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Objectives and outlineObjectives and outline

�� Provide the foundation to represent differentProvide the foundation to represent different
semantic domains for the Metropolis intermediatesemantic domains for the Metropolis intermediate
formatformat

�� Study the problem of heterogeneous interactionStudy the problem of heterogeneous interaction

�� Formalize concepts such as abstraction andFormalize concepts such as abstraction and
refinementrefinement
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An example of interactionAn example of interaction

�� Combine a synchronous model with a dataflow modelCombine a synchronous model with a dataflow model

�� Synchronous modelSynchronous model
�� Total order of eventTotal order of event

�� Data flow modelData flow model
�� Partial order of eventsPartial order of events

�� Discrete Time modelDiscrete Time model
�� Metric order of eventsMetric order of events

J. Burch, R. Passerone, A. Sangiovanni-Vincentelli, ”Overcoming Heterophobia: Modeling Concurrency in Heterogeneous
Systems”, to appear in Proceedings of the International Conference on Application of Concurrency to System Design,
Newcastle upon Tyne, U.K., June 2001.
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An example of heterogeneous interactionAn example of heterogeneous interaction

�� The interaction is derived from a The interaction is derived from a common refinementcommon refinement of of
the heterogeneous modelsthe heterogeneous models

�� The resulting interaction depends on the The resulting interaction depends on the particularparticular
refinements employedrefinements employed

�� Our objective is to derive the Our objective is to derive the consequencesconsequences of the of the
interaction at the interaction at the higher levels of abstractionhigher levels of abstraction
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Data flow modelData flow model

�� Assume signals take values from a set VAssume signals take values from a set V

�� Each signal is a sequence from V (an element of V*)Each signal is a sequence from V (an element of V*)

�� Let A be the set of signalsLet A be the set of signals

�� One behavior is a functionOne behavior is a function
�� f : A f : A →→→→→→→→ V* V*

�� An data flow agent is a set of those behaviorsAn data flow agent is a set of those behaviors

a b c d ……………………………

Data flowData flowe f g h ……………………………

i j k l ……………………………
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Synchronous modelSynchronous model

�� Signals are again sequences from V (elements of V*)Signals are again sequences from V (elements of V*)

�� But are synchronizedBut are synchronized

�� One element of the sequence is g : A One element of the sequence is g : A →→→→→→→→ V V

�� One behavior is a sequence of those functionsOne behavior is a sequence of those functions
�� <<ggii> > ∈∈∈∈∈∈∈∈ ( A  ( A →→→→→→→→ V )* V )*

�� A synchronous agent is a set of those sequencesA synchronous agent is a set of those sequences

…
…
…

g1

…
…
…

g2

…
…
…

g3

…
…
…

g4 …

SynchronousSynchronous
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Discrete Time modelDiscrete Time model

�� Assume time is represented by the positive integers Assume time is represented by the positive integers NN

�� Then define a behaviorThen define a behavior

�� h:h: N  N →→→→→→→→ ( A  ( A →→→→→→→→ V ) V )

�� A discrete time agent is a set of those functionsA discrete time agent is a set of those functions

…
…
…

1

…
…
…

2

…
…
…

3

…
…
…

4 …

Discrete TimeDiscrete Time
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Discrete to Synchronous abstractionDiscrete to Synchronous abstraction

SynchronousSynchronous

DiscreteDiscrete

ba b c e e

gg j j l m

on p p r s

 * *  *          *

 a b  e

 g j  l

 n p r 
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Discrete to Data flow abstractionDiscrete to Data flow abstraction

Data flowData flow

DiscreteDiscrete

ba b c e e

gg j j l m

on p p r s

b a  c  e  

 g j   l m

 on p   r s

b a  c  e  

 g j   l m

 on p   r s
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Interaction PropagationInteraction Propagation

Synchronous Data flow

Discrete

T1 T2

V1 V2V

W1 W2

U1 U2

1. Refinement
2. Composition
3. Projection
4. Abstraction
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Key pointsKey points

