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Resumen

La descripcién de sistemas mediante distintas vistas es una préctica acep-
tada en la ingenieria de software moderna. En este trabajo, mostramos como es
posible razonar en un marco relacional a través de especificaciones que capturan
el comportamiento de un sistema. Para esto consideramos distintas vistas us-
ando légica lineal temporal, l6gica dindmica o légica dindmica lineal temporal.
El principal resultado es que vistas generadas por separado pueden ser unifor-
mazadas dentro de un marco relacional comun al que pueden aplicarse distintas
técnicas de andlisis. Asimismo presentamos un problema del mundo real en el
que probamos una propiedad no trivial de un sistema partiendo de las especifi-
caciones de su comportamiento en légica dindmica y en logica lineal temporal.

Abstract

Describing systems through the specification of different views is a well ac-
cepted practice in modern software engineering. In this work we show how
to reason across behavioral specifications within a relational framework. We
consider views specifying behavioral information using linear temporal logic,
dynamic logic or dynamic linear temporal logic. The main result is that in-
dependently generated specifications can be amalgamated within a common
relational framework to which different analysis techniques can be applied. We
also present a realistic problem for which behavioral specifications in dyamic
logic and linear temporal logic are jointly employed in the proof of a non trivial

property.
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1 Introduction

The algebraization of logic consists on substituting reasoning (both at the logic
and the metalogic level) by the study of properties of classes of algebras.

Fork Algebras [HV91] are an extension of relation algebras, and have been
used towards the algebraization of classical and non-classical logics. Among
the results that can be cited, we find the paper by Frias, Baum and Maibaum
on the interpretability of first-order dynamic logic [FBMO01], and the paper by
Frias and Lopez Pombo on the interpretability of first-order linear temporal
logics [FP]. These results constitute the foundations of the Argentum Project.

The Argentum project

Argentum is a CASE tool with relational foundations, under development at
the laboratory of relational methods of the department of computer science at
Universidad de Buenos Aires. Rather than using a single monolithic language
for software specification, it uses different logics for modeling different views
of systems. Thus, a system specification is a collection of theories coming from
different logics. Using the interpretability results for these logics, the theories are
translated to a uniform (regarding the language) relational specification. Once
a relational specification is obtained, different tools such as model checkers or
theorem provers can be applied in order to verify the relational specification.

For a graphical description of Argentum, see Fig. 1. The spheres located
at the top of the figure stand for specifications of different views of a system
according to different logics. The arrows originating at the spheres map logical
specifications to a relational specification (located in the box targeted by the
arrows). The homogeneous specification can later be analyzed using tools (the
lower boxes) which can be plugged into Argentum.

Specifying system behavior

PDL [HKTO0] is a formalism to reason about programs. It captures how system
state evolve from program execution. On the other hand, LTL [Eme90] focuses
on sequences of states, namely ezecution paths. In other words, LTL allows us
to characterize those execution paths which are valid. In LTL, no notion of
program arises.

Finally, DLTL [HT99] is an extension of LTL with the aim of adding dynamic
flavor to a linear temporal logic. This logic allows us to express how a program
“consumes” states along an execution path.

If we consider the union of PDL and LTL logics, then DLTL looks like the
closest language to such formalism. Nevertheless, more expressive power leads
to a more complicated deductive system, and requires the merging of clearly
different concepts from both logics. These concepts are much closer to intuition
when treated independently.



Figure 1: Architecture of Argentum

Goals

Given a system specification, different views of the system can be captured using
PDL and LTL. In this work, we aim to use a relational calculus to homogenize
these views, and verify properties that combines concepts from the dynamic
view and the linear temporal view.

Notice that, since we regard PDL and LTL as simple logics, and DLTL as
a complez one, this approach agrees with the Argentum project philosophy.
Finally, we demonstrate its convenience with a study-case.

The work is organized as follows. In Section 2 we introduce the necessary
mathematical basis for the remaining parts of the work. In sections 3, 4 and
5 we present mappings from PDL, LTL and DLTL formulas to relations in the
calculus of the closure fork algebras. Also, in section 5, an interpretability
theorem showing that any validity proof of an DLTL formula can be reduced to
proving a certain equation in an equational calculus is proved. In section 6 we
present an abstract framework of reasoning across PDL and LTL theories using
the language of the fork algebras. In Section 7 a concrete case-study suitable
for the abstract framework presented in 6 is given. Finally, in Section 8, we
present the conclusions.



2 A Gentle Introduction to the Omega Closure
Fork Algebras

In this section we will present the omega calculus for closure fork algebras
(w-CCFA) and its intended (standard) models, the omega closure fork algebras
(w-CFA), as they were defined in [BFM93|.

In order to do so, we will begin in subsection 2.1 by defining a set of essential
definitions and concepts. Later, in subsection 2.2 we will introduce the classes
of algebras of binary relations and its abstract counterpart, the relational al-
gebras, together with formalisms ETBR and CR. In subsection 2.3 we present
fork algebras and finally, in subsection 2.4 we present the closure fork algebras
(w-CFA) and the omega calculus for closure fork algebras (w-CCFA)).

2.1 A Introduction To Algebras

In this subsection we will present some fundamental definitions about algebras
and some classes of algebras. It will be assumed that reader has a nodding
acquaintance with elementary concepts of set-theory and first-order logic. As a
reference text in both areas the reader is referred to [Bar77].

We begin by introducing what an algebra is. The interested reader is referred
to [BS81].

Definition 2.1 An algebra A is a structure (A, f1,..., fn) such that
fos Aarity(f‘v) S A
for alli e [1,n].

Given an algebra A = (A, f1,..., fa), A will be called the universe of 2 and
fiy--- fn will be called the operations of 2. If arity(f;) = 0, f; will be called a
constant. The function Rd : E — E’ takes reduct (some operations and sets of
a given algebra are forgotten) of algebras of type E to the similarity type E’.

Definition 2.2 Given two algebras % = (A, f1,..., fn) andB = (B, g1, .-, 9n),
B is a subalgebra of 2 if

-BCA
- arity(f;) = arity(g;) for all i
- fi(bly saey barity(f;)) = gi(bla L) barity(g,—)) for all by, .. ., barity(gi) €B

Definition 2.3 Let A = (A, f1,..., fa) and B = (B,g1,...,9a) two algebras
such that arities match for each operation, a function h : A — B is an homo-
morphism from A to B if

gi(h(a1)1 ceey h(aarity(g.-))) = h(fi(al» ey aarity(f,)))
for all 1.



