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Computer science uses logic in many ways

@ programming languages

@ formal specification and verification

@ databases, WWW, artificial intelligence
@ ontologies

@ algorithms & complexity

@ (semi-)automated theorem proving

@ metatheory

° ...
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Plenty of logics are used in computer science
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temporal logics ..., Fo, Go, Uy
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first-order logics
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description logics
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type theories

L YaVfia— a.e
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What do these logics have in common?

@ formulas / sentences

@ entailment, logical consequence
@ models

@ soundness, completeness

@ conservative extensions

° ...

Are there definitions and theorems that we can
@ introduce once and for all
@ and then apply them to many logics?
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What is a logic, after all?

Definition (Gentzen, Tarski, Scott)
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Q transitivity: if T+ ¢;, forie l,and TU{g;| i€ I} - v, then
M=y
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Definition (Gentzen, Tarski, Scott)

An entailment relation (ER) (S,F) is a binary relation
FC Z(S) x Son aset S of sentences.

(S,F) is Tarskian, if
@ reflexivity: forany ¢ € S, {9} - o,
@ monotonicity: if FTF @ and " DT then I F ¢,

Q transitivity: if T+ ¢;, forie l,and TU{g;| i€ I} - v, then
[ y.

Definition

A theory I' C Sis consistent if I' t/ ¢ for some o.
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ER for propositional logic

Example (Propositional logic)

Propositional logic (PL) has sentences given by the following

grammar

Q=P Q| QIAN@ | OV P |1 = Qo | T|L

where p denotes propositional variables.

t is the minimal Tarskian entailment relation satisfying:

'Fo, TEy LobEx, Thwky

FoAy LovykEy
[=—-o

=T 1Fo Lok _L

lFo— vy

Loty
rl——\—\(p
Mo

4
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ER for modal logic K

Example (modal logic K)

Q=P QO A | Q1V 2|01 > 2| T|L[Oo| 0@
F is the minimal Tarskian entailment relation satisfying the rules
for propositional logic plus:
o o
r-0(e — y)— (Op — Oy) FOgp M=-0-¢

Note: with multiple modalities, this is equivalent to the
description logic .« % .
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ER for first-order logic

(without function symbols)

Example (First-order logic)

x|c

P(ty,...,th) | 3x.0 |VX.0 |

Q[ OIAQ | Q1V 2|1 2| T| L

F is the minimal Tarskian entailment relation satisfying the rules

for propositional logic plus:
- o(t) Mol v

M+ 3x.e(x) Max.e(x)Fy

I vx.9(x) - o(c)
Mot [EVx.o(x)

(c does not occurin T, ¢, )

(c does not occurin T, @)
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Morphisms of entailment relations

An entailment relation morphism a: (Sy,H') —(S5,-2) is a
function a: S; — S, such that

"¢ implies o) a(e)

If the converse holde, o is conservative.
ERs and ER morphisms form a category ER.

Observation:

If we have a conservative ER morphism and a theorem
prover for -2, we can borrow it for 1.

For propositional and first-order logic, there are many
automated theorem provers, but not for modal logic.
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Translating modal logic K into first-order logic

Example
A conservative ER morphism Modal — FOL is defined by

ax(p) = p(x)

ax(0¢) =Vy.R(x,y) — oy (@)
ax(o@) =3y.R(x,y) Ny (o)
ox (=) = —ax(9)

&(fp) =Vx.ox(9)

Proof of ER property: induction over proofs.
Proof of conservativity property is more complicated
= use model theory.
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Adding model theory

Definition (Goguen, Burstall)

A satisfaction system (S,.#, =) consists of
@ a set of S of sentences,
@ a category .# of models and model homomorphisms, and
@ abinary relation = C |.#| x S, the satisfaction relation.

Definition (Logical consequence)
=ogiffforall M e #, M =T implies M = ¢.
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Logics

Definition (Logic)
A logic (S,F,.# ,|=) consists of
@ an entailment relation (S,+), and
@ a satisfaction system (S,.#, ),
such that soundness holds:
'@ impliesT = ¢
A logic is complete, if

'E¢@impliesT - o
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Satisfaction system for propositional logic

Example (Propositional logic)
sentences as above
models maps from propositional variables to {true, false}

model homomorphisms M; — M, iff
(My(p) = true implies Mx(p) = true)

satisfaction M = ¢ iff
M(¢) = true according to standard truth tables

Proposition
Propositional logic is sound and complete.
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Satisfaction system for modal logic K

Example (modal logic K)

