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WHAT IS THE TALK ABOUT?

Model-Driven Engineering

* Models are core assets of development

* Frequently built using DSLs, based on domain meta-models

» Transformed (in-place, out-place), refined into code, etc

« Mainstream modelling approach is two-level (meta-models/models)
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WHAT IS THE TALK ABOUT?

Multi-level modelling

* More than two meta-levels at a time
* Meta-levels can influence other levels beyond the immediate one
« Simplifies modelling in some scenarios

“wo-level | “ui-cvel I

ProductType (22 % Product ProductType@?2
VAT: doubl ice: doubl :

- double price: (0% VAT@1: double

! ! price: d%uble

type

Book: ProductType mobyDick: Product
VAT=7 rice=10
\ P ) Book: ProductType

VAT=18.0
A

mobyDick: Book

price=10.0

- J




Can we use Multi-
Level modelling for
Model-driven
Engineeering?
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ﬁES, BUT WE NEED...

Suitable scenarios for M(LM)DE
Multi-level:

» Constraints

* Transformations
« Code generators
 DSLs

(
@oporting tools




AGENDA

Basic concepts of (potency-based) multi-level modelling

« Motivation and real world applicability
* Clabjects, potency, levels, OCA
« Examples

Tool Support: MetaDepth

 Case study: game development
Multi-level model management

 Constraints, transformations, code generation
» Multi-level DSLs
Advanced concepts




MOTIVATION

Sometimes, one needs to explicitly model meta-modelling
facilities, like:

- Instantiation (modelling both types and objects)
* Declaration and instantiation of attributes and references

* Inheritance

For example:

* Product types and instances [e-commerce applications]
 Task types and instances [process modelling languages]
- Component types and instances [architectural languages]
 Player types and instances [gaming applications]




EXAMPLE

Model product types (books, CDs) and their instances, to be
added on demand. Product types have a VAT, while
Instances have a price.

Explicit modelling of types and instances

- Types can be added dynamically
 Features of types are fixed and known a priori

Common modelling pattern, also known as: Type object
[Martin et. al 97], item descriptor [Coad 1992], metaobject
[Kiczales and Rivieres 1991]




TWO-LEVEL SOLUTIONS

Static types Explicit types Promotion transformation
ProductType ProductType type facet
vat: double {readonly} vat: double roduct
price: double 1Tt o
A 7P price: double
Product ProductType 4
. T B e |
price: double vat: double Book |
instance facet Sal A
Book Book: ProductType . - ,
vat : double =4.0 vat = 4.0 : Book:ProductType GoF: Book
dype : vat=4.0 /I price = 35
_________ 4
GoF: Book GoF: Product
price = 35 price = 35
o Requirements Complex Q Requires a transformation
not satisfied @ meta-model Hides information




MULTI-LEVEL SOLUTION

¢ Instantiation semantics is fixed @2

~ c ProductType
 Elements with instance and type
. vat@1: double
facets at the same time

price: double

O Simplicity (less objects)

@1 Book:
() ProductTypes can be extended ProductType
with additional features, vat=4.0
dynamically
@0 GoF: Book
price = 35




/Wait!

But does this
scenario occur often
Qn practice?

\




MULTI-LEVEL
PATTERNS

Patterns signalling that a multi-level solution could be
beneficial

Emulate a meta-modelling facility within a meta-model:

« Type-object: typing and instantiation
* Dynamic features: feature definition and instantiation

* Dynamic auxiliary domain concepts: class definition and
Instantiation

* Relation configurator: Reference cardinality and its semantics
- Element classification: Inheritance

In multi-level these facilities are native at every meta-level

J. de Lara, E. Guerra, J. Sanchez Cuadrado: When and How to Use Multilevel Modelling.
ACM Trans. Softw. Eng. Methodol. 24(2): 12:1-12:46 (2014)




PRACTICAL APPLICABILITY

How often do these patterns occur?
Analysis of >400 meta-models from:

* ATL meta-model zoo (305 meta-models) [8.5% occur.]
* OMG specifications (116 specs) [35%~38% occur.]
 ReMoDD (15 meta-models) [20% occur.]

» Articles in journals/conferences

84 meta-models with 459 occurrences (avg 5.5)

* Most common pattern is the type-object
* Most used solution is explicit types (~70%)




WHERE?

m Enterprise/Process Modelling

- Software Architecture

m Systems/Software Modelling
= Manufacturing

m Reverse Engineering
« Data modelling

- Requirements

Bibliographic
« Traceability HPATTERN
Metrics OCCURRENCES

#META-MODELS
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3 I name: String features |

T value: String
: ‘type-object] ; —
Software architecture, ; ; Tt ArtefactPort
| | ) i type
components and | required— e 4
- i Artefact | client fF——=———=— ———————— : i
services | 8¢ || Lisetionatboolean | P 7eragiort
’ | | relation configurator, | Instance
- Component types and : — 22 sorverPort | P type-object
. H A el T ANserver -
instances, port types and | pe I — | -
' i B — ype-!
instances | . Binding [~ opject
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EXPLICIT TYPES TO MULTI-LEVEL

* CloudML (6 T-O, 1 DF) « Multi-level solution

* 14 classes * 6 classes
D WithProperties 228l Property | dvramic:
; name: String | features | @2
value: String |
s ' destination@1
typ | s : Artefact s ArtefactPort <
i | destnaton| ArtefactPort |
i 'requirr,- i A g i %
| i 2> ClientPort : | provided
; Artefact ; cllerE?Otlbl “““ 1 | —> ServerPort
i i : 1S p 1onal: 0'0 ean E i Af‘tefaCtPOfT i Tsewer
| | relation configurator; | Instance || Bindin
: | id i |
E E e e*g ServerPort i A type-objecti 1’ |gt
E typel i N required L
; | —>| ClientPort
0..14, hdestination@0
E | Node
publicAddress: String
: id: String
Artefact ' *| Instance
Instance | | —=| ClientPort [SgTent
0] desiination | Instance |
Nodelnstance T Node |[!

