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Abstract. Lightweight formal methods, of which ALLOY is a prime ex-
ample, combine the rigour of mathematics without compromising sim-
plicity of use and suitable tool support. In some cases, however, the
verification of safety or mission critical software entails the need for
more sophisticated technologies, typically based on theorem provers. This
explains a number of attempts to connect ALLOY to specific theorem
provers documented in the literature. This paper, however, takes a dif-
ferent perspective: instead of focusing on one more combination of ALLOY
with still another prover, it lays out the foundations to fully integrate this
system in the HETS platform which supports a huge network of logics,
logic translators and provers. This makes possible for ALLOY specifica-
tions to “borrow” the power of several, non dedicated proof systems. The
paper extends the authors’ previous work on this subject by developing
in full detail the semantical foundations for this integration, including a
formalisation of ALLOY as an institution, and introducing a new, more
general translation of the latter to second-order logic.
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1 Introduction

In [17] the authors discussed the integration of ALLOY [9] in HETS platform
of logics, logic translators and provers, by scketching its formalisation as an
institution [7, 6] and defining its encoding into CASL [14], an extension of multi-
sorted first order logic with partiality and free types. The motivation was clear:
to offer a systematic way to connect ALLOY to a huge network of logics and
logical systems in order to complement the model finder strategies of the former
with suitable theorem provers already linked into the latter.

Actually, ALLOY, based on a single sorted relational logic whose models can
be automatically tested with respect to bounded domains, is a most success-
ful tool for the working software engineer. Its simple but powerful language
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combined with an analyser which can promptly give counter-examples depicted
graphically, makes it increasingly popular both in academia and industry: Suc-
cessful stories report on the discovery of faults in software designs, supposedly
faultless, by taking advantage of ALLOY. The tool, however, may also bring a
false sense of security, as absence of counter-examples does not imply model’s
correctness. Therefore, in the project of critical systems our research claims the
use of ALLOY should be framed into broader toolchains involving more general,
even if often less friendly, theorem provers. In such a toolchain properties can
be first tested within the ALLOY analyser; if no counter-examples are found, a
theorem prover would be asked to generate a proof, at least in what concerns
critical design fragments.

There is a number of results on connecting ALLOY to specific theorem provers.
The perspective taken in [17], however, and complemented in this paper goes a
step further by “plugging” ALLOY into the HETS network, providing a number
of effective and sound connections to several logical systems and tools at once.
Currently, HETS integrates several world-class reasoners, namely ISABELLE [18],
LEO-II [4], SPASS [21], VAMPIRE [19], DARWIN [2], among many others. Plug-
ging ALLOY to HETS, makes thus possible the translation of its models to a
number of languages in the network, and naturally, borrowing for free the corre-
sponding proof support. Experiments can then be carried out in different tools,
typically tuned to specific application areas.

Actually, HETS [15] may be regarded as a “motherboard” for logics where
different “expansion cards” can be plugged. The latter are individual logics (with
associated analysers and proof tools) as well as logic translations to “transport”
properties and proofs between them. To make them compatible, logics are for-
malised as institutions [6] and logic translations as comorphisms. This is the
price to be paid: the integration of ALLOY in this network entails the need for
formalising ALLOY as an institution and providing a translation to a relevant
logic in the HETS network.

The present paper addresses this challenge by developing in full detail the se-
mantical foundations for this integration, including a formalisation of ALLOY as
an institution, and introducing a new, more general translation of it to second-
order logic (SOL) [12]. This new translation allows a more natural embedding
of ALLOY, when compared to the previous, essentially first-order translation to
CasL introduced in [17]. Moreover, this translation establishes a connection be-
tween ALLOY and higher-order provers, such as LEO-II and ISABELLE, using
the logic THF [3] which integrates second-order features. The original transla-
tion to CASL, presented in [17], is re-framed in this context, because, in practice,
it opens doors to a broad number of theorem provers, namely for first-order
systems. Both translations are depicted in Fig. 1 as dashed arrows.

Related work. The idea of connecting ALLOY to a theorem prover is not new —
see, for example, references [20, 10, 1] . The usual approach is to translate ALLOY
models into the input language of a given theorem prover and (re-)formulate the
proof targets accordingly. For instance, [20], one of the most recent proposals
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Fig. 1. HETS sub—network extended with ALLOY

in this trend, translates models into a first-order dialect supported by the KEY
theorem prover.

Paper structure. The formalisation of ALLOY as an institution and the definition
of suitable comorphisms is presented in sections 3, 4 and 5. Before that, in section
2, a brief overview of the theory of institutions is provided as a background for
the paper. Section 6 reports on a (fragment of a) case study in the medical
domain on the combined use of ALLOY and HETS, to illustrate the potential
and limits of the approach proposed here. Finally, section 7 concludes.

2 Background: Institutions

2.1 Institutions and comorphisms

An institution [7] is a formalisation of the concept of a logical system, intro-
duced by Joseph Goguen and Rod Burstall in the late 70’s, as a response to the
increasing number of logics emerging for software specification. Its original aim
was to develop as much computing science as possible in a general and uniform
way, independently of particular logical systems. This has now been achieved
to an extent even greater than originally thought, as the theory of institutions



became the most fundamental mathematical theory underlying the algebraic
specification discipline.

Definition 1. An institution is a tuple
(Signz-, SenI7 MOdI7 {‘:%}EG\Signﬂ)
where

— Sign® is a category of signatures and signature morphisms,

— Sen® : SignT — Set is a functor relating signatures to the corresponding
sentences, where Set is the category of Sets,

— Mod* : (Sign®)°P — Cat is a functor giving for each signature X, the
category of its models, where Cat is the category of categories,

— EL C [Mod®(X)| x SenT(X) is the satisfaction relation between models and

sentences such that, for each morphism ¢ : X — X' in Sign®, and for any
M' € |Mod*(X")| and p € Sen(X),

M’ L, Sen®(9)(p) iff Mod™(9)(M") % p

The reduct of M’ through a signature morphism ¢ is defined by Mod” () (M’),
and denoted by M’ | . Dually, M’ is called a model p—expansion of M’ | .

Ezxzample 1. To illustrate the concept of an institution, consider, in this example,
the construction of an institution for first-order logic (FOL).