@ sentences as above
@ a model M consists of
e a non-empty set W of worlds,
e a binary accessibility relation RC W x W,
e a map maps from propositional variables and worlds to
{true, false}
@ satisfaction
M,w = p iff M(p,w) = true
M,w = Og iff for all v e W with R(w,v), M,v = ¢
M, w = <g iff for somd v € W with R(w,v), M,v = ¢
M,w = - iff M,w [~ ¢ etc.
MEgiffforallwe W, MwEo
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Satisfaction system for modal logic K (cont’d)

Proposition
modal logic K is sound and complete.
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Satlsfactlon system for flrst order logic

Example (First-order logic)

@ sentences as above

@ models: a first-order M model consist of
e a non-empty set |[M| called universe,
e an element M, € |M| for each constant c,

e an n-ary relation Mp on |M| for each n-ary predicate symbol
P

@ satisfaction
o Mv = P(ty,... tn) iff (v¥*(t),...,v*(ty)) € Mp
e M,v EVx.g iff for all £ differing from v at most for

x, M&Eo
e M,v | Ix.¢ iff forsome & differing from v at most for x,

M=o
o M,v=—oiff M,v |~ ¢ etc.
o Mgiffforalv, MyviEe
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Satisfaction system for first-order logic
(cont’d)

Proposition
First-order logic is sound and complete.
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Morphisms of satisfaction systems

Definition (Goguen, Burstall)

A satisfaction system morphism

(Ot,ﬁ) : (81 , M, ):1 ) — (82,.//2, ):2) consists of
@ a sentence translation function a: S; — S», and
@ a model reduction functor B: .#> — .#1, such that

Mo =2 a(@q) iff B(Mz) =1 ¢4

(satisfaction condition).
This gives us a category Sat of satisfaction systems and
satisfaction system morphisms.
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Translatlng modal Ioglc K into first-order logic

Example

A satisfaction system morphism Modal — FOL is defined by
@ sentence translation as above

@ a first-order model is reduced to a modal model by
e taking the universe as set of worlds
e taking the interpretation of the binary predicate R as
accessibility relation
e taking the interpretation of the unary predicate p as
interpretation of the propositional variable p

Proposition

The satisfaction condition holds.
Proof: induction over formulas.

| A\

A\
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Semantic proof of conservative ER morphism

property

Theorem (Cerioli, Meseguer)

Let (Sy,1,.#1,}=1) and (Sa,bo, 45, =2) be two sound and
complete logics and a satisfaction system morphism

(a>ﬁ): (817%17):1)_>(S27%27 ):2)

be given.
If B is surjectivive, then « is a conservative ER morphism

o (S'l 7|_1 ) —)(827|_2)'
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Indexing over signatures

We have been imprecise at various places.
Strictly speaking, we need to index over signatures. Signatures

are vocabularies of non-logical (=user-defined) symbols.
Entailment:

@ set Sig of signatures, and
o famlly of ERs (SCD(Z),I—z)zESig
Satisfaction:

@ set Sig of signatures, and
o family of satisfaction systems (Sen(X),Mod(X), =5 )sesig
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However, this is not the whole story!

Within this framework, we can study
@ abstract logical connectives
@ logic translations
@ logic combination
@ consistency strength, expressiveness
° ...
However, we cannot study
@ refinements, conservative extensions
@ modular logical theories
@ abstract quantifiers
@ Craig interpolation, Robinson consistency, Beth definability
@ elementary diagrams
° ...
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Indexing over signature morphisms

Definition (Fiadeiro, Meseguer)

An entailment system is a functor /: Sig— ER, where Sig is the
category of signatures.

This gives us
@ a graph Sig of signatures and signature morphisms,
@ for each signature ¥, an identity morphism idy: ¥ — ¥,
@ a composition operation o on signature morphisms,
@ for each X € Sig, an ER (Sen(X),Fyx),

@ for each signature morphism oy: X1 — X5 € Sig,
an ER morphism /(o) : (Sen(X1),Fx,) — (Sen(X2),Fx,), by
abuse of notation also denoted by o.
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Sample entailment systems

Example (Entailment system for propositional logic)
signatures sets of propositional variables
ERs (Sen(X),tyx) as before, but built over

ER morphisms o(¢) replaces symbols in ¢ along o.
We have
5, @ implies o(l) k5, o(¢)

Further examples:
modal logic, first-order logic, and many more.
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Indexing over signature morphisms (cont’d)

Definition (Goguen, Burstall)
An institution is a functor /: Sig— Sat.

