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Model-Based Design

Model-based design focuses on the formal/
representation, composition, and
manipulation of models during the design
process.

"Model Based Design", J. Sztipanovits ITR Review, Oct. 4, 2006 2



System Composition Approaches %

Modeled on different levels of abstraction:

‘Generalized transition systems

(FSM, Time Automata, Cont. Dynamics, Hybrid),
fundamental role of time models

* Precise relationship among abstraction levels

* Research: dynamic/adaptive behavior

Component Behavior

Expressed as a system topology :

* Module Interconnection (Nodes, Ports, Connections)

- Hierarchy

Interaction * Research: dynamic topology

Describes interaction patterns among components:

- Set of well-defined Models of Computations (MoC)
(SR, SDF, DE,..)

* Heterogeneous, precisely defined interactions

* Research: interface theory (time, resources,..)

Mapping/deploying components on platforms:
Scheduling/ * Dynamic Priority

Resource Mapping * Behavior guarantees

* Research: composition of schedulers

o T
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Tool Composition Approaches i

[§1§

Domain-Specific Design Flows and

Tool Chains:
Domain-Specific Tools; . ng/\LL_ r:u\jzrr?cé’guve
Design Environment y - Avioni
=9 vironment * SPML - Signal Processing

- CAPE/eLMS

MIC Metaprogrammable Tool Suite:
(mature or in maturation program)
* Metamodeling languages
* Modeling Tools
* Model Transformations
* Model Management
- Design Space Construction and Exploration
* Tool Integration Framework

Metaprogrammable
Tools, Integration
Frameworks

Semantic Foundations (work in progress):
 Semantic Anchoring Environment (SAE)

- Verification
- Semantic Integration %
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Intersection of System and
Tool Composition Dimensions

&5

[§1§

Component Behavior

Semantic Units and
Semantic
Anchoring

| Metamodels,

Interaction

Resource Modeling
(Schedule)

Compositional
Semantics

| Composition

Metamodel

Composition &
Metaprogrammable
Tool Chain

Model
Composition in
Domain-Specific
Design Flows

Semantic Foundation;

Metaprogrammable
Tools, Environments

Domain-Specific
Tools, Tool Chains
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Domain Specific Design Flows B
i

and Tool Chains

» Integration of tools into tool chains
- ECSL - Control
- ESML - Avionics
- SPP - Signal Processing
- FCS - Networked Embedded Systems
- SCA - Software Defined Radio

+ Integration among tool frameworks:
Metropolis, Ptolemy IT, MIC,
Simulink/Stateflow, ARIES, CheckMate....

- www.escherinstitute.org
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Intersection of System and
Tool Composition Dimensions

Component Behavior

Semantic Units and
Semantic
Anchoring

Interaction

Resource Modeling
(Schedule)

Compositional
Semantics

Metamodels,
Metamodel
Composition &
Metaprogrammable
Tool Chain
Composition

&5

[§1§

Model
Composition in
Domain-Specific
Design Flows

Semantic Foundation;

Metaprogrammable
Tools, Environments

Domain-Specific
Tools, Tool Chains
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Syntactic Layer G
y y

Modeling & Metamodeling
— * Model Data Management
— Model Transformation
Tool Integration
Design-Space Exploration

N

"Model Based Design", J. Sztipanovits ITR Review, Oct. 4, 2006 8



Metamodeling View of a
Tool Chain

Common Semantic Domain: Hybrid Automata

__| Abstract Syntax and Transformations: Meta-Models

@)

SL/SF
Meta-Model

7 Y

* SLISF>
RS

A 4

DESERT
Meta-Model

* SLISE>

EGSLPES

ECSL-DP
Meta-Model

* ECSL-DP

23°E5 =3

\ 4

SFC
Meta-Model

AIRES ~
Meta-Model

" ECSL-DP
2>AE.