Signatures. Sign"O" is a category whose objects are triples (S, F, P), where S

is the set of sort symbols, F' a family of function symbols indexed by their arity,
F ={F,_s|lw € S*,s € S} and P a family of relational symbols also indexed by
their arity, P = {P,|w € S*}. A signature morphism in this category is also a
triple (¢st, Pop, ri) such that for ¢ : (S, F,P) — (S",F', P'), if o0 € F,y_,s, then
Pop(0) € F, (1) p.u(s)s a0d if T € Py then op(m) € P (5.

Sentences. For each signature object (S, F, P) € |SignfOt| SentOL(S, F, P) is
the smallest set of first order sentences:

t~t, for t,t' € terms

7(ty,. .., ty), for ty,...,t, € terms and 7 € P,

—p, for p € Sen¥OL(S, F, P)

p=r, p,p € SentOL(S F, P)

Vo:s.p, s€S,peSentOl(S Fuw{x}, P)

where a term of sorts is a syntactic structure o(t1,...,t,), such that o €
Fs,...s,—s and tq,...,t, are terms of sort si,...,s,, respectively. A signature

morphism ¢ defines a term translation function terms(y), given by

terms(o)(o(t1,...,tn)) = @op(o)(terms(p)(t1), ..., terms(p)(tn)).



Given a signature morphism ¢ in SignO, sentences are mapped in the following
way:

SentOL() (1~ 1) = terms()(1) = terms(o)()
SenfOL (o) (m(ty, ... tn)) = pu(m)(terms(p)(t1), ..., terms(v)(t,))
Sen™ Ok () (—p) = =8en" Ot () (p)

Sen (@) (p= ) = Sen™(g)(p) = Sen" () )
SenFOL(p)(Va : 5. p) =Vz: @g(s). SenTOr () (p),

where ¢ canonically extends ¢ with ¢, (z) = =

Models. For each signature (S, F, P) € |Sign™O%|, Mod"®(S, F, P) is a cate-
gory whose objects are models with the following components : a carrier set | Mj],
for each s € S; a function M, : |M,| — |M;|, for each o € F,,_,s; a relation
M, C |M,|, for each 7 € P,.

For any signature morphism ¢ : (S, F, P) — (S, F', P'), and any (S, F', P')—
model M’, Mod*OL(p)(M"), or M’ | ¢, is defined as:

— forany s € S, |[(M'] ¢)s| = ‘Mclpst(s)‘
— forany 0 € Fyys, (M' [ )y = M;Op(a)
— forany m € Py, (M' | ¢)r = M;,.L(w)

Satisfaction. For any X-model M € |[Mod"O"(X)|, with X € |Sign™°F|, the
satisfaction relation is inductively defined in the following way:

MESY iff M, = M,

M ESOR 7ty ..o t,) iff (th,. .. te) € My,

MY =p iff M50 p

M 5P p = pf iff M =59 p' whenever M =50 p

M EL Ve s p iff for any model x—expansion M’ of M, M’ =59% p

A comorphism is a mapping that “embeds” a structurally “simpler” institu-
tion into a more “complex” one.

Definition 2. Formally, given two institutions Z,Z’, a comorphism from T to
T’ is a triple (P, «, B) consisting of

— a functor ®: SignT — Signz/,
— a natural transformation o: Sen® = Sen® .,
— a natural transformation B: Modt .¢°P = Mod?,

such that, for any X € |Sign™|, M’ € |Mod™ (#(%))| and p € Sen® (%),
Bo(M') % p iff M' L, 5 as(p)

Definition 3. Let (@, «, 3) be a comorphism. We say that (@, «, B) is conser-
vative whenever, for each X—model M in I, there exists a P(X)-model M’ in T’
such that M = Bx(M').



The notion of conservative comorphism is typically used to “borrow” proof sup-
port from an institution in a sound way. In this paper we resort to such notion
to complement ALLOY’s proof environment by “borrowing” the proof support
from other logical systems within HETS.

Definition 4. Given an institution Z, one defines the institution of presen-
tations over I by extending signatures ¥ € |Sign®| to pairs (X,I"), where
I C Sen(X), signature morphisms to presentation morphisms and restrict-
ing models M € |Mod*(X)| to the ones in which I is satisfied, i.e., such that
MEL T,

The latter definition (from [6]) is very useful to deal with comorphisms where
the source institution is too “complex” to be transformed into the target one in
a straightforward way. Actually, as discussed later in the paper, due to a sort of
“hidden” rules in semantics of ALLOY, each comorphism defined in sections 4
and 5 does not go to the institution of the target logic, but to the corresponding
institution of presentations.

The notion of an amalgamation square is often essential for proving the
satisfaction conditions of institutions and comorphisms. This justifies recalling
it here.

Definition 5. A commuting square of functors,

G
A/LAQ

ol |m

A1 — A
F
is a weak amalgamation square if and only if, for each My € |A1|, Ma € |As],
such that Fy (My) = Fa(Myz), there is an object M’ € |A’| such that G1(M') = M,
and Go(M') = My. When M’ is unique the amalgamation square is called strong.

The model amalgamation of an institution consists of the model amalga-
mation of the diagrams in Mod? (external square) induced by the pushout of
signatures in Sign? (internal square),

odI(Gg)
Mod*(%") Mod* (%)
62
Y e—— 25
Mod* () 01] %p’ Mod® (')
21 T E

] I 1 O z
ModZ (%) —>M0dz(g0) Mod% (X))



i.e., for each My € |[Mod(X))|, My € |[Mod*(Xy)|, such that Mod®(6,)(M;) =
Mod* (63)(Ms), there is an object M’ € |Mod®(X")| called the amalgamation
of My and My, such that Mod®(¢)(M') = My and Mod*(yp')(M') = M. The
square is strong if M’ is unique.

Consider comorphism (@, «, 3). The model amalgamation of S—transformations
and functor reducts of Mod”? consists of the weak model amalgamation of the
following commutative square,

Mod™ ($(2")) P2 nrodt(5)
ModZ(6,) Mod*(¢')

Mod™ (#(X)) —— Mod*(X)
Bs

i.e., for each Mgy € |[Mod™ (#(X))|, M' € |Mod*(X")|, such that Sx(Mg) =
Mod® (p)(M'), there is a model M}y € [Mod®(®(X"))|, such that

ModT (¢')(M}) = Mg and Bx:(M}y) = M’. When M’ is unique, the amalgama-
tion square is called strong.