[ publicAddress: String
i]id:_String type-object |




Multi-level modelling l m
the basftt



CLABJECT =
CLASS + OBJECT

Elements have a combined type and instance facet

@2
Book ProductType
vat@1: double
* Instance of ProductType price: double
« Can provide a value for vat
 Type for GoF @1 Book:
ProductType
« Can declare new features Ny
« (We'll see how, using the OCA)
@0 _
ProductType has type facet only Got. Book
i price = 35
GoF has instance facet only

C. Atkinson and T. Kiihne. 2001. The essence of multilevel metamodeling. UML’01 (LNCS), Vol.
2185. Springer, 19-33.




POTENCY

Used to characterize instances beyond the

next meta-level @2
ProductType
Models, clabjects and their features have a vat@1: double
price: double
potency
* Natural number (or zero) @1 ook
» Decreased at each lower meta-level ProductType
* Indicates at how many meta-levels the vat=4.0
element can be instantiated
_ @0 GoF: Book
We use the “@potency” notation ———
By default elements take the potency of their

containers

C. Atkinson and T. Kiihne. 2001. The essence of multilevel metamodeling. UML’01 (LNCS), Vol.
2185. Springer, 19-33.




LEVEL

Refers to the potency of the model

A model with level L can hold elements with potency <L

@2 tax@1 :
ProductType 0 > TaxKind@1
price: double value: double
@1 _ SuperReduced: Reduced: General:
Book: 18X|  TaxKind TaxKind TaxKind
ProductType —_—— —_—
value = 6.0 value =10.0 value = 21.0
0
@ GoF: Book
price = 35




ORTHOGONAL
CLASSIFICATION (OCA)

« Dual typing (ontological, linguistic)
 Make meta-modelling facilities facilities only at the meta-model
available at every meta-level level

C. Atkinson, T. Kiihne. 2002. Rearchitecting the UML infrastructure. ACM Trans. Model. Comput.
Simul. 12, 4 (2002), 290-321.

« Types and meta-modelling

Multi-level . Two-Level (eg., EMF)
@ .

-~ k&= MM Meta-meta-model
sl |22 ! (meta-modelling facilitites)
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o n o |
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ORTHOGONAL
CLASSIFICATION (OCA)

Linguistic meta-model @2
(very simplified)

ProductType

vat@1: double
price: double

Type 21+l nstance 1\°m @1
type 2 linstanceOf
otency: int
i 4 % Book:
ZS ZF 5 ProductType
[ 2
< vat = 4.0
c
Model = x
‘ lont
SUpPErs x . T* :instanceOf @0
Cla;Ject B GoF: Book
Feature price = 35




LINGUISTIC VIEW

L2: Model ProductType: Clabject
Linguistic meta-model potency=2 p(/)tencyzz
. . . N .
(very simplified) ‘type ‘type L S brice: Feature
‘type
potency=2 <€
0.1 > vat: Feature
Type Spe Instance A ootency=1
potency: int % A
A\ ZF o L1: Model Book: Clabject e
S >
! 2 potency=1 potency=1
< ‘type i ‘typ€
Model = > vat: Feature
supers « | T* polenorsy
Clabject [~ —>! pricel: Feature
*
T* potency=1
Feature |

LO: Model GoF: Clabject
potency=0 potency=0

price0: Feature

potency=0




LINGUISTIC
EXTENSIONS

Elements with no ontological type

 Ontological typing is optional
* Linguistic typing is mandatory

New clabjects or features

Not everything can be anticipated
at the top-most level

de Lara, Guerra. 2010. Deep meta-modelling with
metaDepth. In TOOLS’10 (LNCS), Vol. 6141.
Springer, 1-20.

@2

ProductType

vat@1: double
price: double

@1

Book:

ooks

ProductType

vat=4.0

numPages : int

Author

name: String

@O0

:books

GoF: Book

:books

price = 35
numPages = 395

eg: Author

eg: Author

name="“Johnson”

name=“Gamma”







DOMAIN SPECIFIC PROCESS
MODELLING DSPM@2

sre TaskKind Resource
GatewayKind _ | name@1: String JAY
tar | initial:Boolean=false : '
ar” ' lperfBy[ Performer Artefact
A final:Boolean=false 2 Kind Kind
| | timeStamp:Date insPg s/ M
Seq Join Eork duration:double




DOMAIN SPECIFIC PROCESS
MODELLING SSPM@?

sre TaskKind Resource
GatewayKind _ | name@1: String Z,X
tar | initial:Boolean=false ' '
ar” ' lperfBy[ Performer Artefact
A final:Boolean=false 2 Kind Kind
| | timeStamp:Date insTgtsM
Seq Join Eork duration:double

P2P:Seq 'Y preparation:TaskKind <ubs Subject Edu-PML@1
' > name=“preparation” > name: String | 2N
tar A 1l level: int 1
Attend :TaskKind Study :TaskKind |[Src tar Exam :TaskKind
< S2E:Seq >
name="“attend classes” name="study” name=“do exam”

de Lara, Guerra, Sanchez Cuadrado. Model-driven engineering with domain-specific meta-
modelling languages. Software and System Modeling 14(1): 429-459 (2015)