�� The outlined technique defines the effects of the interactionThe outlined technique defines the effects of the interaction

�� The result depends onThe result depends on
�� The notion of composition at the refined levelThe notion of composition at the refined level
�� The particular abstraction and refinementThe particular abstraction and refinement

�� We can’t define the interaction uniquely!We can’t define the interaction uniquely!
�� Note: both Synchronous and Data flow are untimed sequencesNote: both Synchronous and Data flow are untimed sequences
�� Could just have equated themCould just have equated them

�� How can we generalize? Need a formal approach to this problemHow can we generalize? Need a formal approach to this problem

June 18, 2001 1212

Maintaining consistency across refinementMaintaining consistency across refinement

S2S1
Total orders

Partial orders

S2

Id

S1’

ΦΦΦΦΑΑΑΑ

ΦΦΦΦC

ΦΦΦΦ’C

ΦΦΦΦ’C   :  {  x = y  }

ΦΦΦΦC, ΦΦΦΦA and ΦΦΦΦ’C must be consistent, together with the
specifications
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Trace Trace algebras algebras and Trace Structures and Trace Structures algebrasalgebras

Trace structure algebra
A’

Trace structure algebra
A

Trace algebra
C

Trace algebra
C’

Homomorphism
h ΨΨΨΨu ΨΨΨΨl

A trace structure
contains a set

of traces

ΨΨΨΨinv

“Abstract” Domain

“Detailed” Domain

Let Tspec  and  Timpl   be trace structures in A. Then

if  ΨΨΨΨu( Timpl ) ⊆⊆⊆⊆ ΨΨΨΨl( Tspec )  then  Timpl ⊆⊆⊆⊆ Tspec

June 18, 2001 1414

Trace AlgebraTrace Algebra

�� Let Let WW be a set of signals and  be a set of signals and A A a subset of a subset of WW

�� A trace algebra is a set of traces, each taking symbols from A,A trace algebra is a set of traces, each taking symbols from A,
with operations of projection and renamingwith operations of projection and renaming

�� Formally, a trace algebra Formally, a trace algebra CCCC is a triple (  is a triple ( BBcc, , projproj, rename ), rename ) where where
�� for each for each AA, , BBCC( A ) ( A ) is a non-empty set, called the set of traces over is a non-empty set, called the set of traces over A. A. LetLet

BBCC also be the set of all traces, i.e. the union over all subsets  also be the set of all traces, i.e. the union over all subsets AA of  of WW of the of the
traces traces BBCC( A ).( A ).

�� for for BB  ⊆⊆⊆⊆⊆⊆⊆⊆  A, A, projproj( B ) ( B ) is a function from is a function from BBCC to  to BBCC

�� for renaming function for renaming function r: W -> Wr: W -> W ,  , rename( r ) rename( r ) is is a function from a function from BBCC to  to BBCC

J. Burch, ”Trace Algebra for Automatic Verification of Real-Time Concurrent Systems”, Ph.D. dissertation CMU-CS-92-179,
Carnegie Mellon University, Pittsburgh, PA, August 1992.
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Trace AlgebraTrace Algebra

�� A trace need not be a sequence. Any set for which “appropriate”A trace need not be a sequence. Any set for which “appropriate”
projection and renaming functions are defined can be used as aprojection and renaming functions are defined can be used as a
tracetrace

�� The meaning of the operations of projection and renaming is definedThe meaning of the operations of projection and renaming is defined
by a set of axiomsby a set of axioms

�� Intuitively, the functionIntuitively, the function  projproj( B )( B ), for, for B a subset of A, takes a trace  takes a trace x x andand
produces a trace produces a trace y y where the symbols not in where the symbols not in B B are dropped. This can be usedare dropped. This can be used
to hide internal signals in the process of a compositionto hide internal signals in the process of a composition

�� The function The function rename( r )rename( r ), where , where r: W -> Wr: W -> W is a is a bijection bijection, renames the elements, renames the elements
of a trace of a trace x. x. This function corresponds to the process of instantiationThis function corresponds to the process of instantiation