3 Alloy as an institution

ALLOY[9] is based on a single sorted relational language extended with a transi-
tive closure operator. Roughly speaking, an ALLOY specification is divided into
declarations, of both relations and signatures, and sentences. Signatures will be
called kinds from now on to distinguish them from signatures in an institution.
Actually, kinds are nothing more than unary relations whose purpose is to re-
strict other relations. This is in line with the motto of ALLOY which regards
everything as a relation. Additionally, kinds may be given parents by an annota-
tion with the keyword extends, establishing the obvious inclusion relation. When
two kinds are in different subtrees (i.e. one is not a descendant of the other) they
are supposed to be mutually disjoint. Finally, kinds may be of type Abstract, i.e.,
included in the union of its descendants, Some, i.e., required to have at least one
element, or One, i.e., exactly with one element. The ALLOY analyser checks an
assertion against a specification by seeking for counter-examples within bounded
domains.

In this section we define an institution for ALLOY, A = (Sign™,Sen”, ModA,
=4). We proceed as follows:

Signatures. Objects in Sign” are tuples, (S,m, R, X), composed by:



— A family of sets containing kinds and indexed by a type,

S = {St}teqail, Abs,Som,0ne}- Sau is the set of all kinds, Saps the set of the
abstract ones, Sgm,m the non-empty ones, and, finally, S, collects the kinds
containing exactly one element. Notice that, for all Sy, Sy C Say.

— m: Say — Say is a function that gives the parent of each kind, i.e., m(s) =
s’ means that s’ is the parent of s. Top level kinds are considered the parents
of themselves, and therefore, m takes the form of a forest structure.

— A family of relational symbols R = {R,,|w € (Sau)"}.

— A set of unary relational symbols X, representing the variable symbols de-
clared on quantified expressions. Despite being the same than the elements
in Sone, once encoded they must be treated differently.

Morphisms ¢ : (S,m,R,X) — (S’,m/, R, X’) in this category are triples
© = (Prd> Pri, Por) such that:

— Yra : S — 8§’ is a function that, for any S; € S, if ¥ € S; then pgq(7) € 5],
and the following diagram commutes:

Ps

Ps

— . is a family of functions such that, @) = {@rd : Rw — R;kd(w)}we(SA”)H
— @ur : X — X’ is a function.

Sentences. Consider Exp a functor of the same type of Sen”. Given a
signature X = (Sx,my, Ry, X5) € |Sign?|, the set of expressions Fxp(X) is
the smallest one containing

T, WE(SE)A”U(RE)H,UXE
“e, e € Exp(X) and |e| = 2

~ e, e € Exp(X)

e > €, ee € FExp(Y)

eoe, e € Exp(X), le] =€, and © € {+, —, &}

e.e, ee €FExp(X),and |e|+ |¢/| > 2

where the length |e| of an expression e is computed as follows:

|7 = |w|, form € (Rx)w

|7T| =1, fOrﬂ'E(SZ‘)A”UXE
el =el

|~el  =lel

le@e| =lel, for ® € {+,—, &}
le. el =(le[+]e])—2
le = €'| = |e| + |¢/]

Finally, the set of sentences, Sen”(X), is the smallest one containing:



e in ¢ e, e’ € Exp(X), for |e| = |¢/|

not p p € SenA(X)

p implies p’ p,p’ € Sen”(X)

(allz:e) p e€ Exp(X), |e| =1, and p € Sen(X’), where

X = (SE,TTLE,RE,XE (] {x})

Note that other standard boolean connectives may be built from the above. For
instance, the conjunction, denoted in ALLOY with symbol and, is usually defined
with the implication and negation constructors.

Given a signature morphism ¢ : ¥ — X’ in Sign“, expressions and sentences
are mapped as follows:

Exp(p)(r) = pra(m), for m € (Sx)au
Exp(p)(m) = @p(m), for m € (Rx)au
El‘p((p)( ) = (Pvr(ﬂ-% forme Xz
Exp(p)(“e) = "Exp(e)

Exp(p)(e = €') = Exp(p)(e)— Exp(p)(e’)
Exp(p)(e @e') = Exp(p)(e) © Exp(p)(e’)
Exp(p)(e.e') = Exp(p)(e) . Exp(p)(e’)

Sen(p)(eine’) = Sen(p)(e) in Sen(p)(e')
Sen”()(not p) = not Sen”()(p)
Sen(p)(p implies p') = Sen(¢)(p) implies Sen(p)(p)

Sen’(p)((all 7:e) p) = (allx : Exp(p)(e)) Sen’(¢’)(p), where ¢’
canonically expands ¢ with ¢}, (x) = .

Models. For each signature (S,m, R, X) € |Sign*|, a model
M € |ModA((S,m, R, X))| has,

1. a carrier set |M]|;

2. an unary relation M, C |M|, for each m € Say;
3. arelation M, C M,,, for each m € Ry;

4. a singleton relation, M, C |M|, for each m € X,

satisfying the following properties for any 7, 7" € Sy,

1. M, C Mm(ﬂ')

if € Ssom, then M, Z ()

if m € Sone, then #M, =1

if m c SAbS, then Mﬂ- Q UTEMO(TF) MT

if 7,7 are not related by the transitive closure of m, then
My N My =1

Sr N

Evaluation of expressions in such models, is done in the following way:

M. . = (Me)o

Me +e = Me + Me/

M, o =M.~ M

Meg e = M N M,

Me el = Me . Me’

Me —>e = Me X Me/

M- = (M)*



A signature morphism, ¢ : X=X, is mapped to Mod*(p) : Mod*(X') —
ModA(X), giving for each M’ € |Mod*(X")], its p-reduct, M’ | ¢ € |Mod*(X)|.
The latter is defined as follows:

|(M" [ )| = | M|

(M'T @)x =M, (), for any m € (Sx)au
(M @)r =M, (), for any m € (Rx)w
(M'| @)y = M:ow(w)v for any m € X5

Satisfaction. Given a Z-model M, for &' € |Sign|, the satisfaction relation is
defined for each X-sentence as follows:

MEfeine iff M, C M,

M'Z;%Ilojtp' /?ﬁ’M%gl)/ A

M ':ft p implies p 1ff MESp w'henev.er M E¢p

M S (all w:e)p iff M' =4 (v ine) implies p,
for all model xz—expansions M’ of M, with X’ canonically extending X with the
variable zx.