DSPM@2

src TaskKind Resource
GatewayKind name@1: String JAY
——> _ [ |
tar |_n|t|aI.BooIean—faIse lpertBy[ Performer Artefact
{ 5 final:Boolean=false 2 Kind Kind
| | timeStamp:Date NSyt
Seq Join Fork duration:double
P2P:Seq 'Sl preparation: TaskKind <ubs Subject Edu-PML@1
' > name=“preparation” >[ name: String <on
tar A 1 level: int 1
Attend :TaskKind Study :TaskKind | src tar Exam :TaskKind
< S2E:Seq >
name="“attend classes” name="“study” name=“do exam”

. Attend < :P2P > . Study < :S2E > . Exam
initial=true timeStamp=08/07/12 final=true
timeStamp=1/07/12 duration=2 timeStamp=10/07/12
duration=2 i duration=1

> Maths: Subject <€ l
name: “Maths” O
level: 1 PFOC@O Q




DOMAIN SPECIFIC PROCESS
MODELLING DSPM@2

sre TaskKind Resource
GatewayKind _ | name@1: String JAY
tar | initial:Boolean=false : '
ar” ' lperfBy[ Performer Artefact
A final:Boolean=false 2 Kind Kind
| | timeStamp:Date insPg s/ M
Seq Join Eork duration:double




DOMAIN SPECIFIC PROCESS
MODELLING

DSPM@2
src TaskKind Resource
GatewayKind name@1: String Z,X
e _ [ |
tar mltlaI.BooIean—faIse lpertBy[ Performer Artelact
A final:Boolean=false 2 Kind Kind
| | timeStamp:Date insTgtsM
Seq Join Eork duration:double
. actor: perfBy|  gpftwareEngineer:
SETa:sk. Tasl:Klnd 2 PerformerKind @1
nhame= SZ‘&‘SK skills: String[*]
' — A
Coding: TaskKind o ne')'& Testing: TaskKind | l
= Programmer: Tester:

name="“testing”

PerformerKind

PerformerKind

Soft-PML@1




ADVANTAGES

The top level can be customized for the process domain

» Family of DSLs for process modelling

Transformations can be defined over the top level and reused
across the whole family

« Code generators

« Model-to-model transformations

* In-place transformations

* Queries




COLLABORATIVE WEB
APPLICATIONS

@ Language Definition @ Final Application .
Component view Presentation view [ e ;
i «Component types Pages A : -
sl ;?D}‘ > «Component instances [€ =7 *Style — Welcame page
! “Interconnections °Lay2ut N
I
1 ! e s A
Lanquage : Data view User|view
Designer l
X *Data format {schemas) ‘Users G
I Data values ‘Roles S R P Users of the
: 0 “amrome= | Collaborative
H e w0 7 Web Application
[ L m o ;
M | {instance of code S
- | of components 1 » genera W/W] e ————
Technology ! p A :
Expert : @ ' (uses))
) v

F.2de
N Y




COLLABORATIVE WEB
APPLICATIONS

Component View —— @2

((applicable to})

| Component ‘ fm |
/N typed om))| Code generator |
i I - I —|

JavaScript === Applet | l_ _ _(ED_I"IEBDI_) _ _|J|
{(conforms1o}) {(conformsito)) :
“— @1 |~ ow| h YRl et !
Google | sp;:lflc | Google @ | Spsdmﬂc | :
Calendar | 1 _°%°¢ 11 ***|| Map ’*".I cove | :
| generator | v | generator | |
aﬁ_-:ﬁ,f:ﬂﬂfc:rr‘rﬁmg}} » nf_T:;E:unfr::trms to)) :
R i b DAL T - - _._._.;.’rn-.'_._._ e e e e e ettt t ottt - T’
An @0

Application ‘*

de Lara, Guerra, Cobos, Moreno-Llorena: Extending Deep Meta-Modelling for
Practical Model-Driven Engineering. Comput. J. 57(1): 36-58 (2014)




ARCADE/ADVENTURE GAMES

155010

Soo16E|
] —

Fy
Sa |28

FRE55 FIRE

Gauntlet



MLM FOR ARCADE GAMES

nextCell: next

Castle: TileKind

Pacman: HeroKind

ghosts: elements

Ghost: EvilKind

— elements _ ArcadeGame@?2
TileKind > ElementKind
«Mnext 4
| |
CharacterKind TreasureKind
EvilKind HeroKind
InitLives@1: int = 3
lives: int=3
score:; int=0
. Pacman@1
o coin: elements _ _
Cell: TileKind Coin: TreasureKind
_'T‘* value: int = 10




MLM FOR ARCADE GAMES

_ RuntimePacman@0
col: Coin
co0: Coin cl: Cell co2: Coin
‘ :nextCel/ : \:nextCeﬂ
c0: Cell nextcell)f C€2:Cell
‘nextCell
l nextCell
p: Pacman ‘nextCell
7 .
c4: Cell c3: Castle co3: Coin
‘nextCell
co4: Coin [€ o l value=20
q: Ghost




AGENDA

Basic concepts of (potency-based) multi-level modelling

» Motivation
* Clabjects, potency, levels, OCA
- Examples

Multi-level model management

 Constraints, transformations, code generation
* Multi-level DSLs
Advanced concepts




TOOLS!