June 18, 2001 1616

Trace AlgebraTrace Algebra

��AxiomsAxioms
�� T1. T1. projproj( B )( x )( B )( x ) is defined  is defined iff iff there exists an alphabet there exists an alphabet AA such such

that that x x ∈∈∈∈∈∈∈∈ A A and  and BB  ⊆⊆⊆⊆⊆⊆⊆⊆  A.A. When defined,  When defined, projproj( B )( x ) ( B )( x ) is an elementis an element
of of BBCC( B )( B )

�� T2.T2.  projproj( B )( ( B )( projproj( B( B’’ )( x ) ) =  )( x ) ) = projproj( B )( x )( B )( x )
�� T4. Let T4. Let x x ∈∈∈∈∈∈∈∈ B BCC( A )( A ) and  and x’ x’ ∈∈∈∈∈∈∈∈ B BCC( A( A’’ ) ) be such that  be such that projproj( A ( A ∩∩∩∩∩∩∩∩  AA’’  )()(

x )x ) =  = projproj( A ( A ∩∩∩∩∩∩∩∩  AA’’  )( x’ ))( x’ ). For all . For all A’’A’’ where  where A A ∪∪∪∪∪∪∪∪  AA’’  ⊆⊆⊆⊆⊆⊆⊆⊆  AA’’’’  therethere
exists exists xx’’’’  ∈∈∈∈∈∈∈∈ B BCC( A( A’’’’ ) ) such that  such that x = x = projproj( A )( x( A )( x’’’’ ) ) and  and xx’’ =  = projproj( A( A’’
)( x)( x’’’’ ). ).

�� T5. T5. Rename( r )( x )Rename( r )( x ) is defined  is defined iff iff x x ∈∈∈∈∈∈∈∈ B BCC( ( domdom( r ) )( r ) ). When. When
defined defined rename( r )( x )rename( r )( x ) is an element of  is an element of BBCC( ( codomcodom( r ) )( r ) )..
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ExampleExample

�� For every alphabet For every alphabet AA over  over WW, , BBCC( A ) ( A ) is the set is the set AA∞∞∞∞∞∞∞∞..

�� projproj( B )( x )( B )( x ) is the sequence formed from  is the sequence formed from x x by removingby removing
every symbol every symbol aa not in  not in B.B.

�� rename( r )( x )rename( r )( x ) is the sequence formed from  is the sequence formed from x x by renamingby renaming
every symbol every symbol aa in  in xx according to  according to r.r.

�� Must prove the axioms of trace algebraMust prove the axioms of trace algebra

�� Traces are not necessarily sequencesTraces are not necessarily sequences
�� Let Let BBCC( A ) = 2( A ) = 2AA

June 18, 2001 1818

Trace Structures AlgebraTrace Structures Algebra

�� Let Let CCCC = (  = ( BBcc,, proj proj, rename ), rename ) be a trace algebra over W. A be a trace algebra over W. A
trace structure trace structure T  T  is a pairis a pair ( A, P ) ( A, P ) where  where P P ⊆⊆⊆⊆⊆⊆⊆⊆  BBCC( A ).( A ).

�� Let Let TSTS be a subset of the trace structures. Then  be a subset of the trace structures. Then AACC = ( C = ( CC C ,,
TS )TS ) is a trace structure algebra if  is a trace structure algebra if TS TS is closed underis closed under
parallel composition, projection parallel composition, projection and and renaming.renaming.