The next step is to prove that A = (Sign,Sen*,Mod*,}=4) forms an
institution. The proof will proceed through a number of auxiliary results.

Lemma 1. On the conditions above the commuting diagram below is a strong
amalgamation square.

(S,m, R, X) —*

(S',m' R, X")
x g

(S,m, R, X +{x}) —~ (§",m/, R, X" + {x})
¥

Proof. Proof in appendix A.1. ad

Lemma 2. For any signature morphism ¢ : X — X' in Sign?, any X —expression
e, and any X'-model M,

(M1 ¢)e = Mpgp(o) o)
Proof. Proof in appendix A.2. ad
Finally, we can prove the satisfaction condition for A and conclude its cha-
racterisation as an institution.

Theorem 1. The satisfaction condition holds for A.

Proof. Let ¢ : ¥ — X" be a Sign”* morphism, p a X-sentence, and M’ a X'~
model:

Consider first the case p := e ine’:



M oEfeine

= {|= defn. }
(M'T@)e C(M'| @)er
RS {Lemma 2 }
! !
MEepe)(e) € MEapp)(er)
P {|: defn. }
M’ =4, Exp(¢)(e) in Exp(p)(e’)

Rt {SenA defn. }

M’ =4, Sen”(p)(eine’)

Proofs for the negation and implication are analogous.

When p:= (allzx: e) p:

M'T ¢S (allaze)p
=~ {|: dcfn.}

For all model z—expansions (M’ [ @)’ of M’ | ¢,
(M'] ) = (v ine) implies p

R {Lemma 1; I.H. }

For all model z—expansions M" of M’,
M" 4. Sen(¢’)((z ine) implies p)

P {|: defn. }
M 4, (a11 2 : Sen(p)(e)) Sen () ()
Rt {S’enA defn. }

M’ 3, Sen(p)((all z = ) p)

We have proved that A = (Sign”, Sen”, ModA, =4) is an institution.

4 From Alloy to SOL

Second-order logic (SOL), extends first—order logic with quantification over func-
tions and predicates, a feature required to canonically encode the notion of
transitive closure primitive in ALLOY. The corresponding institution, SOL =



(SignSOL, SenSOL ModSOL | |=50L)  extends the one in example 1, by allowing
quantification over functions and predicates in SenSOL.

This section describes a conservative comorphism from ALLOY to the insti-
tution of presentations over SOL, where the notion of presentations is used as
a key tactic for dealing appropriately with ALLOY’s implicit rules over kinds.

We proceed as follows: Let us define (@, o, 8) : ALLOY— SOLP"®s,

Signature functor. For any signature (S, m, R, X) € |Sign“|, ® gives a tuple
((S',F,P),I") where,

- S={U}
_ R _{{7‘(‘|7T€X} ifw=U
Y0 otherwise
{mlm € Sau} U{nm|m € Ry, |s| =1} ifw=U
— Py =< {r|r € Ry, |s| > 1} ifw=(U,...,U),|w| >1
0 otherwise

and I is the least set containing the following sets of axioms:

—~
—

Vu : U)n(u) = 7' (u)|m € Say, 7" = m(m)}
{Bu: U)w(u)|m € Sone U Ssom }
(v U) (0 2 06) = = 1 € Souc)
{Vu:U)7m(u) = (V. €m°(7r) 7' (u))|m € Saps}

{=(Fu: U)w(u)Ax'(u)|m,n" € Say, m,m" not related by the transitive closure
of m}

6. {(Vur,...,up : U)w(us, ..., un) = Ny si(us)|m € R, 5.}

ero o=

Sentence transformation. Given any signature ¥ = (Sg,my, Ry, Xy5) €
|Sign?|, as : Sen(X) — SenSOM"" (#(X)) is defined as:
ax(not p) = -ax(p)
as(pimplies p') = ax(p) = ax(p’)
ax((all z:e) p) = (Vx:U) ags ((x ine) implies p), where
*=(Syg,mx, Ry, Xz + {z})
ax(e ine’) =V :Uy...Up)nv(e) = ny(e), such that
V= (v1,...,v,), and |V] = le],

with 7y* being defined as follows:

4 To represent a tuple of n elements, vi,...,v,, we use notations (v1,...,v,) and
v1,..., Uy, interchangeably, the latter being usually chosen if potential ambiguity is
ruled out by the context.



nv () =a(V),m € (Sg)anV (Rx)uw

Ny (T7) =r=uv,mr€ Xy

Newiw2)("e) = (3R : Uy, Uz)R(v1,v2) ANagr(ein Rande.R in R) A
(VS :Uy,Uz)asrs((ein S ande.S in S) implies R in S),
where X = (Sg,mys, Ry + R, Xx) and
YRS — (SE,mZ7R2+R+SX2)

ny(~e)  =ny(e), such that V' = (v,,...,v1)

(ete) =nvie)Vnv(e)

nvie - €) =nv(e) N-mv(e)

nv(e&e’) =nv(e) Anv(e)

nv(e = €') =ny/(e) Anyr(e), where V' is the prefix of V such that
|[V'| = |e] and V" the suffix of V such that |V"| = |¢/|

nvie.e) = Fy:Unw yle) Any,vm(e), where V' is the prefix of V'
such that |[V'| + 1 = |e|, V" the suffix of V' such that
V| +1=|€]|

Model transformation. Consider a signature & = (Sx, mx, Ry, Xx) € |Sign“|,
and a ¢(X)-model M.
Then By : |ModSO¥"* (®(X))| — |Mod*(X)| is defined as:

|Bs(M)| = |My|, where |My| is the carrier of U in M,

ﬂg(M).,r = M, for any 7 € (SE)A” U (Rg)w,
Bs (M), ={M_}, for any m € Xy,

Lemma 3. On the conditions above, the commuting diagram below is a strong
amalgamation square,

B(S,m,R,X) res
ModA(S,m, R, X) e ModSOV"" (S, F', P')
B [ [x
ModA(S,m,R, X + {z}) ModS°V" " (S", F' 4 {x}, P")

B(S,m,R, X +{x})

Proof. Proof in appendix A.3 a

Note that Lemma 3 says that, for any (S’, F’, P')-model M the z”-expansion
of its transformation by B(s,m,r,x), is equal to the transformation by
B(S,m,R, X +{x}) Of its z—expansion, whenever the value taken by both z’s in the
corresponding expansions is the same.