* ECSL:DP

=;MOML _

CANOE
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Need for Metamodel Composition:

[ Objective: Optimize the SW architecture -~

S 2| | component modet | by selecting a component model and by
allocating functions to components.
oW Architectare Mode] Platform: Heterogeneous Dataflow
(DSMLsy/sr cm) Component Model
Tools:
GME, GReAT, C Compiler, WCET Analyzer

Annatation Constraint
o AmE S “Aom>> PConn
- Tet. fizld Expression : field 57| ==Connection=>
. Parameter
Gl i Parameater = J7]__==Aom=> —
=<Referance== Farafteter | <o ptnmss ComponentTypes Compornent -Lid
T ==Folder== ==Model== Value : field |77
,j Value : field 1) field Tunable © bool
Block Port L5y Primitive
=Models= <=AlO=> ModeRef ==Model==
<=Reference>> |5~ ResourceType © enum
BlockTyae : field fixed_point_farget_size:  enum o Container Dataflow L
Description : fisld fieed_point_target_type:  enurn I ==Model== [T ==Connection==
PrInmty el TInANG_poIN_tAIeT e * enum EnzhlePort — 0"
Tag: field o] units : enum ==Hotn=> 1 :;O|ge i o
MNarne : field fieed_point_target_signed : enurn StamsWhenEnanling . emum ==ModelProxy== R ¢_.,__| 0.
.- : g field > S
Port
B ErarnchFoint Triggerart ==Atom==
nehPort o appre= <fforme= | o "
o.* Alternative Compound MaxSize : _ﬂeld
TriggerType : enurn <=Model=> ==Model=>= CimiokensEEeid
InputPor
Frimitwa aysten gimulink 10 s
==model=> ==model=* <=Fnldar== Mumber: feld
Deadling : fleld Mame: field - InputPort OutputPort
EvarutionTime - fiald OUpUIFT SAlternative SCompound AT <=Atom=>=
: =<Atom=- <<Model== ==Model==
Feriod : neld — MaxSizeExpression : field
Murber: feld SizeExpression field
o=
Reference Line = Connector 1 I
~=Madel=+ ==Connection== ___.__.:E’f: ==Alom=> System Sarchitecture
SourceType:  field Marne : fiald <<Folder>> <=ModelProxy>>
SourceBiock . Teld ”

Functional blocks - SW Component Mapping




Solutions for Compositional
Metamodeling

* Goal: Composing modeling languages (not
models)
* Metamodel composition methods in the
Generic Modeling Environment (GME):
- Class Merge
- Metamodel Interfacing
- Class Refinement
- Template Instantiation
- Metamodel Transformations

"Model Based Design", J. Sztipanovits ITR Review, Oct. 4, 2006 11



Metamodel Composition Methods

RequirementsTraces .
Class Refinement
4
Reguirement
==AtarmProxy== ReguirementRef TraceModel DesignElerment
D - field [ ==Refarence=» i ==Model== e ==FCO==
Text: field
” s [0 [ . astfo. > Aulomobile
et : ccModels» |o
oo
ReguirementTrace | |
==Caonnection== HardwareRef SoftwareRerl ¥
==Reference== ==Reference==
0" 0"
¥ ¥ Eais
HardwareComponent SoftwareComponent CEIITIEDI‘IE‘I‘I[ o Bus
<=ModelPraxy== ==ModelPraoxy== «<<podel>> #onad TELONNECHOR>>
E B st -
1
1
Class Merge : ,
llul LI.I
RIE
Comehinss State Transilion
<<AlOMPTOxy>= <<ConnectionProgs»
a1 s EntryAction ;. field Event field
PR rI—— Eatdction field ’
BusSpeed | hesd -
F .t . - .
Procetsor J ] akink Hetwnikinteral e Progesson
< < AT Tty « v e gy - “ AP Ty « e onnechonP o » s s ALTYF® o S AR
Clackbpeed Seid f. faid | | Busfpeed: feld | | ] | [ize : feid | [ ClockBpeed |.-.5|
- *
Y A
Proces-singModul . Deploymeniiosst Protes sASLaprment
a=MoaHPIOses HargwanCompanant i e B
| = WgdalPrangs = 4 v
SecunyEnclve | anum
.

B dware orponent [ ——]
e ] : aif e

S — ITR Review, Oct. 4, 2006 12




Summary of Progress in Model
Transformations

Complex model transformations can be formally
specified in the form of executable graph
transformation rules

G/T semantics is very powerful but the
implementation needs to be tailored for
efficiency

GReAT is an open source, metamodel-based
model transformation language supported
by tools: modeling tool, rewriting engine,
code generator and debugger. It is based
on attributed/typed graph matching, multi-
domain rewriting rules, and explicitly
sequenced rewriting operators.