B is an homomorphic image of A if exists such an homomorphism from 2{
to B. A bijective homomorphism is called isomorphism.

Definition 2.4 Given an algebra 21 and a class of algebras K, 2 is repre-
sentable in K if there exists B € K such that 2 is isomorphic to B. This
notion generalizes as follows: a class of algebras K is representable in a class
of algebras K> if every member of K is representable in K.

Definition 2.5 An algebra 2l with universe A is simple if:
VIES
- A has exactly two homomorphic images

Now, we present the class of boolean algebras.

Definition 2.6 A boolean algebra is an algebra (A, +, -, ,0,1) where + and
- are binary operations, ~ is unary, and 0 and 1 are distinguished elements. The
following identities are satisfied for all z,y,z € A:
= %

= T

idempotence { i

commutatim'ty{ T+y= y+z
Ty= yz
associativity z+(y+2) = (z+y)+z
Z-(y.z) = (x.y).z
ol TtEy) =z
absm’ptzon{ T
d”t”b“tw”y{ z+(y-2) = (z+y)-(z+2)
0 and 1{ mflzz 2
complement{ zT= 0
z+zT= 1

2.2 Algebras of Binary Relations and the Calculus of Re-
lations

In this subsection we will define the classes of algebras of binary relations and the
class of relation algebras. The study of algebras of binary relations began with
the works of Charles Sanders Peirce [Pei33] and Augustus De Morgan [dM66]
and was later continued Ernst Schroder [Sch95] when looking for an algebraic
counterpart of first-order reasoning, much the same as George Boole developed
the so-called Boolean algebras as an algebraic counterpart to propositional rea-
soning.



Throughout the rest of this work, given a binary relation R in a set A, and
a,b e A, we will denote the fact that a and b are related via the relation R by
(a,b) € R.

Definition 2.7 Let E be a binary relation on a set A, and let R be a set of
binary relations satisfying:

_URCE

- Id is the identity relation on the set A and belongs to R

0 is the empty relation and belongs to R
- E belongs to R

R is closed under set union (U), intersection (N) and complement relative
to E(7)

- R is closed under relational composition (denoted by o) and converse (de-
noted by ~). These two operations are defined by

zoy = {(a, ) |(3)({a,b) € z A (b,c) € v)}

and

Z = {(b,a) | (a,b) € z}

Then, the structure (R,U,N, ~,0, E, o,Id,") is called an algebra of binary rela-
tions.

The class of algebras of binary relations will be denoted as ABR, and the class
of algebras of binary relations which are also simple algebras will be denoted by
SimpleABR.

It follows from def. 2.7 that every algebra of binary relations has a boolean
reduct.

In 1941 Alfred Tarski [Tard4l] introduced the elementary theory of binary
relations (ETBR) as a logical formalization of the algebras of binary relations.
The elementary theory of binary relations is a formal theory with two differ-
ent sorts. The set IndVar = {v1,v2,vs,...} contains the so-called individual
variables, and the set RelVar = {R,S,T,...} contains the so-called relation
variables.

Definition 2.8 The set of relation designations is the smallest set Rel Des such
that:

e RelVar U{0,1,1'} C RelDes
e If R, S € RelDes, then {R,R,R+S,R-S, R;S} C RelDes

Definition 2.9 The set of atomic formulas of ETBR is the smallest set AtomETBR
satisfying:



e R=S € AtomETBR whenever R, S € RelDes
o vRv' € AtomETBR whenever v,v' € IndVar and R € RelDes

From the atomic formulas, compound formulas are built as in first-order
logic, with quantifiers applied only to individual variables. We will denote this
set by ForETBR

Definition 2.10 The set of formulas of ETBR is the smallest set ForETBR
satisfying:

e AtomETBR C ForETBR

e Ifa,3 € ForETBR andv € IndVar, then {-a,aV@,3v o} C ForETBR
Definition 2.11 We define the ETBR formalism as follows:

o Formulas: ForETBR

e Inference rules:

oa=0 o (modus ponem)
5
a (generalization)
Vz o
e Azioms:

VzVy(zly) (unit definition)
VzVy(-z0y) (zero definition)
Vz(zlz) (reflexity of the identity)
VoVyVz((z Ry A yl'z) = zRz) (identity is a congruence)
VaVy(zRy <= —zRz) (complement definition)
vzVy(zRy <= yRx) (converse definition)
VoVy(zR+ Sy <= Ry V zSy) (join definition)
VrVy(zR-Sy <> zRy A zSYy) (meet definition)
VaVy(zR; Sy <> Jz(zRz) A (2SY)) (relative product definition)
R = S <= VzVy(zRy <= zSy) (equality definition)

Although the intended models of this theory were all the algebras of binary
relations (ABR), Jénsson et al. in [JT52, Thm.4.10iii] proved that ETBR forces
models to be simple (SimpleABR).

Definition 2.12 Let 2% = (R,U,N, ~,0, E, o,1d,”) be an algebra in SimpleABR.
An ETBR model is a structure (2, m,v) where m is the meaning function that
assigns relations in R to variables in RelVar, and v is the valuation function
that assigns elements from By to individual variables. It is clear how to extend
m to a function m’ : RelDes — R. For the sake of simplicity, we will use the
name m for both mappings.

10



Definition 2.13 Given an ETBR model (A, m,v), the semantics of a ETBR
formula is defined recursively as follows:

o (A, m,v) Egrer TRy iff (v(z),v(y)) € m(R)

e (2,m,v) Ferr R =S iff m(R) = m(S)

o (A, m,v) Eprar ~a iff (%, m,v) Fprer o

2, m,v) Ferer @V B iff (A, m,v) Frrer @ or (A, m,v) FrrBR B
)

o (A, m,v) Eprer Iz a iff exists a € By such that (A, m,v) Egrpr az/a)

(
(
(
(

From the elementary theory of binary relations, Tarski [Tar4l] introduced
the calculus of relations (CR). The calculus of relations is defined as a restric-
tion of the elementary theory of binary relations. Formulas of the calculus of
relations are those formulas of the elementary theory of binary relations where
no variables over individuals occur.

Definition 2.14 The set of formulas of CR is the smallest set ForCR satisfy-
mng:

e R=S5¢€ ForCR for all R,S € RelDes
o Ifa, € ForCR, then {~a,aV 8} C ForCR

As axioms of the calculus of relations, Tarski chose a subset of formulas with-
out variables over individuals valid in the elementary theory of binary relations.

