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Model-driven Development

These slides present an introduction to model-driven
development.

Thanks to J-M. Jézequel, B. Combemale and Lior
Limonad for their inspiring slides.

--Martin Monperrus, June 29, 2010

Creative Commons Attribution License
Copying and modifying are authorized as long as
proper credit is given to the author.
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Abstract Metrics offer a practical approach to evaluate
properties of domain-specific models. However, it is costly
to develop and maintain measurement software for each
domain-specific modeling language. In this paper, we pres-
ent a model-driven and generative approach to measuring
models. The approach is completely domain-independent
and operationalized through a prototype that synthesizes a
measurement infrastructure for a domain-specific modeling
language. This model-driven measurement approach is
model-driven from two viewpoints: (1) it measures models of
a domain-specific modeling language; (2) it uses models as
unigue and consistent metric specifications, with respect to a
metric specification metamodel which captures all the neces-
sary concepts for model-driven specifications of metrics. The
benefit from applying the approach is evaluated by four case
studies. They indicate that this approach significantly eases
the measurement activities of model-driven development
processes.
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1 Introduction

Metrics offer a practical approach [25,48] to evaluate non-
functional properties of artifacts resulting from model-driven
engineering (MDE) development processes. Ledeczi et al.
[25] showed that a use of the models is design-time diagnos-
ability analysis to determine sensor coverage, size of ambigu-
ity groups for various fault scenarios, timeliness of diagnosis
results in the onboard system, and other relevant demain-
spectfic metrics. More recently, a similar point of view is
expressed by Schmidt et al. [48]: in the context of enterprise
distributed real-time and embedded (DRE) systems, our sys-
tem execution modeling (SEM) tools help developers, sys-
tems engineers, and end users discover, measure, and rectify
integration and performance problems early in the system’s
life cycle.

Contrary to general-purpose programming language mea-
surement software, domain-specific measurement software
is not big enough a niche market; that is to say there are no
measurement software vendors for specific domains. Hence,
companies most often have to fully support the development
cost of the model measurement software. Similarly to mea-
surement software packages for classical object-oriented pro-
grams [28], model measurement software is complex and
costly. Indeed. it must address the following requirements:
the automation of measurement, the integration into a mod-
eling tool, the need for extensibility and tailoring, etc. In all,
the order of magnitude of the cost of model measurement
software is several man-months [28,50].

Our goal is to address the cost of measurement software for
models by providing a generative approach that can synthe-
size a measurement environment for most kinds of models.
In other words, we would like to have a prototype that allows
the generation of measurement software for UML models,
for AADL models, for requirements models, efc.

4 Springer
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MDD in one slide

Model-driven software development is

* an approach to software development

* which does not rely on general purpose
programming languages only

* which uses models as first-class artifacts
(mostly software architecture models,
domain specific models)

* which heavily uses code generation

Nota bene: for sake of simplicity, consider that
model-driven development = model-driven engineering = model-driven architecture 5



Lecture on Model-driven Development

Part 1: Introduction

Llstates[999] = (state *) malloc (sizeof (state));
current_state = Istates[999];
current_state->name = 999;
current_state->ntransitions = 25;
current_state->ltransitions =

(transition *) malloc (sizeof (transition) * 25);
current_state = Istates|0];
t = &(current_state->Itransitions[0]);
t->trigger = 'y/;
t->message = 'Z';
t->tostate = Istates[543];



Introduction example

Problem

Finite State Machine

key q/

key x /
loadUI()

Solution

Finite State
Machine Spec

|

Expertise? Performance? Reuse?