Lemma 4. Let ¥ = (Sg,mx, Rz, Xx) be a signature in Sign, M' a &(X)-
model M', and e a X-expression. Then, for any tuple (v1,...,v,) € X5 with
n = |e|, we have

M ESOE™ s o (€) i B(M) 2 (v1-> ... —>v,) ine

Proof. Proof in appendix A.4 ad



Theorem 2. On the conditions above the satisfaction condition holds in (P, «, ).
Le., given a signature ¥ € |Sign?|, a ®(X)-model M', and a X-sentence p

M SR as(p) iff Bs(M') =4 p

Proof. Proof in appendix A.5 a

Theorem 3. The triple (P, «, B) defined above is a conservative comorphism

(in SOLP™* ).

Proof. Let M be an (S, m, R, X)-model. Now, lets consider the &(S, m, R, X)-
model M’ defined by:

L |Mp| = |M|
2. M. = M,, for any m € Say U Ry,
3. M. = a where {a} = M,, for any m € X

Clearly B(s,m,r,x)(M') = M and M’ satisfies I'. Hence f is surjective and,
therefore, (P, a, 3) is conservative.
O

5 From Alloy to Casl

CASL, the Common Algebraic Specification Language [14], was developed within
the COFI initiative with the purpose of creating a suitable language for spec-
ifying requirements and to design conventional software packages. CASL speci-
fications extend multi-sorted first order logic with partial functions, subsorting
and free types, i.e., types whose elements are restricted to be generated by the
corresponding constructors and whose distinct constructor terms must denote
different elements; we use free types and the notion of presentations to encode
ALLOY’s transitive closure in CASL. Signatures in CASL are as in SOL, but ex-
tended with a family of partial functions symbols PF indexed by their arity, and
a partial order < over the symbols in S. As usual, PF N F = (.

Currently, CASL is regarded as the de facto standard language for algebraic
specification. It is integrated into HETS along with many of its expansions, act-
ing, as suggested in figure 1, as a glue language inside the HETS network of
logics.

A comorphism (¢, ¢/, ') : ALLOY—CASLP"*® may be defined in a very simi-
lar way to the comorphism defined in the previous section. Let us, then, analyse
the things that change in each component.

Signature functor. For any signature (S, m, R, X) € |Sign?|, & gives a tuple
((S',F,PF,P), I') where

S’ ={U,Nat}
PF =10



{rlre X} fw=U
o {0} ifw = Nat
) {suc} ifw= Nat, Nat
) for the other cases
{mlm € Sau} U{r|r € Rs,|s| =1} fw=U
P o {r|r € Ry, |s| > 1} ifw=(,...,U),lwl >1
Y ) {melm € Ry, |s| = 2} ifw= Nat,U,U
1] for the other cases

and I" contains two additional rules:

1. { free type Nat ::= (0 | suc(Nat)) }
2. {(Vu,v : U) 7 (0,u,v) & r(u,v) A (Vn : Nat) m(suc(n),u,v) < 3z : U)
(0, u, ) A (0, x,v)|7,. € Rs,|s| = 2}

Sentence transformation. Given any signature X € |Sign*|, where

¥ = (Ss,mx, Ry, X5), s : Sen () — Sen® S ($(X)) is defined in the
same way as « (introduced in section 4), with the following replacing the case
of transitive closure over expressions:

n("r) = (3In: Nat) m.(n, V)

Note that only the transitive closure of atomic relations is considered. This is
done, however, without loss of generality: for an arbitrary expression we just
declare an extra binary relation and state that the latter is equal to the former.

Model transformation. Nothing changes in the model transformation compo-
nent, i.e., for each X € |Sign?|, Bs = 8.

Theorem 4. On the conditions above the satisfaction condition holds in

(9,0, ).

Proof. We can prove the satisfaction condition by using the following treatment
in the case of transitive closure:

When e := "r,r € R, with |w| =2 :

MGy (°r)

Rt {04 definition }
M’ EGS (Bn: Nat) 7 (n, V)
== {|: defn. and =, in I" defn. }
My, € M, .

= {elements of V are constants, 8 definition }



Be(M')yv C Be(M') )

Rt {Exprcssion evaluation and |= definition }
Bs(M') ¢ Vin ' r

Then for all other cases the proof is analogous to the one performed in the last
section. 0

Theorem 5. The above comorphism is conservative.

Proof. We have just to define a model in the same way as in Theorem 3. In
addition, the following must also be included:

(a) My, =N;
(b) For any 7 in R, s, M’ has a relation, 7,, defining the transitive closure of r.

Clearly, M’ satisfies the additional rules 1,2 in I". O

We have proved that (9',a/, ') is a comorphism, and furthermore that is
conservative. This means that (9',a’, ') is a sound method for validating AL-
LOY’s specifications through the proof environment of CASL.

6 ALLOY and HETS at work

6.1 An introduction to DCR graphs

DCR graphs, short for Distributed Condition Response Graphs, were introduced
in [8] to specify workflow models in an implicit way through a number of con-
ditions. A functional style and precise semantics make DCR graphs excellent
candidates for modelling critical workflows.

Formally, a DCR graph consists of a set E of events and two relations
condition,response C E x FE which restrict control flow, regarded as a se-
quence of event executions. In detail,

— (e,€’) € condition iff €’ can only be executed after e;
— (e,€’) € response iff whenever e is executed the control flow may only come
to terminal configuration after the execution of €’.