Definition 2.15 We define CR formalism as follows:
e Formulas: ForCR

e Inference rules:

E(Rl,...,Rk)ZE(Sl,...,Sk)
o Azioms:
.(R=SAR=T)=—S=T
.R=S= (R+T=S+TART=5T)
. R+S=S+RAR-S=S5-R
. (R+8)-T=(RT)+(ST)AN(R-S)+T = (R+T)-(S+T)
.R+0=RAR-1=R

Qv ™ L v~

11



6. R+R=1AR-R=0
7.1=0

8. B=R

9. (R;S)" = S;R

10. (R;S);T = R;(S;T)
11. R\’ =R

12. (R;8)-T=0= (S;T)-R=0
18. R;1=1V1;R=1

The semantics of CR is defined as a class of algebras.

Definition 2.16 A relation algebra is an algebra (R, +,-, 7,0,1,;,1',”) where
+, - and ; are binary operations, ~ and ~ are unary operations, and 0, 1 and 1’

are distinguished elements. Furthermore, the reduct (R, +, -, ~,0,1) is a boolean
algebra, and the following identities are satisfied for all z,y,z € R:

z;(y;2) = (z;9);2 (Az. 1)

(z+y);z =z52+Y;2 (Az. 2)

(z+y)" =24y (Az. 3)

=z (Az. 4)

=1 =0 (Az. 5)

(z;9)" = 9;2 (Az. 6)

zy-z=014ff z;9-x =0 iff £;2-.y=0 (Az. 7)

We will denote the class of all relation algebras by RA.

In [CT51] it was proved that formulas (1)-(12) can be proved from Axs. (1)-
(7) and viceversa. If we add formula (13) to the axiomatization of relation
algebras, we obtain the class of simple relation algebras (SimpleRA).

Definition 2.17 Let2 = (R, +,-, ,0,1,;,1,%) be an algebra in SimpleRA. A
CR model is a structure (4, m) where m 1is the meaning function that assigns
relations in R to variables in RelVar. It is clear how to extend m to a function
m' : RelDes — R. For the sake of simplicity, we will use the name m for both
mappings.

12



Definition 2.18 Given an CR model (A, m), the semantics of a CR formula is
defined recursively as follows:

o (A,m) Ecr R=S iff m(R) =m(S)

o (A, m) Ecr ~a iff (A,m) Fcr @

o (A,m) Ecr aV B iff (A,m) FEcr o or (A,m) Fcr B
Theorem 2.1 (See for instance [Fri02]) ABR C RA

Theorem 2.2 ([Lyn50]) RA is not representable in ABR.

Theorem 2.3 ([Tar55]) The class RA is a variety, i.e., it is aziomatizable
with a set of equations.

Theorem 2.4 ([TG87]) CR is equipollent(equivalent) with a three variable
fragment of first-order predicate logic.

For the rest of this work, we will use the notation z < y as a shorthand for
the equation z+y = y.

Definition 2.19 Let 2 be a relation algebra.
- A relation F is called functional if F;F < 1.

A relation I is called injective ifI;f < P

[

A relation S is called symmetric if S=8.

A relation T is called transitive if T;T < T.

- A relation D is called left-ideal if D = 1;D.

A relation D 1is called right-ideal ifD = Diyl.
- A relation C is coﬁstant if it 1s functional and C;1 = 1.

- By Dom (R) we denote the relation (R;]:{)-l’ (the domain of relation R),
and by Ran (R) we denote the relation (R;R)-1" (the range of the relation
R).

Given a binary relation R we denote by dom (R) and ran (R) the sets {z|(Jy)(zRy)}
and {y|(3z)(zRy)}, respectively. Given a set S we denote its power set as P (5).

13



\z € S(z)

Figure 2: The operator fork.

2.3 Proper Fork Algebras and the Calculus of Fork Rela-
tions

If we are looking for a framework suitable for system specification, two important
drawbacks arise from using CR. First, as a consequence of Thm. 2.2, some
models of CR cannot be seen as any algebra of binary relations. This means
that CR lacks of relational semantics (i.e. the universe of the algebra is not a set
of binary relations). Secondly, and perhaps more harmful, because of Thm. 2.4,
we will not be able to import specifications written in first-order predicate logic
with more than three variables.

Nevertheless, an advantage for using CR is its deductive system. It is quite
simple due to an equational finite axiomatization (which follows from Thm. 2.3)
and simpler inference rules.

Fork algebras were introduced by Haeberer and Veloso [HV91] when looking
for a formalism such that it overcomes the latter drawbacks and preserves CR
simple deductive system.

Definition 2.20 A pre proper fork algebra is a two-sorted algebraic structure
(R,U,U,N, ~,0,E,0,Id,”, V,*) with domains R and U, such that:

- (R,U,N, 7,0, E, 0,1d,~) is an algebra of binary relations on the set U

- %x:U x U — U is a binary function that is injective on the restriction of
its domain to E

- R is closed under fork of binary relations, defined by:

SVT = {{z,x(y, 2)) |zSy A =Tz}

We will denote the class of pre proper fork algebras as PrePFA.
The definition of V is depicted in Fig. 2. Whenever z and y are related via
R, and z and z are related via S, z and «(y, z) are related via RVS.

Definition 2.21 We define the class of proper fork algebras (denoted by PFA)
as RdAPrePFA, where the operation Rd takes reducts to the similarity type
(R,U,ﬂ, -507E3 O7Id7v7 v)

14



We denote the class of proper fork algebras that are also simple algebras as
SimplePFA.

It was in [FBHV95] where the class of proper fork algebras as previously
depicted came up. From the first definition of fork algebras ([HV91]) until the
latter work, the definition of fork evolved around the definition of the function
*.

The only requirement placed on function x by Frias et al. was that it had to
be injective. This was enough to prove in [FHV97] that the newly defined class
of fork algebras was indeed finitely axiomatizable by a set of equations.

In a similar way as Tarski, we will define the elementary theory of fork
relations (ETFR for short) having as target the definition of the class PFA. As
in ETBR, IndVar contains the individual variables and RelVar contains the
relation variables.