This gives us
@ a graph Sig of signatures and signature morphisms, (.. .)
@ for each ¥ € Sig, a satisfaction system
(Sen(X),Mod(X), Fx),

@ for each signature morphism oy: 1 — %5 € Sig,
a satisfaction system morphism
I(6): (Sen(X1),Mod(X1), Fx,) — (Sen(¥z), Mod(Z2), =5, ),
by abuse of notation also denoted by (o,_|s).
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Sample institutions

Example (Institutions for propositional logic)
signatures sets of propositional variables
Sat. systems (Sen(X),Mod(X), |=5) as before, but built over x
Sat. syst. morphisms @ o(¢) replaces symbols in ¢ along ¢
@ M|, interprets p as M|s(p) := M)
We have
Mz|o f=5, @1 iff Mo =5, o(94)

Further examples:
modal logic, first-order logic, and many more.
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Indexing over signature morphisms (cont’d)

Definition (Meseguer)

A logic is an institution equipped with an entailment system,
agreeing on signatures and sentences.
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Abstraction via institutions

Institution independent notions and theorems,
languages, calculi, and software tools

Semantics, calculi and proof tools of particular institutions
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Distributed Ontology, Model and Specification

Language

DOL ST ARG e Cro U
@ DOL has been adopted as an OMG-Standard (under my
leadership)
@ combines modularity, interoperability and language
heterogeneity
@ continuous formal semantics, based on institutions
e Ontologies, models and specifications are logical theories
@ cooperation of different communities:
e Ontologies, UML, specification
T. Mossakowski, C. Lange, O. Kutz (2012). Three Semantics for
the Core of the Distributed Ontology Language, FOIS 2012.
Best paper award
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Structured ontologies, models, specifications

(OMS) over an arbitrary institution

mathematical notation | type of OMS | DOL notation
O = (&, basic OMS | logic specific
| O, U0, union O; and O,
| c(0) translation | O with o
\ Ols hiding O hide ¢

Note: Oy then (X,T) is similar to Oy and (X,T")
(but X can be signature fragment)




... and their semantics

Definition (Signature and model class of an OMS)

Sig((T,MN)) =¥
Mod((Z, 1)) = {M € Mod(Z) | M = T}

Sig(O1 U Oz) = Sig(Oy) = Sig(O»)
MOd( Oo,uU 02) = MOd(O1 ) ﬂMOd( 02)

SIg(G 21 —>22(O)) = 22
Mod(c(0)) = {M € Mod(X>) | M|s € Mod(O)}

Sig(Ols: ¥v1—5,) = X1
Mod(Olg. 3,_s2,) = {M]s | M € Mod(O)}
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Unions

O4 and Os: union of two stand-alone OMS

@ Signatures (and axioms) are united
@ model classes are intersected
@ difference to extensions: there, O, needs to be basic

logic CASL.FOL=

spec Magma =

sort Elem; ops 0:Elem; __+__:ElemxElem->Elem end
spec CommutativeMagma = Magma then

forall x,y:Elem . Xx+y=y+Xx end

spec Monoid = Magma then
forall x,y,z:Elem . x+0=x
. X+(y+z) = (x+y)+z end
spec CommutativeMonoid =
CommutativeMagma and Monoid end
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Translations

A translation O with ¢ renames O along ¢
@ o is a signature morphism
@ in practice, o is a symbol map, from which one can
compute a signature morphism

ontology BankOntology =

Class: Bank Class: Account ... end
ontology RiverOntology =
Class: River Class: Bank ... end

ontology Combined =
BankOntology with Bank |-> FinancialBank
and
RiverOntology with Bank |-> RiverBank
%% necessary disambiguation when uniting OMS
end
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Hiding (preparation)

logic CASL.FOL= %right_assoc( __::__ )%
spec PartialOrder =
sort Elem; pred __leg__ : Elem x Elem

forall x,y,z:Elem

. X leqg x %(refl)%

. X legqy /\y leq x => X =y %S(antisym)%

. xleqgy /\y leq z => x leq z %(trans)%
spec TotalOrder =

PartialOrder then forall x,y:Elem

. X legy \/ vy leq x \/ x=y %(trichotomy)%
spec List = sort Elem

free type List ::= [] | __::__(Elem; List)

pred __elem__ : Elem x List

forall x,y:Elem; L,L1,L2:List

. not x elem []

. x elem (y :: L) <=> x=y \/ x elem L
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Hiding (cont’d)

spec AbstractSort =
TotalOrder and List
then %def
preds is_ordered : List;
permutation : List * List
op sorter : List->List
forall x,y:Elem; L,L1,L2:List
. is_ordered([])
. is_ordered(x::[1)
. is_ordered(x::y::L) <=> x leq y /\ is_ordered(y::L)
. permutation(Ll,L2) <=>
(forall x:Elem . x elem L1 <=> x elem L2)
. is_ordered(sorter(L))
. permutation(L,sorter(L))
h1de is_ordered, permutation
end