A mark, or execution state, in a DCR G, is a tuple (Ex, Res) € P(E) x P(E),
where Fx is the set of the events that already occurred and Res the set of
events scheduled for execution. A valid execution step in G is a triple (M, M’ e)
where M, M’ € P(E) x P(E) and e € F such that, for M = (Ez, Res), M’ =
(Ex’, Res'),

1. {€¢'|condition(e’,e)} C Ex
2. Ex' = ExU{e}
3. Res’ = (Res\{e}) U {e'|response(e,e’)}



Mukkamala [16] suggests a translation of DCR graphs to PROMELA so that
the specification of workflows can be checked with the SPIN model checker. The
encoding, however, is not easy. For example, the language has only arrays as
a basic data structure, thus events and relations have to be encoded as arrays,
relations becoming two-dimensional bit arrays. Moreover, SPIN based verification
is limited by possible state explosion.

An encoding into ALLOY, on the other hand, seems an attractive alterna-
tive. Not only it comes out rather straightforwardly, due to the original relational
definition of DCR graphs, but also the ALLOY analyser is eager to avoid poten-
tial state space explosion by restricting itself to bounded domains. This restricts,
of course, the scope of what can be verified in a specification. However, as illus-
trated below, ALLOY plugged into the HETS family offers a really interesting
alternative to the verification of DCR based workflows.

6.2 DCR graphs in ALLOY

DCR graphs are encoded in ALLOY as follows,

abstract sig Event {
condition : set Event,
response : set Event

}

sig Mark {
executed : set Event,
toBeExecuted : set Event,
action : set Mark —> set Event

}

fact {
all m,m’ : Mark, e : Event |
(m —> m’ —> e) in action <=>
(condition.e in m.executed and
m’.executed = m.executed + e and
m’.toBeExecuted = (m.toBeExecuted - €) 4 e.response )

}

This includes the declaration of two kinds (sig), one of events and another
to define markings. Relations are declared in an object oriented style as fields
of kinds (objects). For example, what the declaration of action entails is, as
expected, a subset of the product Mark x Mark x Event. Finally note how the
invariant for valid execution steps is directly captured in the fact above. Other
DCR properties can be directly checked in ALLOY. For example,

all m,m’ : Mark, e : Event |

(m —> m’ —> e) in action and e in m’.toBeExecuted



implies e in e.response

formalises the claim that ‘after executing an event e, if in the next mark e is still
to be executed, then response contains a reflexive pair at e”.

Of course, this property cannot be proved in ALLOY for an arbitrary do-
main. To do it another tool inside the network has to be called, provided that
ALLOY is already plugged there. Applying the comorphism to CASL defined
in the previous section we get the following encoding of the property:

forall m : U . Mark(m) =>

forall m’: U . Mark(m’) =>

foralle: U . Event(e) =>

(forall vi,v2,v3: U .vl=m /\ v2=m’ /\ v3 = e => action(vl,v2,v3)) /\
(forallv:U.v=e=>existsy: U.y=m’/\ toBeExecuted(y,v)) =>
(forallv:U.v=e=>existsy:U.y=-e/\ response(y,v))

which, after a few reduction steps simplifies to

forall mym’e: U .
Mark(m) /\ Mark(m’) /\ Event(e) =>
(action(m,m’,e) /\ toBeExecuted(m’,e) => response(e,e))

which is can then be verified by the SPASS theorem prover.

6.3 A medical workflow

Consider now the following example of a DCR graph representing a medical
workflow as introduced in [16]. It concerns the administration of a medicine to
a patient. The workflow diagram obtained from the ALLOY analyser is depicted
in Fig. 2.

As mentioned in the introduction, ALLOY may give a false sense of security
as the scope set for a simulation session may not be wide enough to produce
a counter example. To illustrate this situation consider the following property
in which we assume transRun = “(action.Event). In English it reads: “starting
with an empty mark (0, §), if by continuously executing events a mark is reached
where SecEffect was executed and no further events are to be executed, then this
mark has no executed events”. In ALLOY,

all m,m’ : Mark |
(no m.(executed+toBeExecuted) and
m’ in m.transRun and
SecEffect in m’.executed and
no m’.toBeExecuted)
implies no m’.executed
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Fig. 2. A medical workflow diagram

An analysis of the workflow diagram shows the property is false. Actually, if
the left side of the implication is true, it may happen that the right hand side
is false: the former says there are executed events while the latter contradicts
it. The ALLOY analyser, however, is unable to find a counter-example within a
scope below 15 (recall the default scope is 3). The problem of this, is that with
a scope smaller than 15 (10 marks + 5 events) the ALLOY analyser can never
reach a mark where the left side of the implication is true, and therefore no
counter examples are found.

On the other hand, after encoding into CASL and calling another prover in
the HETS network, such as VAMPIRE, the result pops out in a few seconds. A
HETS session for this example is reproduced in Fig. 3. In general the ALLOY
analyser has difficulties when dealing with similar properties and diagrams with
just two more events. In some cases the search, if successful, may exceed 30
minutes.

We have checked several other properties® using both ALLOY, with scope
15, and automatic theorem provers available in HETS, namely SPASS and
EPROVER, through the second encoding proposed in this paper. The experi-
mental results seem to confirm the advantages of the hybrid approach proposed
here, with automatic theorem provers taking the job whenever ALLOY is un-
able to proceed or requires an excessive processing time. In some cases, namely
when dealing with encodings of ALLOY models that make heavy use of tran-
sitive closure, another member of the HETS network — an interactive theorem
prover — has to be called.

® Full models at github.com/nevrenato/IRI_FMI_Annex.
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Fig. 3. A HETS session.

7 Discussion and conclusions

The paper laid the first steps toward establishing a rigorous methodology for
modelling and validating software designs by connecting ALLOY to a network of
logics and logical tools, rather than, once and for all, to a single one.

Going generic has, as one could expect, a price to be paid. In our case,
this was the development of a proper formalisation of the ALLOY underlying
logical system as an institution, together with conservative comorphisms into
institutions of presentations over SOL and CASL as entry points in the HETS
network. The work reported here extends [17] in working out all the proof details
and, mainly, providing a new, sound translation to SOL.