�� Parallel Composition:Parallel Composition:
�� TT11        |||||||||||||||| T T22 =  = {{{{{{{{  xx : :  projproj( A( A11 )( x ) )( x )  ∈∈∈∈∈∈∈∈ T T11    ∧∧∧∧∧∧∧∧    projproj( A( A22 )( x ) )( x )  ∈∈∈∈∈∈∈∈  TT22  }}}}}}}}
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Conservative approximationsConservative approximations

�� ObjectiveObjective
�� To translate a problem in one domain into a similar (but moreTo translate a problem in one domain into a similar (but more

tractable problem) in another domaintractable problem) in another domain
�� Ensure that false positive do not occurEnsure that false positive do not occur

�� Let Let AACC = ( C = ( CC C , TS ), TS ) and  and A’A’CC = ( C’ = ( C’C C , TS’ ), TS’ ) be trace structure be trace structure
algebras algebras and consider two functionsand consider two functions  ΨΨΨΨΨΨΨΨuu and and  ΨΨΨΨΨΨΨΨll from  from TSTS to to
TS’. TS’. We say that We say that Ψ = ( Ψ = ( Ψ = ( Ψ = ( Ψ = ( Ψ = ( Ψ = ( Ψ = ( ΨΨΨΨΨΨΨΨuu, , ΨΨΨΨΨΨΨΨll  ) ) is a conservativeis a conservative
approximation if approximation if ΨΨΨΨΨΨΨΨuu( T( T11 )  ) ⊆⊆⊆⊆⊆⊆⊆⊆  ΨΨΨΨΨΨΨΨll( T( T22 )  ) implies that implies that TT11  ⊆⊆⊆⊆⊆⊆⊆⊆  TT2.2.

June 18, 2001 2020

Ψl

Conservative ApproximationsConservative Approximations

Tspec
Timpl

Ψu
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Conservative ApproximationsConservative Approximations

Tspec
Timpl

Ψl

Ψu

June 18, 2001 2222

Homomorphisms Homomorphisms on Trace on Trace AlgebrasAlgebras

�� Let Let CCCC  and and C’C’C  C  be trace be trace algebrasalgebras. Let . Let hh be a function from be a function from
BBCC to  to B’B’CC  such that if such that if x x ∈∈∈∈∈∈∈∈ B BCC( A )( A ) then  then h( h( x )x )∈∈∈∈∈∈∈∈ B B’’CC( A )( A ). The. The
function function h h is a is a homomorphism iffhomomorphism iff
�� h( h( projproj( B )( x ) ) = ( B )( x ) ) = projproj( B )( h( x ) )( B )( h( x ) )
�� h( rename( r )( x ) ) = rename( r )( h( x ) )h( rename( r )( x ) ) = rename( r )( h( x ) )

�� Example: from Example: from AA∞∞∞∞∞∞∞∞    to to 22AA

�� h( x ) = { a : h( x ) = { a : ∃∃∃∃∃∃∃∃ n [ a = x( n ) ] } n [ a = x( n ) ] }
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Approximations induced by Approximations induced by homomorphismshomomorphisms

�� If If x’ = h( x ) x’ = h( x ) then intuitively then intuitively x’ x’ is an abstraction of anyis an abstraction of any
trace trace yy such that  such that h( y ) = x’. h( y ) = x’. Then Then x’x’ represents all such represents all such
yy..

�� Then define Then define Ψ = (Ψ = (Ψ = (Ψ = (Ψ = (Ψ = (Ψ = (Ψ = ( Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψuu,,  ΨΨΨΨΨΨΨΨll )  ) as followsas follows
�� ΨΨΨΨΨΨΨΨuu( T ) = h( T )( T ) = h( T )

�� ΨΨΨΨΨΨΨΨll( T ) = h( T ) - h( B( T ) = h( T ) - h( BCC( A ) - T )( A ) - T )

�� Note that intuitively Note that intuitively ΨΨΨΨΨΨΨΨuu  -1-1( T’ ) ( T’ ) ⊇⊇⊇⊇⊇⊇⊇⊇ T T  ⊇⊇⊇⊇⊇⊇⊇⊇  ΨΨΨΨΨΨΨΨll  -1-1( T’ ) .( T’ ) .

