specific behavior for
each kind of object is handled by a metaob-
ject. To effectively separate QoS-related code
from system function code, almost all the gen-
erated code is in the metaobject class.

The Rational Rose tool generates only the
code of object classes. The ARTO tool gener-
ates the code of metaobject classes, translates
state diagrams to process events and ensure
that transitions are licit. It also translates ex-
tensions into C++, replacing marks within
template files and building data structures;
and it generates additional expressions such as
object structure (creation and links) from a
collaboration diagram. Platform-dependent
values such as method duration are given
unique names that the compiler replaces by
their value, including the corresponding
macrodefinitions. To complete the program,
the developer refines the PSM by adding C++
code through a standard development tool.

The ARTO tool doesn’t provide the reverse
model mapping from C++ to UML, except for
regular classes and their relationships. Hence,
all other modifications take place in the
model. Developers should refrain from modi-
fying generated code; modifications require
knowing the implementation specifications
while the ARTO tool gives only the extension
specifications.

What role do extension mechanisms play in
this process? They eliminate the need to
change the original and target languages. As a
result, developers can use ordinary tools to
model systems and translate common notions.
Only extensions require unique mappings.

Developers can
use ordinary
tools to model

systems and
transiate
common

extensions

require unique
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Figure 6. Mapping of generic Constraint Checker metamodel in UML to
domain-specific constraints in the PSM rule base.

Translating new notions into the target lan-
guage is the greater part of the work, but it
follows a clear and organized implementation
approach (see Figure 3). In particular, pro-
gramming language extensions (libraries) are
designed based on notions and properties that
provide component boundaries and content
automatically.

Application to Constraint Checker

We also developed an expert system, Con-
straint Checker, 5 to check 2;(s,)/UML mod-
els. CC takes m,, contents as input and returns
warnings about model inconsistencies and in-
completeness.

We have written a UML metamodel subset
(Class diagram) into Sherlock, which acts as the f,
formalism in Figure 5. Following the model in Fig-
ure 1, the metamodel 72772(UML)/Sherlock is com-
posed of mm(UMLAbstractPrimitive)/Sherlock,
which defines the UML abstract primitives, and
mm(UMLConstraint)/Sherlock, which defines
their semantics—for example, irreflexive(Inheri-
tance). mm(UML)/Sherlock constitutes a generic
frame for checking any UML class diagram.
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At the metamodel level, 72;(s;) models both
the structure of s;, and the specific domain con-
straints that apply. The former is represented by
myg(s,_Structure)/UML; the latter are represented
in UML + Extensions (f;) by #ip(s,_Domain-
Constraint)/(UML + Psperock—umr)- Concretely,
Pgpertock—umr, defines stereotypes and tags to ex-
press constraints in a Sherlock-like form.

CC includes an inference engine and two rule
bases: the PSM i (UMLConstraint)/Sherlock
and the domain-specific model #1p(s,_Domain-
Constraint)/Sherlock. Before checking a model,
CC performs the mapping mp(s,_Domain
Constraint)/(UML + Psperiock—umt) — 7p(Sg_
DomainConstraint)/Sherlock. These bases are
run on mg(s;,_Structure)/Sherlock mapped from
mg(s_Structure)/UML, as shown in Figure 6.

In brief, this approach customizes the
generic CC made of mm(UML)/Sherlock with
the domain-specific constraints contained in
mp(s,_DomainConstraint)/Sherlock (see “com-
bine platform model” in Figure 5). Then, the
resulting CC runs the model m14(s;,_Structure)/
Sherlock mapped from 1, (s;)/UML and gives
back specific warnings or advice about
mk(sk)/UML.

This example shows the use of extension
mechanisms to add a UML profile specialized
in the modeling of declarative programming.
Actually, Pgperock-umr defines a stereotype of
production rules with several tags that allow
defining let, if, and then parts of any standard
production rule. Such a profile is a means to
complete UML descriptions with inferential
reasoning and to develop knowledge-based
applications.

athered into UML profiles, extensions

simplify translation by formalizing

target-specific notions. Moreover,
they provide a clear and organized implemen-
tation approach for translator development.
Because the PIM becomes a PSM before trans-
lation into the target language, the real MDA
issue is mapping from one language to another
rather than from a PIM to a PSM.

The importance of UML profiles in MDA
drives our current work to define an approach
to building profiles in UML 2.0. Our goal is to
describe a profile P as input to a knowledge
base for automatically verifying that models
expressed in UML + P conform to P. The main



issues are to formalize a design method and
transform the profile description semantics into
a set of CC constraints. When P specifies the
rules of well-formedness, CC can use the rules
reflexively to enable self-checking. @
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