Adopting an institutional framework brings to scene a notational burden the
working software engineer may find hard to bear. It should be noted, however,
this is done once and for all: our results, once proved, provide a simple method
to translate ALLOY models not only into both SOL and CASL specifications. On
the other hand, following this approach has a number of advantages. First of all
this is a sound way to integrate systems based on a formal relationship between
their underlying logical systems. This contrasts with ad hoc combinations, often
attractive at first sight but not always consistent, which abound in less careful
approaches to Software Engineering. A second advantage concerns the possibil-
ity of, once an institutional representation for ALLOY is obtained, combining it
with other logical systems through a number of techniques available in the in-



stitutional framework. For example, in [13] we have developed a systematic way
to build a hybrid logic layer on top of an arbitrary institution.

Hybrid logic [5] adds to the modal description of transition structures the
ability to refer to specific states, which makes it a suitable language to describe
properties of individual states in any sort of structured transition system. A
typical application of this method discussed in [11] is the design of reconfig-
urable systems, where each state corresponds to an execution configuration and
transitions are labelled by triggers. The institutional rendering of ALLOY makes
possible that the hybridisation of its models and their integration in the devel-
opment cycle of reconfigurable software.

A second motivation was defining a tool chain for the validation of workflows
represented by DCR graphs. Results obtained so far suggest that ALLOY, suit-
ably integrated into a wider network of theorem provers, provides an intuitive
alternative to the PROMELA formalisation presented in [16]. More experimental
work, however, is necessary to substantiate this claim on general grounds.
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A  Proofs

A.1l Lemmal

The following commuting diagram of ALLOY signature morphisms is a strong
amalgamation square.

(S7 m7 R7 X) (Sl7m/7R/7X/)

x x?

(SamaRaX + {LE}) 7 (SlﬂmlaR/7X/ + {I})

Proof. Let My be an (S,m,R, X + {z})-model, and My an (S',m/, R, X')-
model, such that Mod*(z)(M;) = Mod*(p)(Ms). Thus, for any 7 € Sy, My, =
Moy, a(m), for any m € Ry, M1z = My, (), for any m € X, M1z = Moy, (r),
and |M1‘ = |M2|
Then, let us define an (S’,m’, R,” , X'4+{x})-model M’ by stating that: For all
m e Sy, My =ML forallm € R, M/ = My,; forallm € X', Mo, = M/; | M| =
|M’|, and My, = M.. Clearly, M; = Mod*(¢')(M') and My = ModA(z%)(M').
Also it is not difficult to show that M’ is unique. Therefore the diagram above
is a strong amalgamation square.
(|

A.2 Lemma 2

For any signature morphism ¢ : X — X’ in Sign”, any X -expression e, and any
3’ ~model M’,
(M1 ¢)e = Mp,p0))

Proof. Consider first the case e := 7, for 7 € (Ryx)y :

(M’ ¢)r
= {Reduct defn. }
poi(m)
= {Eap defn. }
M ap(p)(r)

Proofs for when m € (Sx)ay or m € Xy are analogous.

When e :=e+¢€':



(M'T @)eter
= {Expression evaluation }
(M'T@)e+ (M'] @)e

= {Induction hypothesis }

A !
MEepe)e) T MEap(o)(e)

= {Expression evaluation }

!
Mpap(e)e)+-Eap(e) ()
= {Ezp defn. }
!
Moy (eter)
Proofs for the remaining operators are analogous. a

A.3 Lemma 3

The following commuting square of model morphisms and model transformations
is a strong amalgamation square,

B S,m,R,X res
ModA(S,m, R, X) ( ) ModSOV""" (8", F', P')
Iﬁ[ [w
ModA(S,m, R, X + {x}) ModSO""" (S", F' + {z}, P")

B(S,m,R, X +{z})

Proof. Let My be an (S,m, R, X + {z})-model and My a (S, F’, P')-model
such that ModA(z?)(M,) = B(s,m,r,x)(Mz). Le., for any m € Sy U R, U X,
Mlﬂ— = Mgﬂ— and |M1| = |M2|

Then let us define an (S’, F' + {z}, P')-model M’ such that for any s €
S’ |M]| = |Mas|; for any o € F),, M! = Ma,; for any m € P, M. = My,; M, =
{M.}. Clearly, we have M1 = B(s m,r,x+{z})(M') and My = ModSO%"" (z)(M").
Moreover, it is not difficult to show that M’ is unique. Therefore the diagram
above is a strong amalgamation square. a

A.4 Lemma 4

Let X = (Sx,mx, Ry, Xx) be a signature in Signt, M’ a &(X)-model M’, and
e a Y-expression. Then, for any tuple (vy,...,v,) € X5 with n = |e|, we have

M’ i(()g)ms Nor,...ovn) (€) I B (M) ':’g (vi—>...—>vy,) ine

Proof. When e := 7,7 € (Rx)w U (Ss)au :



M =SOLPTes

(%) N vn) (T0)

= {7] defn. }
M’ gc()g)ms (V1,0 Up)
P {|: defn. }
(MY,,..., M) € M,
R {vi elements are constants }
M x---x M, C M,
Rt {B defn. }
B (M')y, X - X Bs(M')y, C Bs(M')x
Rt {Expression evaluation; |= defn. }
BZ](M/) ':"24 (’U17> e

When e :=m,7m € Xy

M =G mu(m)
Rt {7] defn. }

M SOK v =
RN {E defn. }

M, = M.
Rt {v and 7 are constants }
{My} € {M;}
=N {8 defn. }
Bs(M')y C Bs(M')x

== {|: defn. }

Bs(M') Egvinm
When e:=e¢. ¢

—>vp) inw

MO (e )

== {77 defn. }



MR By = U) nvr gy (€) Ay v (€)
{|: defn. }

There is a y-expansion M" of M’ such that

M =505, vy (€) and M G257 v (€)

{I.H., lemma 3, = defn. }

There is a y—expansion M" of M’ such that
Bsv(M") =4, (V'->y) ineand (y—>V") ine’

{lemma 3, = defn. }

Bs(M') =4 Vine. €

When € := "e:

M/ %?ZL};TES 77(’011”2)(/\6)