Tool

potency)

mutability, star

potency)

MetaDeprth Melanee MultEcore ) DPE DeepRuby DeepJava | DeepTelos OMILM ML2 DDI FMMIx
Workbenci
Feature
Mechanism |Native-deep Native-deep Automated Native-deep Other Other Native-deep Native-deep Native-deep Native-deep Native-deep
(MLM meta- (MLM meta- promotion (specifications) |(Meta-prog. in |(Extensionof |(Telos (MLM meta- (powertypes) (Telos (Xcore
model) model) transformations Ruby) Java) propositions)  |model. Flora- 2) propositions) | extension with
ntrinsic
feature)
Instance Deep Deep Deep Shallow Deep Deep (potency) |Deep Deep Deep (regularity | Deep Deep
charact. (potency. leap  |(potency. (potency, range (dual potency) (most general | (potency, leap- |attributes) (dual potency) |(level attribute)
potency. star durability. potency) instances) potency)

(;nd more!)

Jacome-Guerrero, de Lara: TOTEM: Reconciling multi-level modelling with standard
two-level modelling. Comput. Stand. Interfaces 69: 103390 (2020)




// ) )

// v /

Y)Y VY)Y 77 IF )Y LY Y)Y 17 1))
Ny N NN AN,
1171 17 /7 (1T 1 // A

MetaDepth ve.2c

Top level command shell

Fri Sep 24 10:39:27 CEST 2021
>

Textual multi-level modelling tool with a REPL

- Started in 2009

» Deep characterization based on clabjects/potency
» Orthogonal Classification Architecture

* http://metaDepth.org

Integrated with the Epsilon Languages for model management

» Constraints in EOL/EVL

* Derived attributes in EOL

* In-place transformations in EOL

* Model-to-model transformations in ETL
« Code generation in EGL

de Lara, Guerra: Deep Meta-modelling with MetaDepth. TOOLS (48) 2010: 1-20


http://metadepth.org/

METADEPTH

Model Ecommerce@?2 {
Node ProductType {

@2

ProductType

vat@1: double=10
price: double=7.5

vat@1 : double=10:;

/ price : double=7.5;

}
}

@1

Book:
ProductType

vat=4.0

Ecommerce BookStore{
. ProductType Book { vat = 4.0; }

}

@0

GoF: Book

price = 35

BookStore WHSmith {
- —— Book GoF { price = 35; }

}




SAMPLE SESSION

ProductType

price@?2 : double=10.0
vat@@l ; double=7.5

> load “ProductSimple”

:: loading ../metadepth.samples/ProductSimple.mdepth T

<<ontalogical instace=:

(6 clabjects created in 0.22 s).

BookStora \

@ﬂd FroductT ype ==
Book

> dump

:: dumping all

vat=4.0

.. (shows the models in memory)

> compile PlantUML x

Executing :{{untnlugical instace=>

:: compiling all models to PlantUML format, WHSmith \

generated file ./Ecommerce.txt << Book >
@ GoF
price=35.0

(generated png
by PlantUML)




LINGUISTIC META-MODEL

&

+instance

Clabject  Thype
+ context —potencyint
. 1t -hiame:5tring
-sirict:boolean

-inimwnmcint -

<< from Constraints == _maximarcint

Constraint 7
ModelFactory
0.1 [ QualifiedElement + ks Field
+factory + children > > jsOrdered:boolean | * +fieldValue | << from DataTypes >>
+ oWner * i )
-sUnigque:boolkean FiaidValue
’ {ordered} | = o1
[‘3 “sReadOnly-boolean 2
+metamode! container . 4slD-boalean
{generﬁl
- - — ri
VirtualMachine +models Model Classifier * o +memberEnd | 2.*
specific
I 1-3
DerivedField == from DataTypes ==
* 7 N * + fieldValue i .
+|miports | Derivedyalue
0.1
&
Hode Edge
+shAbsiractboolean




DERIVED FIELDS

Model Store@2 {
Node ProductType{
vat@1 : double =7.5;
price : double = 10;
[finalPrice@2: double = $self.vat*self.price/100 +self.price$;
}
}

Computation expressions for derived fields using the Epsilon
Object Language (EOL)

Derived fields with primitive type, or references




RUNNING EXAMPLE (1)

Model ArcadeGame@2 {
Node TileKind {
next : TileKind[*];
elements : ElementKind[*];

¥

TileKind

elements

ElementKind

=P next

a 4

A

ArcadeGame@2

[
| CharacterKind |

| TreasureKind |

| EvilKind |

HeroKind

initLives@1:int=3
lives: int=3

score: int=0

abstract Node ElementKind{}

abstract Node CharacterKind : ElementKind { }

Node HeroKind : CharacterKind {
initlLives@l : int = 3;
lives : int = 3;
score : int = 0;

}
Node EvilKind : CharacterKind {}

Node TreasureKind : ElementKind {}




RUNNING EXAMPLE (2)

@2
ArcadeGame PacMan . elements| Element
TileKind Cell { { TileKind 2 Kind
nextCell : Cell[*] {next};
coin : Coin[@..1] {elements}; _
pacman : Pacman[@..1] {elements}; . com. coin:
ghosts : Ghost[*] {elements}; TiI%LKIiII.’]d ﬂi Element
} = 0-1 Kind
TileKind Castle : Cell {} pacman’
elements Pacman
TreasureKind Coin { 0.1 El&_mgnt
value : int=10; oG
}

HeroKind Pacman {
initLives = 3;

}

EvilKind Ghost {}




RUNNING EXAMPLE (3)