�� Theorem: Theorem: ΨΨΨΨΨΨΨΨ         is a conservative approximation is a conservative approximation
�� If If ΨΨΨΨΨΨΨΨuu  -1-1( T’ ) ( T’ ) =T=T  ==  ΨΨΨΨΨΨΨΨll  -1-1( T’ ) ( T’ ) then we can define anthen we can define an

inverse inverse ΨΨΨΨΨΨΨΨ  -1-1

June 18, 2001 2424

Trace Trace algebras algebras and Trace Structures and Trace Structures algebrasalgebras

Trace structure algebra
A’

Trace structure algebra
A

Trace algebra
C

Trace algebra
C’

Homomorphism
h ΨΨΨΨu ΨΨΨΨl

A trace structure
contains a set

of traces

ΨΨΨΨinv

“Abstract” Domain

“Detailed” Domain

Let Tspec  and  Timpl   be trace structures in A. Then

if  ΨΨΨΨu( Timpl ) ⊆⊆⊆⊆ ΨΨΨΨl( Tspec )  then  Timpl ⊆⊆⊆⊆ Tspec
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Inverses of Conservative ApproximationsInverses of Conservative Approximations

ΨΨΨΨu

ΨΨΨΨl

ΨΨΨΨu

ΨΨΨΨl

ΨΨΨΨinv

June 18, 2001 2626

Parallel compositionParallel composition

�� Example based on the theory of trace structuresExample based on the theory of trace structures

�� Parallel composition defined in each domain in terms of aParallel composition defined in each domain in terms of a
projection operationprojection operation
�� Data flow        Data flow           f : A  f : A →→→→→→→→ V*   V*                                 proj( B )( f ) = f | proj( B )( f ) = f |BB
�� Synchronous Synchronous    <g>  <g> ∈∈∈∈∈∈∈∈ ( A  ( A →→→→→→→→ V )*  V )*             proj( B )( <g> ) = < g |proj( B )( <g> ) = < g |BB > >
�� Discrete      Discrete                  N N →→→→→→→→ ( A  ( A →→→→→→→→ V )   V )                    proj( B )( proj( B )( NN  →→→→→→→→ g ) =  g ) = NN  →→→→→→→→ g | g |BB

�� For each domainFor each domain
�� TT11 || || || || || || || || T T22 =  = {{{{{{{{ x : proj( A x : proj( A11 )( x )  )( x ) ∈∈∈∈∈∈∈∈ T T11    ∧∧∧∧∧∧∧∧    proj( Aproj( A22 )( x )  )( x ) ∈∈∈∈∈∈∈∈ T T22  }}}}}}}}
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ConclusionsConclusions

�� We are defining semantics domains for the representationWe are defining semantics domains for the representation
of various models of computationof various models of computation

�� Using the formal techniques to study heterogeneousUsing the formal techniques to study heterogeneous
interactioninteraction

�� Work in progress in generalizing the foundation layer toWork in progress in generalizing the foundation layer to
cover representation of different aspectscover representation of different aspects

June 18, 2001 2828

Basic elements: a modelBasic elements: a model

�� A model is a A model is a representationrepresentation of an entity (an object or an idea) of an entity (an object or an idea)
�� In the previous example we use mathematical structures asIn the previous example we use mathematical structures as

representationsrepresentations
�� In our approach we use the In our approach we use the theory of a structuretheory of a structure as a logical as a logical

representationrepresentation
�� Theory of a structure: the set of true statements about the structure in a logicTheory of a structure: the set of true statements about the structure in a logic

�� A model is a A model is a set of propertiesset of properties that must be satisfied by the that must be satisfied by the
represented objectrepresented object

�� Neutral with respect to representationNeutral with respect to representation



Page 15

The MARCO/DARPA Gigascale Silicon
Research Center for Design & Test: Form

Executive Advisory Group Review
23 September 1999

June 18, 2001 2929

Classes of models and local refinementClasses of models and local refinement

�� A A class of modelsclass of models is represented by the set of properties  is represented by the set of properties ΦΦΦΦΦΦΦΦ
common to all modelscommon to all models