C only platform

Code Generator

FSM.c
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Introduction example

## this is python code
class Core:
class FSM:
def __init__(self):
# a list of states
self.Istates=[]
class State:
def __init__(self):
# a list of transitions
self.transitions=[]
# a name
self.name='unset'
class Transition:
def __init__(self):
# the target state
self.tostate = None
# a char triggering the transition
self.trigger=None
# a string to be displayed when the transition is selected
self.message=None



-~~~ ]
Introduction example

def fsm2C(fsm,cfile,printdebug):
f = open(cfile,'w'")
for s in fsm.Istates:
f.write('#define '+str(s.name)+" "+str(i)+"\n")
f.write('int main(int argc, char *argv(]) {)
f.write('do {)
f.write('switch (state) {')
for s in fsm.Istates:
f.write('case '+str(s.name)+'": ')
f.write('switch (message) {')
for t in s.transitions:
f.write('case \"+chr(ord(t.trigger))+'\": state = "+str(t.tostate)+';\n")
f.write('printf("-> '+t.message+'\\n");\n")
f.write('}}\n")
f.write(‘'while (message |=EOF);")
if printdebug:
f.write('printf("Ending...\\n");")
f.write('return 0;}\n")
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Introduction example

# Definition of the model/program
# Imperative manner

fsm = Factory().createFSM()
s1 = Factory().createState()

s2 = Factory().createState()
fsm.addState(s1)
fsm.addState(s2)

t1= Factory().createTransition()
t1.trigger='x'
t1.message='yeahhh'
t1.tostate=s2

t2= Factory().createTransition()
t2.trigger='y’

t2.message='cool'
t2.tostate=s1
s1.addTransition(t1)
s2.addTransition(t2)

# x*x*xx CODE GENERATION ****
fsm2C(fsm, 'output.c',False)

10
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Generated code: $indent < output.c

#define s668 0
#define s546 1
int
main (int argc, char *argvl[])
{
//char* I=argv[1];
long state = 0;
char message;
do
{
message = getchar ();
switch (state)
{
case s668:
switch (message)
{
case X
state = s546;
printf ("-> yeahhh\n");
break;
default:
break;

}

11
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Introduction example: declarative expression

H#HHmperative-manner I<fsm>

fsm = Factory().createF SM() Istates:
st+=+actery-createStateH - I<state>
s2=+acteryf-ereateState name: s74
fsm_addWllSll{Q} transitions:
t4= Factory()-createTransitiont) - I<transition>
t1.trigger= trigger: x
t-message="yeahhh message: yeahhh
H-tostate=s2 y tostate: s75
fg_mgigie;_z,{.)'5 etetransitiont - I<state>
t2-message="cool name: s/5
t2tostate=st transitions:
st-addTransition{tt) - I<transition>
sZ-addtransition(t2)

trigger: y
message: cool

tostate: s74

12



The trick for marshalling

I<fsm> class MarshallingSystem:
Istates: class FSM(Metamodel.FSM,yaml.YAMLODbject):
- I<state> yaml_tag='fsm’
name: s74
transitions: class Factory:
- I<transition> def createF SM(self):
trigger: z return MarshallingSystem.FSM()
message: b
tostate: s75 -
- I<state> import yaml | .
stream = file('model.yaml’, 'r')
name: s75 fsm2 = yaml.load(stream)
transitions: stream.close()
- I<transition> fsm2C(fsm2,'output2.c',False)
trigger: |
mesSsage. a

tostate: s74

13



Discussion

Introductory example:

* One expert in the company encodes his knowledge in a code generator
(performance T, training |)

 End-users may develop software (declarative expression)

* Models can be reused (i.e. generating Java code instead of C code)

Model-driven development (MDD):
* Provides concepts to name the artifacts

* Provides tools to support the development (no use of workaround)

Source code of the example available at:
http://www.monperrus.net/martin/pyfsm-course.py

14
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Lecture on Model-driven Development

Part 2: Metamodeling
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Concept: metamodel

« In MDD, a metamodel is an object-oriented model which
captures the concepts and relationships of a domain.

* Instances of the metamodel are generally compiled to
general purpose languages with code generation. They can
also be interpreted.

* Instances of the metamodel are generally expressed
declaratively.

* Instances of the metamodel are generally not used at
runtime (no creation, no modification).