Definition 2.22 The set of relation designations of ETFR is the smallest set
ForkRelDes satisfying:

e RelDes C ForkRelDes
e IfR,S € ForkRelDes, then RV S € ForkRelDes

Definition 2.23 The set of individual terms of ETFR is the smallest set ForkIndTerm
satisfying:

e IndVar C ForkIndTerm
e t1,t € ForkIndTerm, then x(t1,t2) € ForkIndTerm

Definition 2.24 The set of atomic formulas of ETFR is the smallest set AtomForkFor
satisfying:

e If R, S € ForkRelDes, then R =S € AtomForkFor
o [fty,to € ForkIndTerm and R € ForkRelDes, thenti Rty € AtomForkFor

Definition 2.25 The set of formulas of ETFR is the smallest set ForETFR
satisfying:

o AtomForkFor C ForETFR
e Ifa,f € ForETFR andz € IndVar, then {-a,aV,3za} C ForETFR
Definition 2.26 We define the ETFR formalism as follows:
e Formulas: ForETFR
e Inference rules: the same as ETBR
o Azioms: Eztend the azioms of ETBR by adding
1. VzVy(z RV Sy) <= FuTv(y = *(u,v) A zRu A 2Sv))

15



2. VoeVyVuVu(x(z,y) = x(u,v) =z =u Ay =)

Definition 2.27 Let2A = (R,U,N, ,0,E, o,1d,”, V) be an algebra in SimplePFA.
An ETFR model is a structure (2, m,v) where m is the meaning function that as-
signs relations in R to variables in RelVar, and v is the valuation function that
assigns elements from By to individual variables. It is clear how to extend m
to a function m’ : RelDes — R and v to a function v' : ForkIndTerm — By.
For the sake of simplicity, we will use the name m and v for both mappings.

Definition 2.28 Given an ETFR model (%, m,v), the semantics of a ETFR
formula is defined recursively as follows:

o (A, m,v) Errrr t1Rte iff (v(t1),v(t2)) € m(R)
(Ql,m,v) }::ETFR R=S zﬁm(R) = m(S’)

(Ql,m,v) i:ETFR @ 7/]7 (Qlym7v> b’éETFR (¢4
(&, m,v) Ferrr oV B iff (4, m,v) Eerrr o or (A, m,v) Eprrr B

(A, m,v) Eprrr 3z o iff there exists a € By such that (A, m,v) Egrrr
ofz/al

Much the same as relation algebras are an abstract version of algebras of
binary relations, proper fork algebras also have their abstract counterpart.

Definition 2.29 An abstract fork algebra is a structure (R, +, -, 7,0,1,;,1',%, V)
where (R, +,-,7,0,1,;,1’,7) is a relation algebra and for all r,s,t,q € R,

rVs=(r;(I'V1))-(s;(1V1)) (Az. 8)
(rVs);(tVa) = (r;)-(5;4) (Az. 9)
(rviyv@aver)y<r (Az. 10)

We denote the class of abstract fork algebras as AFA. Due to the definition,
this class can be axiomatized with a finite set of equations. We denote the class
of abstract fork algebras that are also simple algebras as SimpleAFA.

In a similar way as Tarski defined his calculus of relations, Veloso et al.
defined a calculus of fork relations (CFR) from the elementary theory of fork
relations.

Definition 2.30 We define the formalism CFR as follows:

e Fromulas: Those formulas from ETFR in which there is no occurrence
of the individual variables. The set of formulas of CFR will be denoted
ForCFR

e Inference rules: Same as ETBR

16



o Azioms: Extend the azioms of CR by adding Azs. (8)-(10).

Definition 2.31 Let2A = (R, +,-,7,0,1,;,1,", V) be an algebra in SimpleAFA.
A CFR model is a structure (2, m) where m is the meaning function that assigns
relations in R to variables in RelVar. It is clear how to extend m to a function
m' : RelDes — R. For the sake of simplicity, we will use the name m for both
mappings.

Definition 2.32 Given an CFR model (2, m), the semantics of a CFR formula
is defined recursively as follows:

o (A,m) Ecrr R=S iff m(R) = m(S)
. (Ql, m) }:CFR —a iff (Ql,m) %CFR o
e (A,m) Ecrr aV B iff (A, m) Ecrr a or (A, m) Ecrr B

Once defined both formalisms (ETFR and CFR) and their target classes (PFA
and AFA), we present the following theorems to determine the relationship be-
tween both classes.

Theorem 2.5 ([Fri02]) PFA C AFA
Theorem 2.6 ([FHV97, Gyu97]) AFA is representable in PFA

Since every proper fork algebra is an abstract fork algebra, and every abstract
fork algebra is isomorphic to a proper fork algebra, the relational semantics of
all models of CFR is assured.

Finally, in [VHF95], interpretability of FOLE in CFR through a semantic
preserving translation was proved. Hence, we are able to import FOLE speci-
fications into CFR.

We suggest the reader to take a look at [Fri02, Ch. 2] for another equally
valid semantic preserving translation and interpretability proof.

Given a 2 € PFA, elements from the base that do not represent pairs will be
called urelements. The set of urelements from 2 will be denoted by Urely.

The next lemma proves that, given a proper fork algebra, it is possible to
single out its urelements (if there are any).

Lemma 2.1 Let 2 € PFA
Urely = dom (Ran (1V1))

Proof. 1t follows from the def. of PFA and dom. |

We will denote the CFR term Ran (1V 1) by 1'y. Notice that in the previous
definitions we used AFA operations when referring to PFA operations. Since
PFA C AFA, it is clear how such mapping is defined.

17



Under the previous definitions, the equation
Vilhysl =1

is valid in a proper fork algebra 2[ if and only if Urely is not an empty set. We
denote by PFAU the class of proper fork algebras with urelements and by AFAU
the class of abstract fork algebras with urelements.

When interpreted in proper fork algebras, the relations (1'V1)” and (1V1")”
behave as projections, projecting components from pairs constructed by apply-
ing * to two elements in the universe. As is usual in literature, we call them 7
and p respectively. They will allow us to cope with the lack of variables over
individuals in CFR. Figure 3 illustrates the meaning of these relations.

Figure 3: The projections 7 and p.

The operation cross (denoted by ®) performs a kind of parallel product. A
graphic representation of cross is given in Fig. 4. An ETFR definition is given
by

YuVzVyVz(x(w, z) R® S  (y, z) <= wRy A S5%z)

Under the definitions of 7 and p, the latter formula can be expressed in CFR as

follows:
R®S = (m;R)V (p;5)

It is not difficult to check that both definitions are equivalent. The proof is left
as an exercise to the eager reader.

z R——w € R(z)
* 024 *
y——S——2z2 € S(y)

Figure 4: The operator cross.
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2.4 Proper Closure Fork Algebras and the w-Calculus of
Closure Fork Relations

In [BFMO98] the class of PCFA is introduced, and the omega calculus for closure
fork algebras (w-CCFA) was defined.