Logical notions for OMS

Definition (Logical consequence for OMS)
O=¢ iff MEgforall MecMod(O)

Definition (OMS refinement)
O~ O iff Mod(QO') € Mod(O)
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Intended Consequences in Propositional
Logic

logic Propositional
spec JohnMary =
props sunny, weekend, john_tennis, mary_shopping,
saturday %% declaration of signature
. sunny /\ weekend => john_tennis %(when_tennis)%
. john_tennis => mary_shopping S%(when_shopping)%
. saturday %(it_is_saturday)%
. sunny %(it_is_sunny)%
. mary_shopping %(mary_goes_shopping)% %implied
end
Full specification at

https://ontohub.org/essl1i-2016/Propositional/
leisure_structured.dol


https://ontohub.org/esslli-2016/Propositional/leisure_structured.dol
https://ontohub.org/esslli-2016/Propositional/leisure_structured.dol
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A Countermodel

logic Propositional
spec Countermodel =
props sunny, weekend, john_tennis, mary_shopping,
saturday %% declaration of signature
. sunny
. not weekend
. not john_tennis
. not mary_shopping
. saturday
end

This OMS has exactly one model, and hence can be seen as a
syntactic description of this model.
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Repaired OMS

logic Propositional
spec JohnMary =
props sunny, weekend, john_tennis, mary_shopping,
saturday %% declaration of signature
. sunny /\ weekend => john_tennis %(when_tennis)%
. john_tennis => mary_shopping S%(when_shopping)%
. saturday %(it_is_saturday)%
. sunny %(it_is_sunny)%
. saturday => weekend %(sat_weekend)%

. mary_shopping %(mary_goes_shopping)% %implied
end
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Intended Consequences in FOL

logic CASL.FOL=
spec BooleanAlgebra =

sort Elem
ops 0,1 : Elem;
__cap __ : Elem x Elem -> Elem, assoc, comm, unit 1;
__cup __ : Elem * Elem -> Elem, assoc, comm, unit 0;
forall x,y,z:Elem
. x cap (x cup y) = Xx %(absorption_defl)%
X cup (x cap y) = x %(absorption_def2)%
. X cap 0 =0 %(zeroAndCap)%
xcup l=1 %(oneAndCup)%
x cap (y cup z) = (x cap y) cup (x cap z)

%(distrl_BooleanAlgebra)%
(x cup y) cap (x cup z)

%(distr2_BooleanAlgebra)%
. exists x’ : Elem . x cup x’ =1 /\ xcap x' =0
%(inverse_BooleanAlgebra)%
%(idem_cup)% %implied
%(idem_cap)% %implied

. x cup (y cap z)

. X cup x
. X cap X =
end

1n
X X

https://ontohub.org/essl1i-2016/FOL/OrderTheory_structured.dol


https://ontohub.org/esslli-2016/FOL/OrderTheory_structured.dol
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Structuring Using Extensions

logic Propositional

spec JohnMary_TBox = %% general rules
props sunny, weekend, john_tennis, mary_shopping,

saturday %% declaration of signature

. sunny /\ weekend => john_tennis %(when_tennis)%
. john_tennis => mary_shopping %(when_shopping)%
. saturday => weekend %(sat_weekend)%

end

spec JohnMary_ABox = %% specific facts
JohnMary_TBox then

. saturday %(it_is_saturday)%
. sunny %(it_is_sunny)%
. mary_shopping %(mary_goes_shopping)% %implied

end
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Implied Extensions in Prop

logic Propositional
spec JohnMary_variant =
props sunny, weekend, john_tennis, mary_shopping,
saturday %% declaration of signature
. sunny /\ weekend => john_tennis %(when_tennis)%
. john_tennis => mary_shopping %(when_shopping)%
. saturday => weekend %(sat_weekend)%

then
. saturday %(it_is_saturday)%
. sunny %(it_is_sunny)%
then %implies
. mary_shopping %(mary_goes_shopping)%%

end
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Theory Morphisms

Definition
A theory morphism o : (X4,I1) — (X2,2) is a signature
morphism o : ¥1 — ¥, such that

for M € Mod(X»,l2), we have M|s € Mod(X1,I1)

Extensions are theory morphisms:

(£,T) then (Ax, Ar)
leads to the theory morphism
(Z,1) ——(Zuls,i(NUAr)