PacMan
Cell
Cell
Cell

RuntimePacman {

c®0 { nextCell = [cl, c4]; coin = co@; pacman = p; }
cl { nextCell = [c2, c@]; coin = col; }

c2 { nextCell = [c3, cl]; coin = co2; }

Castle c3{ nextCell = [c4, c2]; coin = co3; ghosts = g; }

Cell

c4 { nextCell = [cO, c3]; coin = co4;}

Pacman p {}
Ghost g {}

Coin
Coin
Coin
Coin
Coin

coo {}
col {}
co2 {}
co3 { value = 20; }
cod {}




AGENDA

Basic concepts of (potency-based) multi-level modelling

» Motivation
* Clabjects, potency, levels, OCA
- Examples

Tool Support: MetaDepth

 Case study: game development
Multi-level model management

* Multi-level DSLs
Advanced concepts




CONSTRAINTS

MetaDepth uses the Epsilon Object Language (EOL) to
express constraints

» Also for operations and expressions for derived fields

EOL is a variant of OCL

* Permits side effects (assignments, object creation)
- Has imperative constructs (e.g., loops)

The basis of other Epsilon languages

« ETL for model-to-model transformation
- EGL for code generation




DEEP CONSTRAINT
LANGUAGE

Level at which the constraint is defined vs level at which we want to
evaluate it

 Constraints have “potency”

@2
ProductType
posPrice@2: | defined | vat@1: double
self.price>0 price: double
|
\ @1 Book:
Y ProductType
\
. vat=4.0
evaluated .
20 (N4
RN ;) GoF: Book
price = 35




DEEP CONSTRAINT
LANGUAGE

Level at which the constraint is defined vs level at which we want to
evaluate it

 Constraints have “potency”

@2
ProductType
posPrice@2: | defined | vat@1: double
self.price>0 price: double
|
\ @1 Book:
Y ProductType
\
. vat=4.0
evaluated . , ‘
\\\ O
RN ;) @ GoF: Book
price=0




TRANSITIVE TYPING

We might not know type names at intermediate levels

A
lotsOfProducts@?2:
ProductType.allinstances()->
size()>10

\
\
\

evaluated

N\

AN

TYPE.allInstances() returns all
direct and indirect instances of
TYPE at the current level

@2
ProductType
_ defined vat@1: double
price: double
@1 Book: CD:
ProductType ProductType
vat=4.0 vat=10.0
O I . .
@ GoF: Book Dlsmt%%ratlon.
_> —
price = 35 price = 20




LEVEL NAVIGATION

Make (upwards) meta-level navigation implicit
At level O:

> GoF.vat.printin();
> 4.0

Fields with instance facet in clabjects can be
accessed in instance clabjects.

@2
ProductType
vat@1: double
price: double
@1 Book:
ProductType
vat=4.0
0
@ GoF: Book

price = 35




LINGUISTIC META-
MODEL

Transparent access to the linguistic meta-model in constraint
expressions

Linguistic meta-model

A @2 (simplified)
lotsOfProducts@2: _ ProductType
self.type.allinstances()-> | 9€fiN€d oGt Gouble
' ice: doubl
SIZG()>1O pree o Type <type* Instance
'l potency: int

«lingjinstanceOf»

' @1 Book: R
evaluated ProductType supers o
" vat=4.0 | Node
\ *
\\\ T*
\\\ @O Feature [
A prefix can be used to  ~-_, GoF: Book
prevent name collisions: price = 35

self.Atype...




LINGUISTIC META-

MODEL

Transparent access to the linguistic meta-model in constraint

expressions

A
lotsOfProducts@2:
self.type.alllnstances()->
size()>10

@2
defined

ProductType

5| vat@1: double

price: double

ZS . - @1 Book:
lotsOfProducts2@2: ProductType
ProductType.allinstances()-> vat=4.0

size()>10

VS. S @0 GoF: Book
lotsOfNodes@?2: price = 35

Node.alllnstances()-> size()>10

«lingjinstanceOf»

A4

Linguistic meta-model
(simplified)

<«<— |nstance
type

Type

potency: int

supers

7

s

Feature —




RUNNING EXAMPLE

We'’ll add a few constraints to ensure that:

* There are no isolated tiles at level O

* Treasures, Heroes and Evils are connected to one tile at level O
* There is at least one hero at level O

* There are no less evils than heroes at level O

* There can be no Pacman in the castle

A derived attribute to calculate the number of (direct) reachable
tiles at level 0.




Model ArcadeGame@2 { RUNNING EXAMPLE
Node TileKind {
next : TileKind[*]; (LEVEL 2)

elements : ElementKind[*];

/numReachable : int = $self.next.size()$;
noIsolated : $self.numReachable>0 or
TileKind.all.exists( t | t.next.includes(self))$

} no isolated tiles at level O

abstract Node ElementKind{
connected : $TileKind.all.one( t | t.elements.includes(self))$

h treasures, heores and evils are connected to exactly one tile

abstract Node CharacterKind : ElementKind { }

Node HeroKind : CharacterKind {

initLives@l : int = 3;

lives : int 3;

score : int 0;
}
Node EvilKind : CharacterKind {}
Node TreasureKind : ElementKind {}

(global constraints) at least one hero, more evils than heroes

someHero@2 : $HeroKind.all.size()>=1%$
moreEvils@2 : $EvilKind.all.size() >= HeroKind.all.size()$




N RUNNING EXAMPLE
e e | (LEVEL 1)

nextCell : Cell[*] {next};

coin : Coin[@..1] {elements};
pacman  : Pacman[@..1] {elements};
ghosts  : Ghost[*] {elements};

}

TileKind Castle : Cell {
noPacmans : $not self.pacman.isDefined()$

} no Pacman in the Castle

TreasureKind Coin {
value : int=10;

}

He'fo',(if‘,j PaCTag R Conflicts and consistency of (ML) constraints

} thLthLves = 2 can be analyzed:

EvilKind Ghost { Guerra, de Lara: Automated analysis of integrity
} constraints in multi-level models. Data Knowl.