See: #Slide 7

16



e
A Metamodel for FSM

class Metamodel:
class FSM:
def __init__(self):
# a list of states
self.Istates=[]
class State:
def __init__(self):
# a list of transitions
self.transitions=[]

InitialState

H State
0.1 O name : String 1
a target
[:]“‘.'r
SOLUrge
0. L
H FiniteStateMachine ningFSM
outgoingTransitior
I:I”.

H Transitior

O gutput: String 0.”

= trigger : String [Incoming Transitior

17
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Metamodel for FSM

* Instances of the metamodel are generally compiled to
general purpose languages with code generation.

fsm2C(fsm2,'output2.c',False)

* Instances of the metamodel are generally expressed
declaratively.

|states:
- I<state>
name: s74

* Instances of the metamodel are generally not used at
runtime (no creation, no modification).

e No state or transition creation at runtime

See: #Slide 7

18
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Concept: metamodel

« In MDD, a model is an instance of a metamodel.

 Models are generally compiled to general purpose languages
with code generation. They can also be interpreted.

* Models are generally expressed declaratively, using a textual
or graphical syntax.

* When these two points hold, a model is a kind of program.

 Models are generally not changed at runtime.

NB: In the the following, we concentrate on the Eclipse/EMF/Ecore (meta)modeling framework

19



Core concepts: classes, references, attributes

H ETypedE lement

H EClassifier| o0..1

eType
A A
H EStructuralFeature
H EClass
eReferences
o abstract : EBoolean H EReference
o interface : EBoolean 0..
ttributes
f \Ka EAttribute
esuperTypes 0, .*
0, .*
H EDataType 0..1
"~ eAttributeType
H Person
author :
H Book HWriter
o title : EString o name : EString
= pages : EInt

20



Concept: containment

HEClassifier 0.1

H ETypedE lement

eType
A
H EClass
o abstract : EBoolean

eReferences

* physical meaning

* technical meaning

H EstructuralFeature

’T

H EReference

EBoolean

= ; .
o interface : EBoolean D..rE’CD”tal”mE”t -
M
esuperTypes
Q. .*
Librar Person , _
=i nfme . ESt?r‘j_ng s <11brary:L1brary>
- <writers name="Robert"/>
<books title="Dictionnary"/>
books iters </library:Library>
H Book > Hwriter
o title : EString author "o ame : Estring
o pages : EInt

21



Concept: multiplicity (EMOF)

H ETypedE lement
= ordered : EBoolean

HEClassifier| p. .1 o unique : EBoolean
= eType = lowerBound : EInt
A o upperBound : EInt

= many : EBoolean

H EstructuralFeature

H EClass
o abstract : EBoolean
o interface : EBoolean sheferences _|H EReference
Q0. .*
n
eSuperTypes
Q. .*
| can forget this!
H Library
= name : EString H Person
ArrayList<Writer> ....
books riters Set<Writer> ...
0..12
Q. .*
H Book .
= title : EString author_ H Writer
o pages : EInt 0.1 = name : EString
o category : BookCategory

22



Concept: association/opposite/symetric references (EMOF)

H EClassifier|o..1 H ETypedE lement
-~ eType

I\

H EStructuralFeature

ECL H EReference
:abstraact :a;;nnlean eReferences = containment : EBoolean
o interface : EBoolean 0..p= container : EBoolean
o resolveProxies : EBoolean
esuperTypes 1
0 * 0..1 1
T e0pposite
| can generate this! Book W
oo | books author ter
title © String —
anes - int narme ; String
public void setAuthor(Writer newAuthor) payes . a.* 1
{
if (newAuthor !'= author)
{
if (author != null)
msgs = ((InternalEObject)author).elInverseRemove(this, ..., msgs);
if (newAuthor '= null)
msgs = ((InternalEObject)newAuthor).elnverseAdd(this, ..., msgs);
msgs = basicSetAuthor(newAuthor, msgs);
P}

23
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Concept: unsettable

* A feature that is declared to be unsettable has a notion of an explicit
unset or no-value state. (not possible in Java)

 For example, if a boolean attribute is declared to be unsettable, it can
then have any of three values: true, false, or unset.

protected static final int PAGES EDEFAULT = 100;
protected int pages = PAGES EDEFAULT;
protected boolean pagesESet;

public int getPages() {
if ('pagesESet) throw new RuntimeException("pages is not set");
return pages;

}

public void setPages(int newPages) {
pages = newPages;
pagesESet = true;

}

public boolean isSetPages() {
return pagesESet;

}

public void unsetPages() {
pages = PAGES EDEFAULT;
pagesESet = false;

}

| can generate this!