Definition 2.33 We define the i-th folded composition of a relation R (denoted
as Ri) by the conditions:

B = ¥
REBIY = Rop™

Definition 2.34 Let (R,U,U,N, ,0, E, o,Id,”, V,*) be a pre proper fork alge-

bra, and let ° and * unary functions from R to R, satisfying:

- R is closed under R*, the reflexive-transitive closure defined by

R =|JR"
i>0
- R is closed under R°, the set choice operator defined by condition
2 CxA|z®|=1<=z#0

Then, the structure (R,U,U,N, ~,0,E, o,Id,”, V,,°,*) is a pre proper closure
fork algebra.
We denote the class of pre proper closure fork algebras by PrePCFA.

Definition 2.35 We define the class PCFA as RdPrePCFA where Rd takes
reducts to structures of the form

CRAU, T, ™ 05 B o dd, = N, %)
Definition 2.36 A closure fork algebra is a structure of the form
(R, s 5 s 0 Ly 157 V0%, )
where (R, +, -, 7,0,1,;,1',%, V) is an abstract fork algebra and for allz,y € R,

z%;1:2° < 1 (Az. 11)
z°;1;2° <1 (Az. 12)
Vi)l = ags | (Az. 13)
z*=1+z;z" (Az. 14)
iy < y+z*(T-z;y) (Az. 15)
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In the following paragraphs we introduce the calculus for closure fork alge-
bras (CCFA)

Definition 2.37 The set of relation designations of CCFA is the smallest set
ClosureForkRelDes satisfying:

e ForkRelDes C ClosureFm:kRelDes
e Ifz € ClosureForkRelDes, then {z*,2°} C ClosureForkRelDes

Definition 2.38 Given a set of relation variables RelVar, the set of CCFA for-
mulas on RelVar is the set of identities t1 = to, withty,t2 € ClosureForkRelDes
and it is denoted by ForCCFA.

Definition 2.39 We define the formalism CCFA as follows:

e Formulas: ForCCFA

e Inference rules: Same as CFR

o Azioms: Eztend the azioms of CFR by adding Azs. (11)-(15).
Definition 2.40 We define the calculus w-CCFA as the extension of the CCFA

obtained by adding the following inference rule:
F1T <y '<yktl <y (i€ N)
Fz* <y

Definition 2.41 We define the class of omega closure fork algebras (w-CFA)
as the models of the identities provable in w-CCFA.

Notice that every member of w-CFA has a simple abstract fork algebra reduct.
Theorem 2.7 ([FBMO01]) PCFA C w-CFA
Theorem 2.8 ([FBMO1]) w-CFA is representable in PCFA

Definition 2.42 Let2% = (R, +,-, ,0,1,;,1,°, V,°,*) be an algebra in w-CFA.
A w-CCFA model is a structure (2, m) where m be a meaning function m :
RelVar — R that assigns relations in R to variables in RelVar. It is clear how
to extend m to a function m’ : ClosureForkRelDes — R. As previously done
with the definitions of CR models and CFR models, we will use the name m for
both functions.

Definition 2.43 Let (%, m) be an w-CCFA model, the semantics of a w-CCFA
formula « is defined as follows:

e A m Ey-ccra R= S iff m(R) =m(S)

o A m =y-ccra B iff A, m FEu-ccra B

o A,m =y-ccra BV Y iff A, m Eu-ccra B or A, m Eu-ccra Y
Theorem 2.9 ([FBMO1, Thm. 8]) Let a be a w-CCFA equation. Then,

Fu-ccra @ <=ty-ccra o
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3 Interpreting PDL in Fork Algebras

The syntax and semantics of propositional dynamic logic (PDL) can be found
in [HKTO00]. PDL is a formalism for reasoning about programs. From a set
of atomic actions, and using combinators, it is possible to build more complex
programs. PDL is a modal logic where the behavior of the modal operators
is determined by programs, understood as binary relations among on a set of
computational states.

When compared to classical propositional logic, the difference is the dynamic
content, which is clear in the notion of satisfiability. While satisfiability in
classical propositional logic depends on a single valuation, in PDL there is a
multiplicity of valuations, in which valuation we evaluate will depend on the
state the program has reached.

Along this work we will assume a fixed (but arbitrary) finite signature ¥ =
(A, P) where A = {a;}ic4 are the atomic action symbols, and P = {p;}icp are
the atomic proposition symbols.

Definition 3.1 The set of programs and formulas on ¥ are the smallest sets
PrgPDL(X) and ForPDL(X) satisfying:

e AC PrgPDL(X)
e If{r,s} C PrgPDL(Z), then {r;s,rUs,r*} C PrgPDL(X)
If o € ForPDL(X), then a? € PrgPDL(X)

e PC ForPDL(Y)
If {a, } C ForPDL(Y), then {-a,aV B} C ForPDL(Z)
If o € ForPDL(Y) and r € PrgPDL(Z), then (r)a € ForPDL(X)

The semantics of PDL formulas is defined over a Kripke structure K of the
form (S, A, P), where S is a set of states, A = {d;}ic is a set of binary relations
on S and P = {p; }iep is a set where p; C S for all 1 € P.

Given a Kripke structure K and a signature ¥, we can map A to Aand P
to P using the subindexes.

Definition 3.2 Given a K Kripke structure for the signature ¥ and q € Sk,
the semantics of a PDL formula is defined recursively as follows:

e K,qFppLpi iffq €D
K,qFpprL ~a iff K,q FppL @
K,qE=ppraVp iff K,q =ppr o or K,q =ppr B

K,q Eppr (r)a iff exists ¢ € Sk such that {q,q') € Prgk(r) and
K,q FppL @

PrgK(a,i) = di
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Prgi(r;s) = Prgi(r); Prgk(s)

Prgg(rUs) = Prgx(r) U Prgk(s)
Prgk(r*) = (Prgg(r))*
Prgx(a?) = {{g,0) |K,q =ppr 0}

A formula o € ForPDL(Y) is satisfied in a Kripke structure K for ¥ if there
exists a state ¢ € Sk such that K, q Eppr a. A formula is valid in a Kripke
structure K if it is satisfied for all ¢ € Sk.

In [FO98], Frias and Orlowska presented an interpretability result for PDL
in w-closure calculus of fork algebras. We present their result in this section.

Defining the translation for a dynamic language with signature ¥, requires
extending the language of w-closure fork algebras with new constants S,{A;}ic 4
and {Pi}iep. The meaning of these constants is established by adding the
following axioms:

S=1y (Ax. 16)

Dom (P;) < S, for alli € P (Ax. 17)
L;Pi=1foralie?P (Ax. 18)
S;A;;S=A;, forallic A (Ax. 19)

Axiom (16) establishes that the states are the urelements. Axiom (17) es-
tablishes that domains of relations P; are sets of states. Axiom (18) establishes
that relations P; are right ideal. Finally, axiom (19) establishes that A; is a
binary relation on states.