Proof: M = 1(I"N) U Ar implies M|, =T by the satisfaction
condition.
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Interpretations (views, refinements)

@ interpretation name: Oy to O, = ¢

@ o is a signature morphism (if omitted, assumed to be
identity)

@ expresses that ¢ is a theory morphism Oy — Oo

logic CASL.FOL=
spec RichBooleanAlgebra =
BooleanAlgebra
then %def
pred __ <= __ : Elem x Elem;
forall x,y:Elem
. X <=y <=>Xcap y = X %(leg_def)%
end
interpretation order_in_BA :
PartialOrder to RichBooleanAlgebra
end



DOL
00000000000000000e00

Sorting (cont’d)

Formal design specification for sorting:

spec InsertSort = List then

ops insert : ElemxList -> List;

insert_sort : List->List

vars Xx,y:Elem; L:List

. insert(x,[]) = x::[1

. X leq y => insert(x,y::L) = x::insert(y,L)

. not x leq y => insert(x,y::L) = y::insert(x,L)

. insert_sort([]) = []

. insert_sort(x::L) = insert(x,insert_sort(L))
hide insert
end
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Correctness

Is insert sort correct w.r.t. the sorting specification?

interpretation correctness_int
AbstractSort to InsertSort
end

refinement correctness_ref =
AbstractSort refined to InsertSort
end

Two notational variants with the same semantics.
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Criterion for Theory Morphisms

A signature morphism ¢ : ¥4 — X» is a theory morphism
0 :(X4,11) = (E2,T2) iff

o 5, o(M1)

By the satisfaction condition. n \
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Proof calculus for entailment (Borzyszkowski)

{OF @i}ici {@i}iciF @ .\ perl
(CR) OF o (basic) e
O1 F (0] O1 F (0]
(sum?) 550+ ¢ (SUm2) 5,00, ¢
Fo . . OFo(p)
trans) ——————— derive
(r209) 50y o) (0erive) Ol ¢
Soundness means: OF ¢ implies O = ¢

Completeness means: O E ¢ implies OF ¢



Proofs
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Proof calculus for refinement (Borzyszkowski)

. OrT O1 ~ O 02 ~ O
(BaSIC) W} (Sum) 01 0 02 0
0~ 0o
(Trans) 5(0) < O
(Derive) O~ 0O ifo: O — 0O’

O|s ~ O is aconservative extension

Soundness means: O1 ~ Os implies O ~~» Os
Completeness means: O~~~ O, implies Oy ~ Oo
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Craig-Robinson interpolation

v LTS (1) W1 = o1 (W)

I

(2) p2(V)UT2 E V3 Lo—=1T (0) 6i(V1)U6(T2) = 62(V2)
A commutative square admits Craig-Robinson interpolation,

if for all finite W1 C Sen(Z1 ), Wy o C SCH(ZQ),

if (0), then there exists a finite W C Sen(X) with (1) and (2).

# has Craig-Robinson interpolation if all signature pushouts admit
Craig-Robinson interpolation.




Proofs
0000e

Soundness and Completeness

Theorem (Borzyszkowski, Tarlecki, Diaconescu)
Under the assumptions that

@ the institution admits Craig-Robinson interpolation,

@ the institution is weakly semi-exact, and

@ the entailment system is complete,

the calculus for structured entailment and refinement is sound
and complete.

For refinement, we need an oracle for conservative extensions.
Weak semi-exactness = Mod maps pushouts to weak pullbacks
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Heterogeneous OMS

Definition
A heterogeneous logical environment (7.4 &) is diagram of
institutions, morphisms and comorphisms.




Heterogeneity

0O0@0000000

Institution morphisms (projections)
| nstitution morphisms

(€))
Signatures —
s
Satisfaction — =J
> (0)Y
Models M Od CD
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Institution comorphisms (encodings)
| nstitution comor phisms

(€))
s
Sentences .
Satisfaction — =J
s (0)3
Models M Od CD
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Some 7 ¥ & for ontologies

N EL++ DL-Liteg DL-RL — subinstitution
U | owze | | owmzay | | owize

- = - -» theoroidal subinstitution

— - > simultaneously exact and
model-expansive comorphisms

= — 4 model-expansive comorphisms

arey: no fixed expressivity
green: decidable ontology languages

: semi-decidable
orange: some second-order constructs

red: full second-order logic
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Some 7% & for UML and Java