24



Concept: model validation

* Checking whether

I<fsm>
modeled properties are Istates:

i Fi - - I<state>
satisfied (operation e a74
"validate") transitions:

- I<transition>
* containment, association, tostate: s75
multiplicity - l<state>
name: s74
o IR transitions:
Inste_ad of ertlng_ - <transitions
consistency checking by trigger: |

message: a
h an d tostate: s74

25



Concept: parser generation (aka marshalling)

Parsing / deserialization

<library:Library>
<writers name="Robert"/>
<books title="Dictionnary"/>
</library:Library>

Resource model =

resourceSet.createResource(anotherFileURI);
model. load(null);

codeGeneration(model.getContents());
// and that's it!

Serialization

Resource resource = resourceSet.createResource(anotherFileURI);
// Add the book and writer objects to the contents.
resource.getContents().add(book);

// Save the contents of the resource to the file system.
resource.save();

26



Back to the introductory example

I<fsm> I<fsm>

|states: |states:

- I<state> - &id001 !<state>
name: s74 name: s966
transitions: transitions:

- I<transition> - I<transition>
trigger: z message: yeahhh
message = tostate: &id002 I<state>
tostate name: s888

- I<state> transitions:
name: s/5 - I<transition>
transitions: message: cool
- I<transition> tostate: *id001

trigger: | trigger: y
message: a trigger: x

tostate: s74 - *id002

27



Concept: generated/semantic editor (With Eclipse/EMF)

= ¥ platform:/resource/cours-mde/Librany.xmi
¥ < Library
<4 Writer Robert

4 Book Dictionnary
4 Boolk Another boolk

b5 platform:/resource/cours-mde/library.ecore

r'@ library.ecorediag :’E example (‘@ class and reference (@ Libranyxmi 3

-,

= 0

2 Probl (E Cons (fif’ Searc (@ Java (Eﬂ Call Hi (@ Error (Ifl Prop 2

e Plug-q L Histcﬂ =g

o |E| % v
Property | Value
Author = Writer Robert
Author = Writer Robert
Category 1= Mystenry
Pages 1= 100
Title I= Another book
|| | ]

Textual editors can be also generated if there is a grammar. See
http:www.eclipse.org/Xtext/ and http://vimeo.com/8260921

28



.. ___________________00000_]
Metamodeling: summary of concepts

* Metamodel

* Model

* Containment for references

* Multiplicity for references

* Association / opposite references

* Unsettable datatypes and references

* Model validation

* Parser generation for declarative modeling
* Editor generation

29



Lecture on Model-driven Development

Part 3: Execution Semantics
(X9)

http://www.google.com/images?q=%22Executable+Semantics%22&start=20

30



e
Definition

*Execution semantics is the specification of the operational behavior of a
model.

*The execution semantics can be formal (declarative and/or mathematics)
*The execution semantics can be executable (machine processable)

o =mum | str | boo llunifmedlnull
v =¢|fmelz. . -) { ﬂtL‘L‘l’nc’ ¥ | { =tr O
e=x|uv]|let (A | E )I[]I[] |<il e[e]
b o tns E=e |1 (= x e| Ee ;| s (o E,(----)
5" Edition / December 2009 | Gotrs v-- steiE, strie - } | ELe ]I JLEY | EL] = ¢ | olE) = e
| # [] = E|deleve E[]Idﬁlﬂt u[E]
let (x R - Y R (E-LET)
(func(xy -z, ) { retwrn & ¥ (vy o0, ) — ez foy -om, S| (E-ApP)
-
ECMAscrI pt La ng uage { - gtr: - Hetr) — v (E-GeTFIELD)
1 11 i strs @ (atr: ) (E-GETFIELD-NOTFOUND)
Specification o T T umdaiine (B NoTFOUND)
{ stry: e st o cstrer e ¥ oLstedd = v For e R
—f stry: e st ow ---sfr',". ¥ (E-UpnaTeFIELD)

stre @ (stry )