Definition 3.3 By w-CCFAYPPL we denote the extension of w-CCFA obtained
by adding symbols S, {Ai}tica, {Pitiep as constants, and adding azioms (or
aziom schemes) (16) to (19).

Definition 3.4 We define the translation Tppr, mapping formulas from PDL ()
to relations of w-CCFATPDPL 45 follows:

e Tppr(pi) = P;

Tppr(-a) = S;TppL(a)
Tepr(aV B) = Trpr(a)+TrpL(B)
Tepr({r)a) = Mppr(r);Tppr(a)
Mppr(a;) = A;

Mppr(rUs) = Mppr(r)+Mppr(s)
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o Mppr(r;s) = Mppr(r); MppL(s)
e Mppr(r*) = (Mppr(r))”
e Mppr(a?)=Tppr(a)-S

Lemma 3.1 ([FO98]) Given a Kripke structure K = (S, A, P), there egists
a non empty class of proper closure fork algebras estended with constants S,
{Ai}ica and {Pi}icp such that, for all 2 in this class,

o 2 satisfies Azs. (16)-(19),

o forallge S
K,qEppr a < g€ dom (Tprpr(c))

Given a Kripke structure K, we denote the subclass of PCFA determined by
Lemma 3.1 by Ck.

Lemma 3.2 Given a Kripke structure K = (S, A, P), and let 2 € €, for all
P e PrgPDL(%),

(g,q) € Prgk(P) <= (g,q') € Mppr(P)

Proof. It follows from definition of €x, Prgx and Mppr. |

Lemma 3.3 ([FO98]) Given 2 proper closure fork algebra extended with con-
stants S, {Ai}ica and {Piticp satisfying Azs. (16)-(19), there exists a Kripke
structure K such that for all ¢ € dom (S),

q € dom (Tppr(a)) <= K,q FppL &
Theorem 3.1 ([FO98, Thm. 7.15]) Let ¢ € ForPDL(X). Then,

EppLy <= Fuccratror S;Tppr(p) =S;1
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4 Interpreting LTL in Fork Algebras

The syntax and semantics of linear temporal logic (LTL) were introduced in
[Eme90]. LTL is a formalism suitable for reasoning about system behaviors.

Along this section we will assume a fixed (but arbitrary) finite set of atomic
proposition symbols P = {p;}icp-

Definition 4.1 The sets of formulas on P is the smallest set For LT L(P) sat-
isfying:

o PC ForLTL(P)

o If{a,B} C ForLTL(P), then {-a,aV B,®a,a U 8} C ForLTL(P)

The semantics of LTL formulas is defined over a Kripke structure K of the
form (S, T, S’o,f’), where S is the set of states, T C S x S is the transition
relation, Sy C S is the set of initial states, P = {pi}icp where p; C S for all
i € P. The transition relation 7 is assumed to be complete; that is, every state
has at least one successor.

Given a Kripke structure K and a set P, we can map P to P trivially using
the subindexes.

Given a Kripke structure K, the set of traces of K is denoted by Ag. A
trace s € A is a infinite sequence sg, s1, ... such that s; € S and (s;,8;41) € T
for all i > 0. We denote by s¢ the suffix of s starting at position 7. Similarly,
we denote by s;, the i-th state in the trace s.

Definition 4.2 Given a Kripke structure K for a set of atomic proposition
symbols P and s € Ak, the semantics of a LTL formula is defined recursively
as follows:

e K,s Errr pi iff so € p;

K,s Errn ~a iff K, s L ~a
K,skEprraVBif K,skEprr o or K, s E=rrr 8
K,srrn @ iff K, s' Frrr o

K,s Errr a U B iff there exists i > 0 such that K, s* =rrr 8 and for all
j such that 0 > j <1, K,s? =prp

A formula is satisfied in a Kripke structure K if there exists s = sgs1--- €
Af such that so € Sp and K, s =prr o A formula is valid in a Kripke structure
K if it is satisfied along all traces s € Ak such that so € Sp. We will use OP
as a shorthand for true U P and OP for -O—P.

In [FPO03] Frias and Lopez Pombo defined a translation from LTL formulas
to fork algebra terms and presented a interpretability theorem for LTL logic
into fork algebra. In the same way, in [FP], both authors presented a similar
result for the FOLTL logic.
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In order to do so, they extended the language of omega closure fork algebras
with new constants: S, T, S, tr and a family of constants {P;}cp.
Using Axs. (16)-(18), it can be established that

- the set of states (S) are the urelements,
- the domain of the family of relations P; are states, and
- relations P; are right-ideal.

In order to give meaning to the remaining constants, the next axioms are
introduced:

So <S (Ax. 20)

Dom (T) =S. (Ax. 21)

Axiom (20) establishes that every initial state is in fact a state and axiom
(21) establishes that every state has at least one successor.

The constant relation symbol tr is added to represent the set of all traces.
Given a fork algebra 2, traces can be modeled using infinite right degenerate
trees. The leaves in these trees are elements from Ug.

In order to complete the notion of trace in fork algebras, more axioms can
be used. In [FPO03], a set of axioms was originally presented. In [FP] this set
was improved:

tr<1 (Ax. 22)

ftitr;m =S (Ax. 23)

tr < S®tr (Ax. 24)

tr;p = Ran (7 V(T ®p)) ;p;tr (Ax. 25)

Axiom (22) states that tr ia a partial identity (a set). Axiom (23) establishes
that every element in a trace is a state, and therefore by axiom (16) a urelement.
Axiom (24) and (25) establish that traces are infinite, T-related, sequences.

Definition 4.3 By w-CCFAYETL we denote the extension of w-CCFA obtained
by adding symbols S, T, So, tr and a family of constants P’ = {Pi}icp as
constants, and Azs. (16)-(18) and Azs. (20)-(25).
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Definition 4.4 We define the translation Trrr mapping formulas from LTL
to relations of w-CCFAYETE a5 follows:

Trrn(ps) = m; P
Trrr(—o) = tr;Trrr (o)

Trro(aV B) = Trrr (o) +Trro(B)

e

Trrr(®a) = p;Torr (@)
Trrr(a U B) = (Dom (Trro(a)) ;0)* 3 Torn(6)

Definition 4.5 (Infinite trees) Let S be a nonempty set and T' a binary re-
lation on S. Let T(S,T) be the set of binary trees t satisfying:

e t is a binary tree with information in the leaves,
e t has infinite height,

o leaves are labelled with elements from S,

t is right degenerate,
e given two consecutive leaves of t holding information s and s, (s,s’) € T

Definition 4.6 Let S be a nonempty set, T a binary relation on S and s =
50,581,852, .- a sequence of T-connected elements of S. We definets € T(S,T)
as the tree satisfying (Vi < w)(w(p*(ts)) = 8i).