Highlights of GReAT extensions: shared
spaces, sorting of match results, cross-
products of matches, higher-order
operators (groups)

Applications of GReAT:
«  Simulink/Stateflow verifying code generator

. Several model transformation tools in
embedded system toolchains

 Semantic anchoring of domain-specific
modeling languages

Concept: Metamodel-based Transformations

Model
Transformation
Specification

- EEEE

P
, g
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Major Applications of Model
Transformations (]

Model Transformations for Schedule Generahon

Explicit Platform Modeling Language:

-

Design S | Design
| Requirements
(System Cnn‘Fan - _ i W

- . L
Control system sngineers model control problems s M{E—c@ﬂ} -
perigdicaily triggered ssnsing, control calculation, and T ' £ynffrgj;3
sctustion sctions, but tradiional software implementations ‘R e A= {= 1 S—
rarsly comply with these strict requirements. Giotto (as 8 . — - { d 2 1
bene-triggered languags) and s the E-machine (as fx . = _|T 4 [

| enecuticn platfarms) ofert & 20l 1o bidge e gag = VW - ‘..J '1]:- T—— \..: 1-__ !
bebseen design and implementabon. A prototype model - i s E=in. — — — —— A
bransformation tood shows how Bhe complex —r— — e — - T -
pranaformetion Tram Gieits 1o E-cods can be mplsmerted w o | == ] Hnﬁm 4 Platform |—
In terme of graph traneformation sperations - L= e s v, Tl £ r e I Model — m.

' by = 8 v — v ) platfarm

System S— e -

Implicit Platform Modeling for Analysis:
M| far ;lﬂmu
Prstfarm -+ Analyais Mipging LHS and RHS
Mo explicit conitrol fiow

D |, Model of Platfomr
(F=remm rogp e T ot i D r MMTM‘H:
{
e

(Karsai et al, 2005-2006)
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Structural Semantics of Models B
and Metamodels [(]

We followed a formal logic approach to = pim | |}
structural semantics. A metamodel is mapped to [+ | 55

a set of n-ary function symbols and constraints —

over an associated Herbrand Universe. Ousig | | WSig | | IPort | | ] OPor

T AT L D Some Constraints with NAF

P ; ; . © Instances must use primitives that are defined:
insig(X) : X is an input signal inst (x. prim(y ) )Al prim(y ) = malform(x),
DLJ_TSIg{X] : K_ 15 an 0.utpu1; slgnal ) Q Ports are placed on defined primitives:
JL_’””T{X} :X 1s a basic DSP operation iport (prim(x), y )/l prim(x) = malform(y),

T = iport(X,Y) : X has an input port ¥ © Dataflow connections must start on defined ports:

oport(X,Y) : X has an output port Y flow (x, oport(prim(y), z), u,w)Alopert(prim(y),z) = malform(z).
inst(X,Y): X is the DSP operation Y l :

| on Xito iport Yz on X» constraints for the example metamode/

We use an inference procedure to prove well-formedness or mal-
formedness. This inference mechanism is well-defined an tool independent.

We have constructed an automatic theorem prover that answers
questions about structural semantics (see poster).
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Intersection of System and
Tool Composition Dimensions

Component Behavior

Interaction

Resource Modeling
(Schedule)

Semantic Units and

Semantic
Anchoring

Compositional
Semantics

| Metamodels,

| Composition

Metamodel

Composition &
Metaprogrammable
Tool Chain

Model
Composition in
Domain-Specific

Design Flows

Semantic Foundation;

Metaprogrammable
Tools, Environments

Domain-Specific
Tools, Tool Chains
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Semantic Anchoring of DSML-s

1_
I
DSML M= Mg;o M, Semantic Unit i
@ DSML < : > Transfo_;mationl
A M,
morFADsMLI mrL T psmu, sui

v
& |l

M;: morApsu—=morAsui || —

Step 1
- Specify the DSML <A, ¢, M> by using MOF-based metamodels.
Step 2

- Select appropriate semantic units L =< A, C, M, S;, Ms> for the
behavioral aspects of the DSML.