(E-CrEATEFIELD)

{ stry: oy} [atr,d = o= { stre: oy, stry: o000 F
delete { stri: vy smtrgr oy ooomtrer wy ¥ [etred (E-DELETEFIELD)
s f stryr oo mtrgr owoooomtrgr e

sir. F (stry o)
delete { stra: oo} [ste] — { steg: oo b

[ E-DELETEF IELD-NoT Founn)

Fig. 1. Functions and Objects

31
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The Quick'n'Dirty Code Generation Pattern

def fsm2C(fsm,cfile,printdebug):
f = open(cfile,'w")
for s in fsm.Istates:
f.write('#define '+str(s.name)+' '+str(i)+"\n")
f.write('int main(int argc, char *argv(]) {)
f.write('do {')
f.write('switch (state) {')
for s in fsm.Istates:
f.write('case '+str(s.name)+':. ')
f.write('switch (message) {')
for t in s.transitions:
f.write('case \"+chr(ord(t.trigger))+'\": state = "+str(t.tostate)+';\n")
f.write('printf("-> '+t.message+'\\n");\n")
f.write('}}\n")
f.write('while (message I=EOF);")
if printdebug:
f.write('printf("Ending...\\n");")
f.write('return 0;}\n")

32
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The "toString" Code Generation Pattern

 is based on methods in the metamodel and
generally uses polymorphism.

class Intestate { 0.1 ownedStates
String toCode() { OWan%M d.”
// POLYMORPHISM H FiniteStateMachine H State _
return ownedStates.join("\n");} = name : String
} @ toCodel) &
i
class CompositeState { %’ .1
String toCode() { cUbStdres
// the generated code uses the State pattern as gc r—
C-Llen_t C-FI"IpC-SItE fate E LeafState
return "class "+this.name+"{ State currentState @ [ ®toCode( ® toCode()
}

class LeafState {
String toCode() {

// the generated code uses the State pattern as
State

return "class "+this.name+"extends State {}

}

33
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The Visitor Code Generation Pattern

* Visitor pattern

» decouples data structures and algorithms
* generally, each class has an "accept" method

« supports different generators

class FiniteStateMachine {
void accept(IVisitor v) { v.visitFiniteStateMachine(this)}

}

class State {
void accept(IVisitor v) { v.visitState(this)}

}

class CodeGeneratorl implements IVisitor{
StringBuffer code;
void visitFiniteStateMachine(FiniteStateMachine f) {
for(State s:f.ownedStates){
s.accept(this)}}

void visitState(State s) {code.append(s.toString())}
}

fsm.accept(new CodeGeneratorl());

34



The Template Code Generation Pattern

A template contains the structure of generated code.

Tools: Apache Velocity - Java Emitter Templates (JET) -
openarchitectureware - Acceleo

<?xml version="1.0" encoding="UTF-8"7>

<demo>

<isnice/>

<% for(Iterator i = elementList.iterator();i.hasNext();){ %>
<element><%=i.next().toString()%></element>

<% } %>

<!-- this is part of the generatd XML -->
</demo>

See http://www.eclipse.org/articles/Article-JET/jet tutoriall.html
35
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The Template Code Generation Pattern

<%@ jet package="org.jetTest" imports="java.util.List"
class="ComplexGen" %>
<%List<?> objectsToPrint = (List<?>)argument;%>
public class Complex
{
public void main(String[] args)
{
<%for (Object objectToPrint : objectsToPrint) {%>