�� A model A model ΨΨΨΨΨΨΨΨ belongs to a class  belongs to a class ΦΦΦΦΦΦΦΦ if and only if  if and only if Ψ  |=  ΦΨ  |=  ΦΨ  |=  ΦΨ  |=  ΦΨ  |=  ΦΨ  |=  ΦΨ  |=  ΦΨ  |=  Φ

�� This notion corresponds to local refinementThis notion corresponds to local refinement

�� ΨΨΨΨΨΨΨΨ must have all the properties of  must have all the properties of ΦΦΦΦΦΦΦΦ plus (possibly) some more plus (possibly) some more

�� For example if For example if ΦΦΦΦΦΦΦΦ is the class of models with a partial order, is the class of models with a partial order,
then a total order then a total order Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ belongs to the class belongs to the class ΦΦΦΦΦΦΦΦ

June 18, 2001 3030

Inter-class RefinementInter-class Refinement

�� Let P and Q be two classes of modelsLet P and Q be two classes of models

�� Define when elements p Define when elements p ∈∈∈∈∈∈∈∈ P and q  P and q ∈∈∈∈∈∈∈∈ Q represent the same Q represent the same
underlying objectunderlying object

�� Bipartite equivalence (or correspondence)Bipartite equivalence (or correspondence)
�� Let Let ΦΦΦΦΦΦΦΦΑΑΑΑΑΑΑΑ be a set of assertions that defines a notion of be a set of assertions that defines a notion of

correspondence. We say that p and q are bipartite equivalent ifcorrespondence. We say that p and q are bipartite equivalent if
and only if their disjoint union satisfies and only if their disjoint union satisfies ΦΦΦΦΦΦΦΦΑΑΑΑΑΑΑΑ..

�� The theory The theory ΦΦΦΦΦΦΦΦΑΑΑΑΑΑΑΑ outlines what must be true in order for two outlines what must be true in order for two
heterogeneous models to represent the same entityheterogeneous models to represent the same entity
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Example: abstraction of timeExample: abstraction of time

�� Abstract time away. For all properties Abstract time away. For all properties ϕϕϕϕϕϕϕϕ
ΦΦΦΦΦΦΦΦAA: : ∀∀∀∀∀∀∀∀xx  ((  ϕϕϕϕϕϕϕϕ( x )( x )  ↔↔↔↔↔↔↔↔  ∀∀∀∀∀∀∀∀t t ϕϕϕϕϕϕϕϕ( f( x, t ) ) )( f( x, t ) ) )

ΦΦΦΦΦΦΦΦAA’’: : ∀∀∀∀∀∀∀∀xx  ((  ϕϕϕϕϕϕϕϕ( x )( x )  ↔↔↔↔↔↔↔↔  ∃∃∃∃∃∃∃∃t t ϕϕϕϕϕϕϕϕ( f( x, t ) ) )( f( x, t ) ) )

Collection of events

Collection of events in time

ΦΦΦΦA

x

f( x, t )

June 18, 2001 3232

Abstraction or refinement?Abstraction or refinement?

�� q is a refinement of p if q knows everything about pq is a refinement of p if q knows everything about p
�� As in local refinement, we want q As in local refinement, we want q |=|=|=|=|=|=|=|= p p

�� But in order to do that we need the information on theBut in order to do that we need the information on the
bipartite equivalencebipartite equivalence
�� ( q ( q ∪∪∪∪∪∪∪∪  ΦΦΦΦΦΦΦΦAA )  ) |=|=|=|=|=|=|=|= p p

�� Can be extended to classes of modelsCan be extended to classes of models
�� ( ( ΦΦΦΦΦΦΦΦQQ  ∪∪∪∪∪∪∪∪  ΦΦΦΦΦΦΦΦAA )  ) |=|=|=|=|=|=|=|=  ΦΦΦΦΦΦΦΦPP

�� Transitive and reflexive relation: a pre-orderTransitive and reflexive relation: a pre-order
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ConstraintsConstraints

�� A constraint is a property that must hold, but that isA constraint is a property that must hold, but that is
derived from a corresponding model at a different level ofderived from a corresponding model at a different level of
abstractionabstraction

�� Let P, Q be classes of models identified by specificationsLet P, Q be classes of models identified by specifications
ΦΦΦΦΦΦΦΦPP and  and ΦΦΦΦΦΦΦΦQQ. Let . Let ΦΦΦΦΦΦΦΦAA be a theory of equivalence. be a theory of equivalence.