Eigenschaften Typen Instanzen
Message Sequer;cg i Y State Machines PSR T
__ -State Machines ~<
/I Charts (MSCs) . - Pt o
, —— — \
== = \,
7 - \ o \
Protoco_l State B Structure Diagram e Compoglte Structure \
! Machines 14~ \ , Diagram N \
| - / Y
' Object Constraint al . N ) . I
ass Diagram S Object Diagram /
\ Language (OCL) 9 e ! 9 /)
== NN -7

EE SMT <-----"~ B

‘V —
===—= HOL <
A

’

Java Modelling
Language (JML)

Java
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Heterogeneous structuring operations

heterogeneous translation: For any .#-OMS O, p(O) is a OMS
with:
Siglp(0)] = *(Sig[O)])
Modlp(O)]:= By (Mod[O))

heterogeneous hiding: For any .#/-OMS O’ and signature ¥
with Sig[0'] = ®(X), O'|% is a OMS with:

SiglO'5] =%
Mod[O'[}] = Bz (Mod[O'])
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A heterogeneous proof calculus

Fo . OFo(e)
het-trans) —————— het-derive) —<——+
( ) o0)Fale) ) Ot
(borrowing) PO (o) if p is model-expansive
Ok o
/
(Het-snf) ZE0A@) e penr0) = (O)[3

Ot o
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A heterogeneous proof calculus for
refinement

(Het-Trans) 5

. O0~0"  jfp. 0—0"isa
(Het-Derive) O~ O conservative extension

Conservativity of p = (¢, @, B): O'— O" means that for each
model M’ € Mod(SP’), there is a model M” € Mod(SP") with
B(M") =M.
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Heterogeneous completeness

For a heterogeneous logical environment
HLE: G — cos NS (with some of the institutions having
entailment systems), the proof calculi for heterogeneous OMSs
are sound for 7<% |=. If
Q 78 is quasi-exact,
Q@ all institution comorphisms in ¢ ¥ & are weakly exact,
Q there is a set ¥ of institutions in # % & that come with
complete entailment systems,
Q all institutions in & are quasi-semi-exact,
© from each institution in 5# £ &, there is some
model-expansive comorphism in 7 ¥ & going into some
institution in £,
the proof calculus for entailments between heterogeneous
OMSs and sentences is complete over .77 <%,
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Is a family of UML models consistent?

sd ATM2Bank Scenario .
«interface»
bank : Bank UserOut

verify(17, 4711) card(in ¢ : Integer)
PIN(in p : Integer)

| reenterPIN) ! mp Sysiem

| verify(17, 4242) R

. d userCom atmCom e Userln aondiion

' N ! ank :Bank | | |}cencard() ----- - “ >

o veriiedo | bankCom ';T;ﬁ‘g;’gf)) {{OGL} trialsNum >= 3
(a) Interaction (b) Composite structure (c) Interfaces

e userCom.card(c) / (r Y userCom.PIN(p) /
[ ®  Jcadid=c Al in = p (i ]

stm ATM2Bank { protocol } [trialsNum < 3] / / bankCom.verify(cardld, pin)
markinvalid / trialsNum-++
[trialsNum >= 3] / bankCom.reenterPIN / Veritying
userCom.keepCard(); |
bankCom.markInvalid(cardid);
PP trialsNum = 0 bankCom.verified /
Verifying
/ userCom.ejectCard(); trialsNum =0 (
jectCard(); trialsNum Veriioa
reenterPIN /

(d) Protocol state machine (e) State machine
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Is a family of UML models consistent?

s | S ATM2Bank Scenario )
atm : ATM [

1 verify(17, 4711)|
A atm : ATM bank : Bank

| verify(17, 4242)

verify(17, 4711) [
(2) Interac terfaces

reenterPIN()

stm ATM2Bank {

verify(17, 4242)
markinvalid /
PN (" ertying
verified()

; )
lum=0
I | Verified

erify(cardld, pin)

nkCom.verified /

T

I

I

1

I

I

[ —
. 0 onerire)
| PINEntered

I

J

I

I

I

(d) Protocol state machine (e) State machine
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Is a family of UML models consistent?

sd ATM2Bank Scenario pv——
U verify(17,4711) ! card(in ¢ : Integer)
r—>~‘ PIN(in p : Integer)
i reenterPINg | cmp System
U verity(17, 4242) «interface»
E— userCom _|_«component- atmCom Userln —
verified() ! [] atm:ATM [ ] [ ] bank : Bank P — «precondition>
- bankCom ejectCard() {{OCL} trialsNum >=3 }
(a) Interaction (b) Composite structure (c) Interfaces

cmp System ) )

stm

«component»
atm : ATM

«component»
bank : Bank

userCom

bankCom

(d) Protocol state machine (e) State machine



Application to multi-view ¢
0000800000000

Is a family of UML models consistent?

