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Introduction

Specifications

@ Specification = property (of a formal model of a system)

o Example:
AG (request = AX(work AW grant))

“after a request, only work is allowed, until grant is executed”

request request
@ satisfied by —O O and —O O
Y ~_ O\/U
. grant . grant
idle idle ork
request
@ not satisfied by —O O
y \/U
. grant |
idle idle
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Introduction

Operations on specifications

@ logical operations: conjunction, disjunction, negation

@ implication / refinement / strengthening

AG(request = grant) < AG(request = AX(work AW grant))

request

o satisfied by —07 >0

\/

t
idle 8"

request

e not satisfied by —0O O
\/
U grant U

idle work
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Introduction

Model checking

Algorithm for deciding whether or not a model satisfies a
specification

Popular specification formalisms: CTL, LTL, CTL*, p-calculus
Successful tools: Cadence SMV, Java Pathfinder, NuSMV, Spin, ...

But: state space explosion Zﬁ{
Magic sauce: compositionality
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Introduction

Compositionality

@ Idea: Model check large systems by checking one component at a

time
° ifCl ‘:51 and C2 |:52 and ...
e then C1HC2H |: 51H52H

@ Needs operation of structural composition || on models and
specifications
@ Also useful: decomposition
o if Cl ‘: 51 and C1”C2 ‘: S
o synthesize property S, so that & = S
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Formalisms

Disjunctive modal transition systems

CTL AG(request = AX(work AW grant))

grant, work, idle

1
14 request

DMTS — Oz >0

grant work

e DMTS: D= (S5, S°CS, -+ CSxE xS, — CS§x25x5)
o multiple initial states

@ --»: may-transitions: behavior which is allowed

@ —: disjunctive must-transitions: behavior which is required

o s— N={(a1,t1),...,(an, tn)} means: you must implement
one of the behaviors (a1, t1), ..., (an, tn)

@ a structural specification formalism
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Formalisms

DMTS vs. v-calculus

Translation between DMTS and the modal v-calculus

@ (or Hennessy-Milner logic with maximal fixed points)

grant, work, idle

4 request
grant  work

X = [grant, idle, work] X A [request]Y
Y = ({(work) Y V (grant) X) A [idle, request]ff
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Formalisms

DMTS vs. v-calculus, contd.

normal form for v-calculus expressions:

809 = A (Vias) n Alal(V vs))

iel jeJ; EISX Jj€Ja

@ every v-calculus expression can be translated into normal form

@ but may give exponential blow-up

Notation:

A (V @)rAE(V )

NeO(x) (ay)eN a€x y€el(x)
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Formalisms
DMTS vs. v-calculus, contd.

o DMTS specify structure; v-calculus specifies properties

@ from DMTS to v-calculus:

Ais)= A ( \/ (a>t>/\/\[a](\/ t)

s—N (at)eN DX st

— the characteristic formula of s

@ from v-calculus to DMTS:

— ={(x,N) | x € X, N € O(x)}
s ={(x,ay)eXXxEx X |IyecDx): Y] <y}
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Formalisms

Property vs. Structure

from v-calculus to DMTS, old:

— ={(x,N) | x € X, N € O(x)}
> ={(xay)eEX X xX|Iy e : <}

from v-calculus to DMTS, new:
— ={(x,N) | x e X, N € O(x)}

s ={(x,a,y) EX X Ex X |y € 0°(x)}

@ no more semantic inclusion: direct syntactic translation

@ ‘“property = structure” 7
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Formalisms

Refinement

A modal refinement “<" between DMTS (51,5{3, --»1,—1) and
(527 Sga -2, —>2):

@ a relation R C 51 x S; such that for all (s1,s) € R:

e Vs 22, t:ds 23 tr: (t1,t2) € R and

o Vsy — Np:3sg — Ny :V(a,t1) € Ny :3(a, tp) € No: (t1, ) €R
o and Vs? € SP: 350 € SO : (s9,s9) € R

grant, work, idle grant, work, idle
N N
14 request 14 request
grant grant  work
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Formalisms

Implementations

implementations: standard labeled transition systems
S,s9¢S, —CSxXIxS
o single initial state
LTS C DMTS !
Theorem: refinement is satisfaction: Z < D iff Z = dmts2nu(D)

implementation semantics: [D] = {Z < D | Z implementation}
@ Theorem: Dy < D, implies [D1]] C [D3] — sound but not complete
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Specification theory