System.out.println("<%=o0objectToPrint.toString()%>");

<% }%>

- o°

}

See http://www.eclipse.org/articles/Article-JET/jet tutoriall.html
36



The Interpreter Execution Pattern

* Use the interpreter design pattern

* Every class of the metamodel has a method interpret(Context c)

class Context {
reference currentState : State
attribute trigger : String

}

class FiniteStateMachine
{
operation interpret(c : Context)
Void
is do
c.currentState.interpret(c)
end

class State {
operation interpret(c : Context):
Void
is do
outgoingTransition.each { t |
t.interpret(c) }
end

}

class Transition {
operation interpret(c : Context):Void
is do
if c.trigger == self.trigger then
c.currentState := self.target
stdio.writeln(self.output)
end
end

}

Language: Kermeta. See http://www.kermeta.org. 37
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The Domain Virtual Machine Execution Pattern

All the execution semantics is expressed
as methods and fields of the metamodel.

class FiniteStateMachine

{
reference currentState : State
operation execute(events : List<String>) : String is do ... end
}
class State
{
operation nextState(event : String) : State is do ... end
}

class Transition {
operation isTriggeredWith(event : String) : Boolean 1is do
result := trigger.equals(event)
end

38
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Execution semantics: summary of concepts

* Execution Semantics

* The Quick'n'Dirty Code Generation Pattern
* The "toString" Code Generation Pattern

* The Visitor Code Generation Pattern

* The Template Code Generation Pattern

* The Interpreter Execution Pattern

* The Domain Virtual Machine Execution
Pattern
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Lecture on Model-driven Development

Part 4: Static Semantics
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Verifying properties

« Static semantics is the description of what are correct and valid models,
i.e. structural constraints on models.

* Not all static semantics can be expressed in the metamodel.

* Static semantics can be expressed in a general purpose language, but it's
verbose and error-prone.

Example: cycle in inheritance:
boolean containsInheritanceCycle(Model m)

{

return m.classes.forAll { x|not inheritsFrom(x,x); }

}

boolean inheritsFrom(Eclass child, EClass parent)
{
foreach (Eclass x : child.getEsuperClasses()) {
if (x==parent) return true;
if (X.inheritsFrom(parent)) return true;

}

return false;



OCL

OCL is a language to express static semantics. It
can be transformed to Java using different toolkits.
(Eclipse MDT-OCL, Dresden OCL Toolkit)

House Person
value : Money 0.~ 1@ socSecNr - Integer
houses owner | salary : Money

security | 1 getMortgage(sum - Money,

security : House )

1 | borrower

Mortgage
0.+ principal : Money 0.+
— monthlyPayment : Money =
mortgages | startDate : Date mortgages
endDate : Date

1. context Mortgage
invariant: self.security.owner = self.borrower

2.context Mortgage
invariant: self.startDate < self.endDate
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Static Semantics for Finite State Machines

initialstate H State
0.1

= name : String 1

Q..
H FiniteStateMachine ningFSM

outgoingTransitior
[:I”.
H Transitior

= output: String 0.7
= trigger : String |[incomingTransitior

What is missing?

-- example of required static semantics
-- determinism invariant

context Transition:
inv: self.source.outGoingTransition->select(x|x.trigger = self.trigger)->size=1
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. ]
Summary of the lecture

 The biggest thread in model-driven development is to produce
cheaper and better systems thanks to code generation.

 Model-driven development can be done with no special tools, and
with no graphics.

« Metamodeling languages (e.g. Ecore) provide more powerful
modeling constructs than simple OO.

« Metamodeling toolchains (e.g. EMF, Xtext) provides free marshalling
and model edition systems.

« We saw 5 different patterns for the execution semantics.

« Static semantics helps developers to create correct models.

Additional reading: The Pragmatics of Model-Driven Development by Bran Selic
http://www.cs.helsinki.fi/u/przybils/courses/CBD06/papers/01231146.pdf
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