{ n defn. }

M’ =305 3R.(R(v1,v2) Aagr(ein Rand e.R in R)A
VS. axrs((einSande.S in S) implies Rin S))

{ = defn. }

There is an R-expansion M of M’ such that

M£E ):25?5: R(v1,v2) Naxr(ein Rand e.R in R)

and for any S-expansion M®S of M,
MRS =00 ¢ agrs ((ein S ande.S in S) inplies R in S)

{|: defn, a defn. }

There is an R-expansion M of M’ such that
(MR Eaor R(vi,vz) and M7 EGPLLT (Yuy, us).
(n(u17u2)(e) = n(uhuz)(R)) (n(uhuz)(e'R) = R(ulv u2))>

and for any S-expansion M% of ME,

MR o ):25(();?:;; ((VU17U2)-(77(u1,u2)(€) = n(ul,uz)(s))/\
(77(u1,u2)(e S) = S(Ul,UQ))) = ((Vul,uz).R(uhu2) = S(Ul,UQ))

{ a defn., = defn. }

There is an R-expansion M’ of M’ such that
MRE S(()g:s R(v1,v92) and



(for any (u1,ug)-expansion (M F)(wu2) of NMF

((MB)(uru2) )22(()51’:21 us M(ur,uz)(€) implies

(MR)(ulaU‘?) ':i(()g‘;:;il ug 77(u17u2)(R)) and

((MR)(“““?) ':25((%;:; us M(ur,uz) (€-R) implies

(MR)(u1,u2) ):SOLP;:ZI " R(ul,u2)))

and for any S-expansion M%S of ME,
for any (uy,us)-expansion (M%S)(uu2) of prE.S

((MBS)(wuz) #i?;p;ei wrous M(ui,uz)(€) implies

(M) ) (SO ) (S) and

((MR’S)(ULM) lzgs((g;;:ss s M uz) (e.S) implies

(M*" S)(ul u2) Pioéif:bs wyug S(m,w))) implies

that for any (uq, us)-expansion (MF9)wiu2) of ppE-S

R,S SOLP™e®
(M ’ )(UI7uz) @(E)R S,u1,ug

(MR S)(u17u2) ):SOL:D;:; uq,ug S(U/l,U/Q))

R(u1,usz) implies

{I.H., Lemma 3 }

There is an R- expansion M?* of M’ such that
Ber(MT) =35 (v1->v2) in R and
for any (u1,us)-expansion (M%)(®:u2) of MR
(ﬁz‘R,ul,uz (M) (uu2)) éR,ul)uz (u1 —>us) in e implies
ﬁzR,ul,uz((MR)(“h“? ) ':me»uz (u1->u2) in R) and
(BER,UI,W ((MR)(UI’“Z)) ZJR wpuy (U1—>U2) in e.R implies

Brrr o (MR)wu2)y =4, () sup) in R ))
and for any S-expansion M®S of M%,

(for any (u1,us)-expansion (M™5)(wu2) of NS
(BER,s,ul,uz (M5 (uu2)) éR,SMM (u1—>us) in e implies
Bsrr.5,uy ug (M S)(ul’“2 ) |:2R,S,ulﬁu2 (u1—>u2) in S) and
(Bor.saus (MBS u2)) (u1 —>uz) ine.S implies
ﬂER,S,uLuz ((MR S)(ul,uz)) ERsul ug

that for any (uq,us)- expansmn (MFES)(wru2) of ppE-S

(52R,s,u1,u2((MR Sywiua)y A (i —sus) in R implies

Bsr.suy us ((MR S)(ul uz)) ER S,uq,ug (U1*>U2) in S)

ERSul ug

(u1 —>ug) in S)) implies

{inclusion defn., |= defn. }

There is an R—expansion M of M’ such that



Bsr(MPB) =45, (v1->v2) in R and
Bsr (M) |:“§R einRande.Rin R
and for all S—expansions M5 of MFE
Bsrs Epns (einSande.Sin S) implies Rin S

R4 {transitive closure defn. }

B (M) =4 (v1->v2) in “e

When e :=~e:
MG s, (~ ©)
2N {a defn. }
MG Mo (€)
& {w}
Bu(M') E$ (V= ...—>v;) ine
pon {Galois connection }

B(M') =5 (v1> ... >vy,) in (~ €)

When e :=e+¢€:

M Egls) " (e +e)

= {a defn., = defn. }

M’ 3%?”5 nv(e) or M’ )ng%l)ms nv(e)
& {ru}

Bs(M') =2 Vineor Bg(M') =4 Vine
Ry {|: defn., sum defn. }

Bs(M') =4 Vine+ e

Proofs for the remaining cases are analogous.

A.5 Theorem 2

The satisfaction condition holds in (@, «, ) : ALLOY — SOLP™. lLe., given a
signature X € |Sign*|, a ®(X)-model M’, and a Y-sentence p



MY ESOK (o) it B(M') b=k p
Proof. When p :=eine’:
M’ Fi?gr ax(eine’)
= {a defn. }
M’ i?gm VYV : Uy,...,Up) nv(e) = ny(e)
2N {Satisfaction defn. }

For any V-expansion M" of M’,
M ):é(z)' nv (e') whenever M" |:§(2)f nv(e)

P {Lemma 4 and |= defn. }

For any V-expansion M" of M’,
/le(M//) ':é/ V ine = V inel

Rt {Inclusion defn., Lemma 3 }
Bs(M') =4 eine’

When p := not p:

M’ g;@;res ayx(not p)

= {a def. }
M’ 2(()5“8 not ax(p)
& {= defn. }
MY as(p)
& {rm }
Be(M') 5 p
= {E defn. }

Bs(M') E4 not p
For implication the proof is analogous
When p:= (allz:e) p:

M’ i?g;res ax((allx:e)p)



{a defn. }

v ;(()g;r (Vz : U)as((z ine) implies p)
{E defn. }

For any z-expansion M" of M’,

M O e ( m ) smpies )

{1n.}

For any z-expansion M" of M’,
Bs:(M") =4, (z ine) implies p

{Lemma 3 }

For any z-expansion Sx«(M") of Bx(M’),
Bs:(M") =4, (zine) implies p

{|: defn. }

Bo(M') 4 (allw: ) p