�� Theorem: If p Theorem: If p ∈∈∈∈∈∈∈∈ P :  p  P :  p ||||||||≠≠≠≠≠≠≠≠ ( (ΦΦΦΦΦΦΦΦQQ  ∪∪∪∪∪∪∪∪  ΦΦΦΦΦΦΦΦAA ) ) |=|=|=|=|=|=|=|=, then there is no, then there is no
model q model q ∈∈∈∈∈∈∈∈ Q such that p and q are equivalent Q such that p and q are equivalent

�� Hence we define the constraints of Q over P, mediated byHence we define the constraints of Q over P, mediated by
equivalence equivalence ΦΦΦΦΦΦΦΦAA, as the consequence closure, as the consequence closure
�� ΨΨΨΨΨΨΨΨ =  = ((ΦΦΦΦΦΦΦΦQQ  ∪∪∪∪∪∪∪∪  ΦΦΦΦΦΦΦΦAA ) )|=|=|=|=|=|=|=|=
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Interaction as a constraint applicationInteraction as a constraint application

�� A special case of constraint applicationA special case of constraint application

�� A theory A theory ΦΦΦΦΦΦΦΦCC that defines how a set of properties is that defines how a set of properties is
translated into another set of propertiestranslated into another set of properties

�� Essential for heterogeneous systems (no notion of parallelEssential for heterogeneous systems (no notion of parallel
composition)composition)

�� But also useful for homogeneous systemsBut also useful for homogeneous systems
�� synchronous vs. asynchronous automata compositionsynchronous vs. asynchronous automata composition
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�� For a class of executable models, declare the local model ofFor a class of executable models, declare the local model of
computation:computation:

�� For each model, declare the properties of data communicationFor each model, declare the properties of data communication
�� For each model, declare the properties of activationsFor each model, declare the properties of activations

�� The less stringent the properties, the more reusable theThe less stringent the properties, the more reusable the
componentcomponent

Assume-Guarantee for executable modelsAssume-Guarantee for executable models

S
Transfer of data

Transfer of activations
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Constructing networksConstructing networks

A collection of components must
mutually satisfy their requirements
through the use of guarantees

An explicit scheduler (or director)
can be used to embed the resolution
of assumption and guarantees

Input filter

Correlator
...

Cntr.

Sched

Input filter

Correlator
...

Cntr.

�� Properties are divided into requirements (assumptions)Properties are divided into requirements (assumptions)
and guaranteesand guarantees
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ConclusionsConclusions

�� By providing a common formal framework forBy providing a common formal framework for
heterogeneous systems we addressheterogeneous systems we address
�� The problem of maintaining consistency through theThe problem of maintaining consistency through the

refinement process and the design flowrefinement process and the design flow
�� A way to consciously reason about the interactionA way to consciously reason about the interaction

between heterogeneous modelsbetween heterogeneous models

�� This provides a more precise verification thatThis provides a more precise verification that
lowers time to market and increases productivitylowers time to market and increases productivity
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Conjoint structuresConjoint structures

�� A way to talk about two structures at the same timeA way to talk about two structures at the same time

�� Given structures Given structures A A and and BB, in languages , in languages SS and  and SS’, consider’, consider
the disjoint union the disjoint union UU in language in language S’ S’’’

�� In general it is not the case that if  In general it is not the case that if  AA |= |= |= |= |= |= |= |=  ϕϕϕϕϕϕϕϕ  then    then  UU |= |= |= |= |= |= |= |=  ϕϕϕϕϕϕϕϕ

�� However, let However, let ϕϕϕϕϕϕϕϕ’ be ’ be ϕϕϕϕϕϕϕϕ where all variables are constrained to where all variables are constrained to
range over the domain of range over the domain of AA