Step 3
- Specify the semantic anchoring M, = A -> A, by using UMT.
"Mod{C¥ren caneki Sz tibaevitsVi2005 - 2006) ITR Review, Oct. 4, 2006 17




Experimental Tool Suite for e
Semantic Anchoring 161§

Metamodeling and Model Transformation Formal Framework for Semantic Units
Tools Specification
GME GReAT Tool Semantic Unit Spec. AsmL Tools
Toolset
: Model
DSML Model Semantic Unit Operational Checker
Metamdoel| |mm Trans. Rules P Metamodel Dg\tzsl;[/lrggtel + Semantics
(A) (M) (A) Spec.
) : A : - Test Case
. ! i Generator
Mc: ;Generate i Instance ' Instance
1 1
Domain Model ransformation _| Domain Model | i XSLT Data Model ASM Semantic Model
(©) w (C) Framework Simulator

* Metamodeling and Model  * Tools for Semantic Unit

Transformation Tools Specification

- GME: Provide a MOF-based - ASM: A particular kind of
metamodeling and modeling mathematical machine, like
environment. the Turing machine. (Yuri

- GReAT: Build on GME for Gurevich) -
metamodel o metamodel - AsmL: A formal specificat
transformation. language based on ASM.
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Example: HFSML -> FSM-SU; 1/

XSLT

Sy I

GME GReAT Tool
Toolset
HFSML || Model FSM
Metamodel Trans. Rules »| Metamodel
(A) A A)
' N
I't PN i
Mc :Genexate | Instance
/1 | \ N !
\ 1
omain Model ﬁ)—m t\ FSM Model
© w V \
| N
N

FSM-SU Specification

Operational
Semantics
Spec.

Abstract
Data Model

—
[
Tmsgance
~
~

N

\
ASM Semantic
Frahework

Data Model

BaJAd A mMETEOED 7

=] Base: [0 Zoom [0

=xhbomes

4 "
name String | InggarEvare g;::
description: String [T

ng
preemplive ; Bogiranstaisg
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Example: HFSML -> FSM-SU: 2/3&:

"MO

GME GReAT Tool

FSM-SU Specification

Toolset
HFSML || Model FSM Y Operational
Metamodel Trans. Rules P Metamodel Data Model + Semantics
(A) || (M) (A) ’ Spec.
L = g
* . f P ” 1 \
1 . !
McI :Generate ! iInstance ' Instance \
' ’— \
Domain Model X /FSM Model XSLT Data Model \
C .
© (©) ASM Semantlc
Framework!
. ¥
Ltructure Event React (e as Event) as Event?
eventType as String step
let CS as State = GetCurrentState ()
cl?ss State ) step
!d_ R £ Sl let enabledTs as Set of Transition = {t | t in outTransitions (CS) where
ioreial 55 Bl e.eventType = triggerEventType(t)}

var active as Boolean = false

class Transition
id as String

abstract class FSM
id as String

abstract property states as Set of State
get

abstract property transitions as Set of Transition
get

abstract property outTransitions as Map of <State, Set of Transition>
get

abstract property dstState as Map of <Transition, State>
get

abstract property triggerEventType as Map of <Transition, String>
get

abstract property outputEventType as Map of <Transition, String>

noaic
U LA™/

Aol 2
il J

step
if Size (enabledTs) = 1 then
choose t in enabledTs

step
// WriteLine (“Execute transition: " + t.id)
CS.active := false
step
dstState(t).active := true
step

if t in me.outputEventType then
return Event(outputEventType(t))
else
return null
else
if Size(enabledTs) > 1 then
error ("'NON-DETERMINISM ERRORI':)
else
return null

0




Example: HFSML -> FSM-SU: 3/§

GME GReAT Tool FSM-SU Specification
Toolset

Operational

HFSML Model FSM
Metamodel Trans. Rules P Metamodel
(A) RCA A)

*

Mc
I

Abstract

Data Model Semantics

Spec.