Logical operations

@ Disjunction: disjoint union
e D1VD, = (51 U 52,5? U Sg, =31 U-=32,—>1 U —)2)
e Conjunction: (kind of) synchronized product
D1 ANDy = (51 X 52,5? X Sg, -=>, —)) with
(51,52) —i+ (tl, t2) iff 51 —f+1 t1 and s —f+2 to,
for all s; — Ny,
(s1,9) — {(a, (t1,82)) | (2, 1) € Ny, (51, %) - (11, 82)},
o for all s, — Nb,
(51,52) — {(a, (tl, tz)) ’ (a, t2) e Ny, (51,52) -2 (tl, tz)}.
@ disjunction is least upper bound; conjunction is greatest lower
bound: bounded distributive lattice up to modal equivalence "=
° Dl ED2 iffDl S'Dg and D2 §D1
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Specification theory
Structural composition

@ |dea: enumerate all transition possibilities
@ For aDMTS D =(5,5% --»,—) and s € S, let

Tran(s) = {M C xS |V(a,t) e M:s-2»t,
Vs — N: NN M #Q} C25%°

grant, work, idle

U
14 request

grant work

Tran(X) = {0, {(grant, X)}, {(work, X)}, {(idle, X)}, {(request, Y)},
{(grant, X), (work, X)}, {(grant, X), (idle, X)},... }
Tran(Y) = {{(grant, X)}, {(work, Y)},{(grant, X), (work, Y)}}

@ “"Acceptance automata”; special case of Walukiewicz' ji-automata
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Specification theory

Structural composition, contd.

4

D1|| Dy = (S1 x S5, S x S9, Tran) with

Tran((sl,SQ)) = {Ml”/\/lg | My € Tranl(sl), M, € Tranz(SQ)},
where

Mi|[Mz = {(a, (t1, 2)) | (a,t1) € My, (a, t2) € M2}

Back-translation from Tran (acceptance automaton) to DMTS may
give exponential blow-up

Theorem (independent implementability):
Dl < D3 and Dz < D4 impIy DlHDQ < D3HD4
Hence [D1]||[D2] C [D1||D2] — sound but not complete

Theorem (N. Bene¥): There is no complete composition operator
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Specification theory

Quotient / Decomposition

Dy /Dy = (252, {{(s2,9) | s? € S9, 59 € S2}}, Tran),
with Tran too complicated to explain here. ..

double exponential blow-up in worst case

Theorem: D1||Dy < D iff Dy < D/D;

Hence Z; € [D1] and I, € [D/D1] imply 71|/ Z; € [D]
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Specification theory

Residuated lattice of specifications

@ Have seen already: With A and Vv, DMTS form a bounded
distributive lattice up to =
e With A, V, || and /, DMTS form a bounded commutative residuated
lattice up to =:
o (DMTS, ||, U) is a commutative monoid (up to =)
o with unit U= ({u},{u},{u - u|aeX}} (upto=),
o (DMTS, A, V) is a bounded lattice (up to =), and
o / is the residual to ||: D1||D2 < D iff Do < D/Dy

@ Relation to linear logic, Girard quantales
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Conclusion

Conclusion

@ We expose a close relationship between the modal v-calculus and
disjunctive modal transition systems.

@ Using the equivalence between DMTS and acceptance automata, we
can then introduce composition and decomposition into the modal
v-calculus.

o (These are syntactic operators, not semantic ones as in other work.)

@ (Given the equivalence between the modal j-calculus and
Walukiewicz' p-automata, the equivalence between the modal
v-calculus and DMTS is perhaps less surprising than we initially
thought.)
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Conclusion

Conclusion

@ We expose a close relationship between the modal v-calculus and
disjunctive modal transition systems.

@ Using the equivalence between DMTS and acceptance automata, we
can then introduce composition and decomposition into the modal
v-calculus.

o (These are syntactic operators, not semantic ones as in other work.)

Future work:
e Extend to a quantitative setting (FACS 2014)

o Extend to the modal p-calculus
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Appendix
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Conclusion
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Conclusion
Algebraic Consequences

D1[(Ds v D3) = D1 Ds v D1 || D
(D1 AD»)/Ds = D1 /Ds A D2/ Ds
D1 |(D2/D1) < Do
(D1[|D2)/Dy < D
D/U=D
U< D/D
(D1/D2)/D3 = D1/(D2|Ds)
(U/D)[(U/D2) < U/(D1||D2)
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Conclusion

There Is No Complete Composition
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Conclusion

There Is No Complete Composition
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Conclusion

There Is No Complete Composition

H ®—® 0> a
a a a a a a
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