sd ATM2Bank Scenario
bank : Bank

| verity(17,4711) !
—_—

reenterPIN) !
e

| verify(17, 4242)
L veriy(17,4242)

«interface»
UserOut

card(in ¢ : Integer)
PIN(in p : Integer)

cmp System

...... -

«interface»
UserOut

card(in c : Integer)
PIN(in p : Integer)

«interface»
Userln

«interface»
NNNNN . [ «component» Userln

) —===ll=== «precondition» L
rd() {{OCL} trialsNum >= 3}

(c) Interfaces

userCom.PIN(p) /
d — PINEntered
pin=p

/bankCom.verify(cardld, pin)

bankCom.reenterPIN / Veritying

bankCom.verified /

ejectCard()

keepCard() -~~~ I

«precondition»

{{ OCL } trialsNum >= 3 }

B jectCard(); trialsNum = 0 ”
Verified

achine
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Is a family of UML models consistent

stm ATM2Bank { protocol } )
sd ATM2Bank Scenario
markinvalid /

| verity(17, 4711)
—_—

reenterPIN) omp
e

verify /

verify(17, 4242)
L verly(17, 4242)

verified()

Verifying

(a) Interaction

reenterPIN /

[N J cardld = ¢ U7 pin=p Ty
stm ATM2Bank { protocol } [trialsNum < 3] / / bankCom.verify(cardld, pin)
markinvalid / trialsNum++
[trialsNum >= 3] / bankCom.reenterPIN / Veritying
userCom.keepCard(); |
bankCom.markInvalid(cardid);
e o trialsNum = 0 bankCom.verified /
Verifying
/ userCom.ejectCard(); trialsNum =0 ( ]
4 0 Verified

reenterPIN /

(d) Protocol state machine (e) State machine
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Is a family of UML models consistent?

stm ATM Behaviour )

dl userCom.card(c) / (C dEnt d) userCom.PIN(p) / PINEntered
09‘ rdEnter nter
© J cardid =¢ L a ee)pin:p ere

:

[trialsNum < 3]/ / bankCom.verify(cardld, pin)
trialsNum++
[trialsNum >= 3]/ bankCom.reenterPIN / ( Vot ]
userCom.keepCard(); o

bankCom.marklinvalid(cardld);
trialsNum = 0 bankCom.verified /

/ userCom.ejectCard(); trialsNum = 0

Verified

i

bankCom.markinvalid(cardid);
e trialsNum = 0 bankCom.verified /
Idle w Verifying
/ userCom.ejectCard(); trialsNum = 0 Verified
rif
reenterPIN /

(d) Protocol state machine (e) State machine
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UML multi-view consistency through DOL

networks: sequence diagrams and class
diagrams

model ATM2Bank_Scenario_cd =
ATM2Bank_Scenario hide along sd2cd %% institution morphism
end

refinement r0 =

sig { ATM2Bank_Scenario_cd } refined to User_Interface
end

refinement rl =
{ User_Interface reveal sig { ATM2Bank_Scenario_cd } }
refined to ATM2Bank_Scenario_cd
end

Semantics of refined to: Theory morphism
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Application to multi-view c
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model ATM_stm =

User_Interface with translation cd2stm
then

ATM_Behaviour
end

model Bank_stm =

User_Interface with translation cd2stm
then

Bank_Behaviour
end

Semantics of with translation cd2stm:
Translation along institution comorphism
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Composite Structure Diagram

model System =

ATM_stm with translation stm2cmp with cid |-> atm
and

Bank_stm with translation stm2cmp with cid |-> bank
then

cmp
end
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State machines vs. sequence diagram

%% the sequence diagram can be realised by
he two state machines
%% as combined by the composite structure diagram
refinement r2 =
ATM_Bank_Interaction refined to

{ System hide along cmp2sd }

t
t

o°

)
)

end
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A network of OMS and mappings

%% multi-view consistency

network N = %consistent
User_Interface, ATM_stm, Bank_stm, Systenm,
ATM_Bank_Interaction, r0, rl, r2

end

Realisation of a network = family of realisations, one for each
node, that is compatible along the edges



Application to mu
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ATM_Bank_lInteraction User_lInterface