Lemma 4.1 ([FP03, Lemma 6]) Given a Kripke structure K = (S, T, So, P),
there exists a non empty class of proper closure fork algebra extended with con-
stants S, T, So, tr and {P;}iep such that, for all & in this class,

o 2 satisfies Axs. (16)-(18) and Azs. (20)-(25)
e forallse€ Ak

K,S ’:LTL a<=1t; € dom (TLTL(a))

Given a Kripke structure K, we denote the subclass of PCFA determined by
Lemma 4.1 by Cg.

Definition 4.7 Let S be a nonempty set. Let T be a binary relation on S. Let
t e T(S,T). We define sy as the sequence of states satisfying

(Vi < w)((s2); = 7(p'(t))) -

Lemma 4.2 ([FP03, Lemma 5]) Given 2 € PCFA ertended with constants
S, T, So, tr and {Pi}icp satisfying Azs. (16)-(18) and Axs. (20)-(25), there
exists a Kripke structure K such that for all t € dom (tr),

t € dom (Trrr(@)) < K, s Errr @
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In order to reduce notation we will denote the relation Dom (7;So) ;tr as

tro.
Theorem 4.1 ([FP03, Thm. 3]) Let o € ForLTL(P). Then,

ErLrL o <= b, _ccratLTe tro;Trrr(a) = tro;1
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5 Interpreting DLTL in Fork Algebras

In this section we present the interpretability result for propositional dynamic
linear time logic (DLTL) [HT99]. In order to do so, we will define a translation
of DLTL formulas to relational expressions.

DLTL is a simple extension the logic of LTL. The main goal of this formalism
is to add dynamic behavior to linear temporal time logic. The basic idea is to
strengthen the until modality by indexing it with the regular programs of PDL
(See def. 3.1).

The syntax of DLTL is defined over a set of atomic propositios P = {p;}iep
and a set of atomic actions A = {a;}ica. Along this section we will assume a
fixed (but arbitrary) finite signature ¥ = (A, P).

Definition 5.1 The set of programs on ¥ is the smallest set PrgDLTL(Z)
satisfying:

e AC PrgDLTL(Y)

e Ifr,s € PrgDLTL(Z), then {r*,rUs,r;s} C Pr¢gDLTL(ZY)
Definition 5.2 The set of formulas on ¥ is the smallest set ForDLTL(Y)
satisfying:

e PC ForDLTL(XY)

e Ifa,3€ ForDLTL(X) and R € PrgDLTL(X), then {-a, aVB3,a UR 3} C
ForDLTL(Y)

The semantics of DLTL(X) formulas is defined over a Kripke structure K
of the form (S, A, Sp, P), where

- S is a set of states,

- A= {di}ica is a set of binary relations on S characterizing atomic actions.
It is assumed that every state ¢ has at least one atomic action a € A such
that ¢ € dom (a)

- Sy C S is the set of initial states and
= P = {ﬁi}ie'P where ﬁi Q S.

Given a Kripke structure K and a signature &, we can map A to A and P
to P using the subindexes.

Given a Kripke structure K, the set of traces of K is denoted by Ag. A
trace s € A is a infinite sequence sg, S1,... such that for all: > 0 s, € S
and there exists @ € A such that (s;,s;41) € @ The set of trace prefixes of K
is denoted by I'. A trace prefix 7 € 'k is a finite sequence such that it is a
prefix of a trace in Ag. If 7 is a trace prefix, then the length of 7 is denoted as
|7]-
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Definition 5.3 (Trace prefix concatenation) Let 7,7’ € 'k

A ifr=XNand 7 =\
T ifT#Xand T = A
=< 7 ifr=Xand 7 # A
&() fr#Aand T A A and Tr-1 =T
1 otherwise

No confusion should arise from using symbol ; for relational composition
and also trace prefix concatenation.
We extend the trace prefix concatenation to sets of trace prefixes.

Definition 5.4 (Trace prefix set concatenation) Let E,E' C T'k.
E,E ={n7|(t€EAT €EYAN(T=AVT =AV T -1 =7}

Definition 5.5 We define the i-th folded concatenation of a trace prefix set E
(denoted as E*) by the conditions:

|

E° {A}
BinH} - Eipm

Definition 5.6 Given a Kripke structure K for the signature ¥ and a program
P € PrgDLTL(X), the set of all possible trace prefizes from program P (denoted
by ||P|lx) is defined recursively as follows:

o |laillx = {pql| (p, q) € di}

o [RUS|kx = |Rllx UlISIk

o |IR; Sllx = | Rl x; ISl x

o |R*lx = (IRllx)" = Uiso (IRl %)™

Definition 5.7 (Trace prefix function) Let s be a trace in K and i € IN
exec(s, i) = A ifi=0
S - 'Lf’& >0

Definition 5.8 Given a Kripke structure K for the signature ¥ and s € Ak,
the semantics of a DLTL formula is defined recursively as follows:

e K,s Eprrr pi iff so € pi

e K,sEprrr ~a iff K, s FprLrr o

o K,skprrr aV B iff K,s Eprrr o or K, s Eprrr B
o K,s =prLrL & UP 3 iff exists i > 0 such that
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- K,s' EprLrr B8
— for all j"such that 0 < j < i then K, s’ =prrr o
— exec(s,i) € ||Pllx
As in LTL, a formula is satisfied in a Kripke structure K if there exists
s = sg51 - € A such that sp € Sp and K, s Eprrr o A formula is valid in

a Kripke structure K if it is satisfied along all traces s € A g such that sg € Sp.
In [HT99] the interpretability of LTL in DLTL is presented.

Definition 5.9 We define the translation Trrr— prrr mapping formulas from
LTL to formulas in DLTL, as follows:

o Trri—prrsn(pi) = pi

Trrr—prrn(—e) = “Trrr—prro(c)

Trrr—prri(aV B) = Tori—prri(e) V Trrr—prro(B)

Trrr—prrn(®a) = true UR Trrp L prrr(a), where R =U;c 4 i

Trri—prr(oe U B) = Trrp—prro(e) UR Trrr_prri(B), where R =
Uiea @i

Theorem 5.1 ([HT99, page 190]) Given a Kripke structure K for DLTL(X).
Let o € LTL(P), and let s € Ag, then,

KTt s k= a <= K,s Eprrr Teri—prrn(e)
We will interpret DLT L with an extension of w-CCFA.