} Eng. 107: 1-23 (2017)




MULTI-LEVEL MODEL
MANAGEMENT

DSMM

%| operation I

R ——

~

DSMM i DSMM i
model operation model operation model
N : N i N A
1 1 1 | 1
1 ! 1 ‘| 1 :
DSML j DSML |-~ DSML [ [ oo
model ) model /) model P |
E—" L I
] L/', 1 L’/ ] _ /,,/
Model Model Model [£
Deep operations Refinement
Legend
Sy == mmmm == R >
‘ defined on applicable to redefines

Clabject KH Node

Generic

operation

~
N ™= e e e




IN-PLACE MODEL
TRANSFORMATION

Infrastructure for a family of DSLs

» Operations can be attached to meta-classes
« Operations with potency

Design similar to an object oriented framework

- Common operations
» Operations expected to be overriden at next meta-level

For the running example:

« A game engine for the DSL (autonomous play)

 Core of the engine will be common (basic movement rules, game over
and winning condition)

« Some operations can be overriden at level 1 (ie., particular to Pacman




ARCADE GAME SIMULATOR

main()

checkDamaged(h: HeroKind) : Boolean

hasEvils(): Boolean < _--____ [
removeHero(h: HeroKind)
addHero(h: HeroKind)

return elements.exists( e
e.isKindOf(EvilKind));

return getCurrentTile().hasEvils(); ---

_ _ elements
TileKind —>

ArcadeGame@?2

*

ElementKind

return

getCurrentTile(): TileKind «f TileKind.all.select(t|

t.elements.includes(self)).

first();

EvilKind

HeroKind

LisDamaged(): Boolean

pacman: elements

Pacman@1

addHero(h: HeroKind)

v v

self.pacman:= h; self.pacman:=null;

self.eatCoin(h);

Pacman: HeroKind

Cell: TileKind 0
eatCoin(h: HeroKind) \1
removeHero(h: HeroKind) 1

ghosts: elements

Ghost: EvilKind




|Z| testmultecore &3

module mylel
model: “http://example/model™

OTHER APPROACHES -+

P1: mm[2]!Part
M1: mm[2]!'Machine

Multecore (hitps://ict.hvl.no/multecore/) cr: (0] tHachine.creates
* A tool for MLM within Eclipse i i{
- Graphical modelling S
* Formal theory based on graph i
transformation [WMR20] C e
- By translation into rewriting logic (MAUDE) . e

== Aribeabe

Wolter, Macias, Rutle: Multilevel Typed Graph Transformations. ICGT 2020, 163-182


https://ict.hvl.no/multecore/

MODEL-TO-MODEL
TRANSFORMATION

Many scenarios:

* Deep transformations (eg. defined at @2, applied at @0)

 Co-transformations (eg. defined at @2, applied at @1 and @0)

* Refining transformations (overriding rules at @1)

 Reflective & linguistic transformations (generic, using linguistic
types)

« Multi-level target (eg. creating models at @1 and @O0)

For the running example:

* A (deep) transformation into Petri nets
* Reusable for any concrete adventure game

de Lara, Guerra, Sanchez Cuadrado. Model-driven engineering with domain-specific meta-modelling
languages. SoSyM 14(1): 429-459 (2015)




MODEL-TO-MODEL ©@?ArcadeGr ryles

~

@1|Pacman ~>{Petri nets|@
TRANSFORMATION o een _jPetinetia

@metamodel (name=ArcadeGame,file=Arcade.mdepth,domain=source)
@metamodel (name=PetriNet,file=PetriNet.mdepth,domain=target)

rule CharacterToToken @0 h: I Pacman h
transform h : SlLevel@!CharacterKind — ! “Token
Pacman : ——
to p : Target!Token { I \
p.~name := h.~type+' '+h.”name; 1 acman ' IIEQK§D§
} ) Cell cl:
cl: Cell : Place
rule TileToPlace :nextCell ' _
transform t : SlLevel@!TileKind 2 : y:OULTT
to p : Target!Place { c2: Cell | 1+ | : Transition
p.name := t.type.name+' '+t.”name; ' —
p."name := t.type.name+' '+t.”name; AnTr
p.tokens ::= t.elements;// implicit call to equivalents() Cell c2:
for ( n in t.next) { Place
var tr := new Target!Transition;
tr.name := t.”name+' to '+n.”name;
tr.”name := t.”name+' _to '+n.”name;
p.outTr := tr;
n.equivalents().first().inTr := tr;
}




MODEL-TO-MODEL
TRANSFORMATION

@metamodel (name=ArcadeGame,file=Arcade.mdepth,domain=source)

@metamodel (name=PetriNet,file=PetriNet.mdepth,domain=target)
rule CharacterToToken

|
transform h : SLevel®@!CharacterKind h: ;
to p : Target!Token { Pacman I
p.”name := h.”type+' '+h.”name; : acnuﬂ1:
} clCell |
rule TileToPlace :nextCell
transform t : SlLevel@!TileKind 2 :
to p : Target!Place c2: Cell I
p.name := t.type.name+' '+t.”name; '
p."name := t.type.name+' '+t.”name;
p.tokens ::= t.elements;// implicit call to equivalents()
for ( n in t.next) {
var tr := new Target!Transition;
tr.name := t.”name+' to '+n.”name;
tr.”name := t.”name+' _to '+n.”name;
p.outTr := tr;
n.equivalents().first().inTr := tr;
}