User_Interface_small Bank_stm
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Tool support: Heterogeneous Tool Set (Hets)

available at http://hets.eu

speaks DOL, propositional logic, OWL, CASL, Common
Logic, QBF, modal logic, UML, MOF, QVT, and other
languages

analysis of native documents and DOL documents
computation of colimits (combinations of networks)
management of proof obligations

interfaces to theorem provers, model checkers, model
finders


http://hets.eu

Architecture of the heterogeneous tool set Hets

Tools for specific logics Logic graph Tools for DOL

( Text \ / \
\
Parser / DOL text, native text \
v

D — Ll—>L3—>L5 |

Abstract syntax _> ;\P Parser
\ v

Static Analysis — | Abstract syntax

, B L2 —> 14 L S
(Signature, ‘Sentences) | > Static Analysis
Interfaces -] Global Environment
\_ XML, Aterm J Grothendieck |ogic || Interfaces
(Flattened logic graph) \_ XML, Aterms | www, g/
Theorem provers (Z1LI) - N
Rewriters L1 v
¢'(Zl) Heterogeneous development graphs
ol > | .
(‘D,(X.B) | Heterogeneous inference engine

[» Decomposition of proof obligations

Conservativity checkers b)) L2 1" Management of proofs
Model finders M
(22’]_/2) Heterogeneous proof trees
Model checkers \ / \ )




Tool support: Ontohub web portal and

repository

Ontohub is a web-based repository engine for distributed

heterogeneous (multi-language) OMS

web-based prototype available at ontohub.org

multi-logic speaks the same languages as Hets

multiple repositories ontologies can be organized in multiple
repositories, each with its own management of
editing and ownership rights,

Git interface version control of ontologies is supported via
interfacing the Git version control system,

linked-data compliant one and the same URL is used for
referencing an ontology, downloading it (for use with

tools), and for user-friendly presentation in the
browser.


ontohub.org
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Conclusions

@ DOL is a meta language for (formal) ontologies,
specifications and models (OMS)

@ DOL covers many aspects of modularity of and relations
among OMS (“OMS-in-the large”)
@ DOL is standardized at OMG
@ institutions form the semantic basis of DOL
@ you can help with joining the DOL discussion
@ seedol-omg.org

@ open research problem:
proof calculus and tool support for all of DOL


dol-omg.org

Overview of DOL: Toolkit in Summary

@ OMS (ontologies, models, specifications)

basic OMS, written as-is (flattenable)

references to named OMS (by URL)

extensions, unions, translations (flattenable)

reductions, minimization, maximization (elusive)
approximations, module extractions, filterings (flattenable)
combinations of networks (flattenable)

©@ OMS mappings (between OMS)

interpretations, refinements, alignments, ...

@ OMS networks (based on OMS and mappings)
© OMS libraries (based on OMS, mappings, networks)

OMS definitions (giving a name to an OMS)
definitions of interpretations, refinements, alignments
definitions of networks, entailments, equivalences, ...



DOL Resources

@ http://omg.org/spec/DOL Official OMG page for DOL
@ http://dol-omg.org Central page for DOL

@ http://hets.eu Analysis and Proof Tool Hets, speaking
DOL

@ http://ontohub.org Ontohub web platform, speaking
DOL

@ http://ontohub.org/dol-examples DOL examples
@ http://ontoiop.org Initial standardization initiative

@ https://ontohub.org/essll1i-2016
ESSLLI repository of DOL examples


http://omg.org/spec/DOL
http://dol-omg.org
http://hets.eu
http://ontohub.org
http://ontohub.org/dol-examples
http://ontoiop.org
https://ontohub.org/esslli-2016

OMS in DOL

OMS ::

(I,X,T) %% basic OMS in institution /

logic 1 : { OMS }

| OMS then (/,X,I') %% extension of OMS

| OMS and OMS %% intersection of realisation classes
| OMS with 6 %% o: signature morphism

| OMS with translation p %% p: institution comorphism
| OMS hide X | OMS reveal ¥

| OMS hide along u %% u: institution morphism

| OMS remove ¥~ | OMS extract X

| OMS forget > | OMS keep X

| OMS keep /

| OMS reject ¥ | OMS select %

| free { OMS } %% initial semantics

| minimize { OMS } %% McCarthy’s circumscription
|

|

combine Network %% colimit of diagram



Institutional model theory

In an arbitrary institution (possibly with some extra
infrastructure), one can study:

@ abstract quantifiers
@ elementary diagrams

@ elementary embeddings

@ ultraproducts, tos’ theorem

@ saturated models

@ varieties, Birkhoff axiomatizability

@ Craig interpolation, Robinson consistency, Beth definability
@ Gddel’'s completeness theorem

R. Diaconescu. Institution-independent Model Theory.
Birkhauser Basel, 2008.
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