�� Theorem: Theorem:     AA  |= |= |= |= |= |= |= |= ϕϕϕϕϕϕϕϕ    if and only if   if and only if       UU |=  |=  |=  |=  |=  |=  |=  |= ϕϕϕϕϕϕϕϕ’’
�� By induction and by the definition of truthBy induction and by the definition of truth
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A special case: Executable modelsA special case: Executable models

�� Executable models are those that can be run as aExecutable models are those that can be run as a
simulationsimulation

�� Characterized by a semantics of internal execution and ofCharacterized by a semantics of internal execution and of
interactioninteraction

�� The interaction is composed ofThe interaction is composed of
�� the way the data is exchangedthe way the data is exchanged
�� the relationships between the data transfers and the activationsthe relationships between the data transfers and the activations

June 18, 2001 4040

Example of requirementsExample of requirements

�� Data flow: define a partial orderData flow: define a partial order
�� For each activation, a sufficient amount of data must been seen atFor each activation, a sufficient amount of data must been seen at

the inputs in the pastthe inputs in the past

�� Synchronous: define a total orderSynchronous: define a total order
�� For each activation, corresponding data must be seen at the sameFor each activation, corresponding data must be seen at the same

time at the inputstime at the inputs

�� Synchronous guarantees satisfy data flow requirementsSynchronous guarantees satisfy data flow requirements

�� Sub-type (refinement) when  R Sub-type (refinement) when  R �������� R’  and  G’  R’  and  G’ �������� G G

�� Contravariant as in type systemsContravariant as in type systems
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Representation of propertiesRepresentation of properties

serial handshake

1a

0-

1a

0b

0b

1a

0-

0b 1a (reset)

0- (r.)
1a (r.)
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Derivation of requirementsDerivation of requirements

1a

0-

1a

0b

0b

0- 1a 0b

0-0-
1a0-

0-
1a

0-
0b

0-1a

0-0b

1a1a

1a1a 0b1a

1a0b

1a0b 0b0b

0b0b

0b1a

0b0-
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Derivation of requirementsDerivation of requirements

1a

0-

1a

0b

0b

0- 1a 0b

0-0-

0-
1a

0-1a
1a0b

0b0b
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The satisfaction caseThe satisfaction case

1a

0-

1a

0b

0b

1a

1a
0-

0b

0- 1a

0- 0-

1a1a

0b0b

0- 0b

1a1a

1a1a

0- 0b
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The satisfaction caseThe satisfaction case

1a

0-

1a

0b

0b

1a

1a
0-

0b

0- 1a

0b0b

1a1a
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Choosing the modelChoosing the model

�� Choosing the appropriate model is essential becauseChoosing the appropriate model is essential because
�� If the model is too detailed:If the model is too detailed:

�� over-specification (miss opportunity for optimization)over-specification (miss opportunity for optimization)
�� complexity (must deal with too many details)complexity (must deal with too many details)
�� difficult to analyze (may not be possible to extract relevant properties)difficult to analyze (may not be possible to extract relevant properties)

�� If the model is too abstract:If the model is too abstract:
�� under-specificationunder-specification
�� unwanted non-determinismunwanted non-determinism

���������� Can’t really just do with one! Can’t really just do with one!
�� But a common infrastructure is necessaryBut a common infrastructure is necessary
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Domain transformationDomain transformation

�� Classes of transformationsClasses of transformations
�� Property preserving transformation (homomorphism)Property preserving transformation (homomorphism)
�� Identity preserving transformation (Identity preserving transformation (injectiveinjective))
�� Abstracting transformation (strictly non-Abstracting transformation (strictly non-injectiveinjective))
�� Non-deterministic transformation (relation: one-to-many)Non-deterministic transformation (relation: one-to-many)
�� Sub-typing transformation (embedding)Sub-typing transformation (embedding)

Convert a representation
from one model to
another while preserving
the properties of interest