OTHER APPROACHES

Melanee ( ) fr S s —
* Atool for MLM within Eclipse = —
- Graphical modelling (and more) =
- Enhancement of the ATL L e

transformation language for | s
multi-level modelling [AGT15] '
.~ Participation
rule ComponentZ2Class { E#i?:mmpﬁf %W
from s : SUM!0O0.Component 1 | ef=t | S e
to £t : STRUCTURE!Class | " v
name <- s._1 .name
)
do {
for (i in s._1_.getModelDirectInstances ())

{

thisModule.createInstances (1, t): }

Atkinson, Gerbig, Tunjic. Enhancing classic transformation languages to support multi-
level modeling. Softw. Syst. Model. 14(2): 645-666 (2015)



http://www.melanee.org/

CODE GENERATION

<ldoctype html>

Visualization of the game <html>
o <head>
* Vis.Js ( )
<script type="text/javascript">
// create an array with nodes

Code generator var nodes = new vis.DataSet([
. [% wvar counter : Integer := 0;
Deep (reusable for the DSL) /7 Generic
» Generic (linguistic types) for(t in Level@!Node.all) {
counter := counter+l;
def %]
@2|ArcadeG|<- - -|code gen) [%if (counter > 1) {%], [%}%]
@1|Pacman ! {id: [%=counter%],
_apply | label: '[%=t.type%] [%=counter%]'}
@0] Game [ 3_}/ [% t.~identif := counter; %]
L [%}7%]
: : 1)
html+js _IJ
—_— </html>


http://visjs.org/

GENERATED CODE

y . Arcade game configuration # | & ghostand goblins - Googl... > (9) Twitter x @ Squeezing a playable ches
v .

<script type="text/javascript">
/[ create an array with nodes

S var nodes = new vis.DataSet([

(ceng) (coins)

NN , id:
// - - {id:
a , {id:
Y , {id:

&\ e . {id:
@ ot ,  A{id:

 {id:
 {id:

1);

2, label
3, label

4 label:
5, label:
6, label:
7, label:
8, label:

9, label

<=p {id: 1, label: 'Coin 11}

N/ ,  {id:

. 'Coin 2'}

. 'Coin 3%}
'‘Coin 4}
'‘Coin 5'}
'‘Pacman 6'}
'‘Ghost 7'}
'‘Castle 8'}

. 'Cell 9%}

10, label: 'Cell 10}
11, label: 'Cell 11'}
12, label: 'Cell 12'}




AGENDA

Basic concepts of (potency-based) multi-level modelling

» Motivation
* Clabjects, potency, levels, OCA
- Examples

Tool Support: MetaDepth

 Case study: game development
Multi-level model management

 Constraints, transformations, code generation

Advanced concepts




CUSTOMIZING THE TEXTUAL

SYNTAX

MetaDepth supports a uniform textual concrete syntax

accross meta-levels.

Define customized syntax

* Pen(8%) instead of
* Product Pen {VAT=8;}

Challenges imposed by a

multi-level setting.

Syntax ]

Templates @1

DSMM model @2 '
! Syntax
A b Templates @2
| /I
] L// l' r
£ | Refining
DSML model @1 < K L Templates @1 ]
A ’ '
I 2 :
1 ,/, /,
Vi --7

Model @0 c----""""

_________________ >

defined on defines syntax for




strict Model Ecommerce@?2 {
TEXTUAL strict Node Product {
CONCRETE VAT@1 : double;

price : double;

SYNTAX )

} Meta-Level 2

Syntax for Ecommerce [".ecommerce_mm"] {
template@1 TEcommerce for Model Ecommerce:
“id {" &TProduct * } ”

template@1 TProduct for Node Product: Stationer {
“id ‘(, #VAT ‘0/0’ ‘)’ ” Pen(8%)
} ' Meta-Level 1

Syntax for Ecommerce [".ecommerce"] { Stationer WHSmith {

template@?2 DeepProds for Model Ecommerce: Pen parker(5.0€)
“‘typename id {' &DeepProd * } " }
template@2 DeepProd for Node Product: Meta-Level O

I n

‘typename id ‘(’ #price €’ ‘)
}




strict Model Ecommerce@?2 {

REFINEMENT Node Product {

VAT@1 : double;

TEMPLATES price : double;

}

We can design a special syntax for specific }

clabjects of potency 1
Hardware {
Nail (8.0%){

template@1 TNail for Node Nail: caliber: double;

1+ ([ 0 Yol = () £\’ 9y Ien th dOUble,
id °("#price "€, #caliber ', " #length ) bigger: $self.caliber>=0.1%

}
}

Hardware DoltBest {
n1(0.1€, 0.1, 10)

}




GRAPHICAL
CONCRETE SYNTAXES

F
- I-n:
TypeName =T 8
M e | anee tmm I ActionType 3 uses | VariableType?3 name: type
executionTime;successful e |~
typeNarne3= 1 *| type
¢ . pIat1‘ormName3=1 name
° G ra h ICaI FlowType® L PO 1 IMcflow 1Mpost
p executionTime3[ il !
successful 3 I ControlFlowType 3 I
* Form-based 5 5
1 FlowElement
fonTime2
. . I = executlonTzlme
° VI rtU al Real Ity B,‘&@ successfulé
z
GestureZActionType I = ; - 1
typeName= 'posture’ - = =D Action® 21 post | | ControlFlow?
gesture:Gestures | platformNameZ=Nac” | split - @
MoveZActionType DetectRedBall%ActionType ={or%ControlFlowType|¢J5=X
typeName = 'move’ J TypeName = ‘detect red bal Y XORZ:ControlFlowType
x:Integer \ >
y:Integer = Y="xy="y'stheta="theta \ AND<=ControlFlowType |
theta:Integer _