Generate

1
Instance : Instance

|«

|
Domain Model ransform | FSM Model XSLT

. > Data Model
(©) @ry () ASM Semantic
-~ =~ ngework

-~ \

FShs - Chechsumior c ¢ \ e
Gl Fie Ed Vew Window He N o A d
/ild a fJd A mETENED 7 \ initStateAutomaton() as StateAutomaton 'Y
k T Nome[ChechusMoctey [F5M Mapect|[FShAipect v ] Bane: [FR Zoow [1005 +] - x let 51 = State("s51", true)
-‘ aregne | inherkorce | Mets | ‘
P TreckzumHaches = let 52 = state("57", false)
® ¥ I O 1 let T1 = Transition(" 72")
; * Tl INPUT <hsmLADS _id="id988" ﬂleName:“"‘xmlnE:xEl:“http://www.wS.nrg let el = E“rent(“er‘)
ActivelocalEvenisSet  OupuiEvenisSeq usiinoMamespaceSchemalocationZgIDM\AsmL.xsd"> let 5 = {51, 52}
- <F5M id="ChecksumMaching" _id¥"idods" initialState="OFF"> let T = {T1}
+ «Children _id="id9f4">
<lLocalEvents _id="id9e5" /= Tet E = {ej_]_-
<0utputEvents _id="id9e0" /> let Connections = {T1 -» (51,52)}
] ) <{F5'\’g> . let TriggerEvent = {T1 -= el}
5 ; + <Input _i
+ <LocalEvent i let O-u1_:pL:1tEvent = {T1 -» el}
+ <ModelEvent _id="id9ad"= let Initialstate = 51
- <State id="OFF" _id="ida17" active="false" master="" initial="true|  return new StateAutomaton(S,T,E,Connections, TriggerEvent, OutputEvent,
+ «<0utTransitions _id: ash'"> InitialState)
T2 <Slaves _id="ida3d" /> [rfisuED ERS3
</Statex
+ <State id="0ON" _id al8" active="false" master: nitial="false"
& » + <State id="ZERO" _id="ida74" active="false" master="ON" initial="false" initialState="">
= = + «State id="ONE" _id="ida75" active="false" master="0ON" initial="false" initialState="">

" [

=Transition id="T11" _id="idade" dst="ONE" src="ZERQ" guard="true" preemptive="false" outputEvent=
i LocalEvent.one" />

12" _id="idadf' dst="ZERO" src="ONE" guard="true" preemptive="false" outputEvent=""
LocalEvent.one" />

13" _id="idae0" dst="ZERO" src="ZERQ" guard="true" preemptive="false" outputEvent=
LocalEvent.zero" />

14" _id="idael" dst="ONE" src="ONE" guard="true" preemptive="false" outputEvent=
LocalEvent.zero" />

1" _id="idb0e" dst="ON" src="OFF" guard="true" preemptive="false" outputEvent="ModelEvent.start"

s

2" i db0Of' d=t="OFF" src="ON" guard="true" preemptive="false" outputEvent="" triggerEvent="WodelEvent.stop" /-
3" _id="idb10" dst="ON" src="ON" guard="true" preemptive="false" outputEvent=""
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Intersection of System and
Tool Composition Dimensions

&5

[§1§

Component Behavior

Semantic Units and
Semantic
Anchoring

Interaction

Compositional

Resource Modeling
(Schedule)

Semantics

Metamodels,
Metamodel
Composition &
Metaprogrammable
Tool Chain
Composition

Model
Composition in
Domain-Specific

Design Flows

Semantic Foundation;

Metaprogrammable
Tools, Environments

Domain-Specific
Tools, Tool Chains
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Component-based Analysis

Incremental design
- Associative composition

v

* Independent implementability
- No global checks

(Fl k F3)k FZ

(Matic and Henzinger, 2006)
"Model Based Design®, J. Sztipanovits
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Real-time Interface G5

[§1§

Assumption Guarantee
requests bounded by a

n d - output latency bounded by d

capacity larger than c¢

Output rate function id I Td>
t+
9(1) = i(t+d) o 1 Y
0 d t+d
Interface predicate
input d=((>c A i<a)
output ¢0 =0 < id

(Matic and Henzinger, 2006) _
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Interface Algebra

- Composition operation ||

d2 C1+C2 " 1

"

NQ

3
N

I+, g
+jdl

I2+1™"12 - Gz

- Refinement relation

F' refines F if
Se 1t S¢
- for each port valuation of F there exists a valuation of F':
I I
P = P $0 = &2
(Maticcandi Henzingerszi2Q006)ts ITR Review, Oct. 4, 2006 25




Algebra Properties

» Incremental design
- (FKG)kH is defined

) Fk(6kH) is def. &£ (FKG)kH = Fk(6kH)
- (Fk6)Os is defined
) (FOS)G is def. £ (Fk6)Os = (FOS)kG

> Independent refinement
- FkG is defined £ F'* F

) F'kG isdef. £ F'k6: FK6
- FOSs is defined £ F*' F
) F'©Osisdef. £ F'©Os: FOS

forall j=1,...n: F;1 F,
E(F.ll‘"lF.n) 1 E(Fll‘"an)

(Maticcandi Henzingerszi2Q06)ts ITR Review, Oct. 4, 2006 26
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