Move A A.
(x=4;y=2.6;theta=u.785}"’( Detect Red Ball J

__\ ballDetected ot ballDetected ] \_
Agree = . . Disagree

Atkinson, Gerbig: Aspect-oriented Concrete Syntax Definition for Deep Modeling
Languages. MULTI@MoDELS 2015: 13-22

Gerbig: Deep, Seamless, Multi-format, Multi-notation Definition and Use of Domain-specific
Languages. University of Mannheim, Germany, Dr. Hut 2017

A&

0,




AGENDA

Basic concepts of (potency-based) multi-level modelling

» Motivation
* Clabjects, potency, levels, OCA
- Examples

Tool Support: MetaDepth

 Case study: game development
Multi-level model management

 Constraints, transformations, code generation
» Multi-level DSLs




MULTI-LEVEL
REFACTORINGS

‘___..--{ pullUpFeature ?--.._H v

p
= S~ ’.{ extractCIabjectType% ------ -
pushDownFeature N, / \ Tl
" N ’ \ .
’,*‘ 1 \ I A \\
-] [ \ ~ ! A——— =" === 1
\ DSPM@2 TaskType 4 DSPM@2 TaRkType uses_ [ Resource :
k)
\ duratiofy;int = 0 ) Type I
\ ——————-——-—-——~—
+ 11 S
‘ v
SEPM'@1 ESEPM@1 SEPM@1 | |
- - e . - .- v : . :
SEThek  |Rroduces P \[ sETask Dmd”cesjk pyn SETas. | Rroducesuses Artifact :
Tas. * Bl TaskT TaskT o Res Typ
— el 3;8_ consumes’ \ q—_ﬂ_mi consume 1 w OGS Rt S co 1YDe I
'dU_ffﬂ"fﬂ‘3_'"£I [‘—\ TE@'E int; N e effort: int éﬁ :
== | | |
I I
- | | - | | 1 Regs: DesignDoc: Code: 1
| Regs ”DBS'Q“DOC ” Code | | Regs ”DeSlQnDOC || Code | I |ResourceType| |ResourceType| | ResourceType| 1
L ]
- ) 1 = ,
MySwProject@0 - SwProject@0 _ SwProject@0
y ject@ repair instances y ject@ repair instances Y ject@
(if needed) (if needed)

Refactoring multi-level models. 2018. Juan de Lara, Esther Guerra. ACM
Transactions on Software Engineering and Methodology, Vol 27(4)




MULTI-LEVEL
REFACTORINGS

bottom-up top-down intra-level
ﬁl pull up push down stratify
N "\ clabject //7[\! clabject potency
& & v
¥ e, ~collpse
by instantiati T feature inheritance
y instantiation hierarchy
t—-
clabject —§ i
- With { ) clabject
£ T YRS collapse
. clabject
AT -::I?bject ——————————————————————— with
Ype instances
A 4
stereste &
clabject set feature \ | [unset feature
type type type
A &
set clabject™’| _ {Unset clabjecty
type type

Legend:
«involves»
—_—

«inverse»

atomic
refactoring
composite
refactoring
“ refactoring
with variants
semantic
side effects

level
@?{ eexvpea nding

i

level
collapsing

Refactoring multi-level models. 2018. Juan de Lara, Esther Guerra. ACM

Transactions on Software Engineering and Methodology, Vol 27(4)




MULTI-LEVEL MODEL
PRODUCT LINES

2, @2
ML languages (" Processtanguage ¢ :E{ TaskType Sre
. . . = initial@1 : boolean [initial] |* [object]

with Varlablllty | = Hduration :int « [object] Ga\Tt;pu:ay
ﬁatewagg 3 : rDuration : int [enactment] ::ar [object]

actors

@é’}%@ : ety

Users can simple)(object : .ﬂ.ctol[*l(ind]

I actors

configure the
languages at different levels using a multi-level feature model

Open variability: instantiation

Closed variability: configuration

de Lara, J., Guerra, E. Language Family Engineering with Product Lines of
Multi-level Models. Form Asp Comp (2021).




USING MULTI-LEVEL
MODEL PRODUCT LINES

Language
Family

0 Designer

@ creates

W’

varlablllty ILa nguage

specializes] 2@ «

-
-

DSL-1 Designer

o |variability  Fully
-3 (empty) |speC|aI|zed
em
specializes Py : 'a”,guage
 family MM

i vanabﬂﬂylSpeuahzed ‘

| ‘ :Ianguage <-A2D- - -
! 1 family MM

| |

oo >@ instantiates

v
]
varlabllltyI DSL-2

specialize
-- >

instantiates @< _________ .

A%

(empty)

variability: DSL-1

' MM

variability

(empty) |

iIModel

Level 2

Level 1




CONCLUSIONS AND
SUMMARY

Multi-level modelling

» Simplifies modelling in some scenarios

* Relevant in practice (OMG specs, process modelling, architectural
languages)

Families of DSLs

« Common semantics and services
* Defined through MDE techniques

Tooling

» MetaDepth (but many others are available)




WHAT’S NEXT?

Use in real projects

* (Large) case study reports
* Is potency flexible enough in practice?

Bridges with two-level modelling

- EMF
« Automated rearchitecture from 2-level into multi-level

Bridges between multi-level modelling tools
* Interoperability with other tools




THANKS!

@miso_uam
https://metadepth.org/ http://www.miso.es
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