Definition 5.10 By w-CCFAYPLTL e denote the extension of w-CCFA ob-
tained by adding symbols S, So, tr, {Ai}tica, {Pi}icp as constants. The azioms
of this theory are the azioms of w-CCFA and:

- the azioms of w-CCFAT#DL
- the agzioms of w-CCFATLTL

- the equation

T=>) A (Az. 26)
i€A

Axiom (26) says that two states p and ¢ can be consecutive if there is at
least one action in which we can evolve from p to gq.

Lemma 5.1 If a is an w-CCFA formula, then

Vo-ccra+prre @ =l -ccra &

1Note that this is an equation because A is a finite set.
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Proof. It follows from w-CCFATPLTL being an extension of w-CCFA. ]
Definition 5.11 We define the translation T mapping formulas from DLTL
to relations of w-CCFATPETL 45 follows:

e Tprrr (pi) = m; P \

e Tprrr () = tr;Tprrr (@)

e Tprrr (@A B) =Tprrr (@) +Tprrr (6)

o Tprre (e UP B) = Mprrr(e, P);Tprrr (B)

e Mprri(e,a;) = Dom (Tprrr (@) ; Ran (1V (Ai®p)) ;p

e Mprri(a, R*) = Mprri(a, R)*

® Mprrr(e, RUS) = Mprrr(e, R)+Mprrr(e,S)

® Mprri(e, R;S) = Mprri(e, R);Mprri(e, S)

Lemma 5.2 Given a Kripke structure K = (S,A,So,f’), there exists a non
empty class of proper closure fork algebras extended with constants S, T, Sgq,
tr, {Ai}ica and {Pi}iep, such that, for all A in this class,

o 2 satisfies Azs. (16)-(26)
e foralls € Ak,

K,s }ZDLTL o <=ty € dom (TDLTL (Ot)) .

Proof. See lemma B.11 for a complete proof. ]

Given a Kripke structure K, we denote the subclass of PCFA determined by
Lemma 5.2 by Cg.

Lemma 5.3 Given 2 € PCFA extended with constants S, T, S, tr, {Ai}ica
and {Pi}iep satisfying Azs. (16)-(26), there exists a Kripke structure K such
that for all t € dom (tr),

t edom (Tprrr (@) <= K, st E=prrr o .

Proof. See lemma B.10 for a complete proof. |

Next we present the interpretability theorem for DLTL. It shows that it is
possible to replace reasoning both at the logical and metalogical level in DLTL
by equational reasoning in our extension of w-CCFA.

Theorem 5.2 Let o € ForDLTL(X). Then,

}:DLTL o '_w_CCFA+DLTL tro;TprTL (a) =trg il
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Proof.
=)

First, we assume that
Vo-ccratprre Dom (W;Sc;) itr; Tprrr (@) = Dom (7;Sg) ;tr;1
By Lemma 5.1,
Vu-ccea Dom (m;So) ;tr;Torrr (o) = Dom (7;So) jtr;1
Then, by Thm. 2.9, there exists w-CCFA model (2, m) such that
(A, m) Fw-ccea Dom (7;S0) str; Tprrr (o) = Dom (m;Sg) jtr;1

By Thm. 2.8 there exists % € PCFA such that B is isomorphic to 2, and m’
the meaning function isomorphic to m. Hence,

(B, m) ¥ew-ccea Dom (7;S0) ;tr;Tprrr (o) = Dom (m;So) ;tr;1
This implies the existence of ¢t € U satistying:
e t € dom (tr)
e 7(t) € dom (So)
o t ¢ dom (Tprrr (@)
By Lemma 5.3 there exists a Kripke structure K such that
K, st fEprrL o

Thus, since (s¢)o € So
¥prTL O

<)
We begin by assuming that

%DLTL (64

Then, there exists a Kripke structure K = (S, T, So, A) and a trace s € Ag
with sg € Sg such that

K,slprrr o

By Lemma 5.2, there exists 24 € PCFA extended with constants S, T, Sy,
tr, {Ai}ica and {Pi}icp satisfying the axioms of w-CCFATPLTL 'gych that

ts ¢ dom (Tprrr (o))
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Since t; € dom (tr) and m(ts) € dom (So),

A Fw-ccea Dom (7;S0) ;tr;Tprrr (o) = Dom (7;Sg) ;tr;1

Hence,

Few-ccea Dom (;So) ;tr; Tprrr (o) = Dom (7;S0) ;tr;1
and Thm. 2.9,

V-ccea Dom (7;S0) ;tr;Trrn(a) = Dom (m;Sg) ;tr;1

Due to w-CCFATPETL ig an extension of w-CCFA,

W o-cceat+prre Dom (m;So) jtr;Trrr (o) = Dom (m;Sg) ;tr;1
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6 Reasoning across dynamic and linear time tem-
poral logics

In this section we reason across PDL and LT L using the language of the omega
closure fork algebras as an amalgamating formalism. In order to do so, in
subsection 6.1 we describe an abstract system and formalize it by means of a
PDL theory and a LT L theory. Also, we introduce a desirable system property
written in DLTL. In subsection 6.2 and 6.3 we verify this property using
w-CCFATPLTL (4, CCFA™ for short).

6.1 An Abstract System and its Specification
Let S be a system, such that:
1. There is a set of atomic actions.
2. System state is described by means of a finite set of atomic propositions.

3. Every atomic action has a known precondition and postcondition, both
expressed in terms of propositional formulas.

4. We have a linear temporal property I which is invariant under atomic
actions, i.e; every time a precondition and I hold in a state, the next state
verifies that if the postcondition is reached, then I holds.

5. If the precondition is not met, the atomic action is not enabled and cannot
be launched.

Also, it is highly desirable that the next property holds:
"If I holds, then it is invariant over every program.”

Now we will present two theories that grasp this system description. In order
to do so, and for the rest of this work, we will consider:

o A signature ¥ = (A, P) where A = {a;};c4 and P = {p;}icp are sets of
symbols, representing atomic actions and atomic propositions mentioned
in system description.

o Let i € A, we have a; € ForProp(P) and ; € ForProp(P) representing
precondition and postcondition of action symbol a;.

e I € For LTL(X) representing the desirable property mentioned in system
description.

Definition 6.1 (specPDL Theory) specPDL is a PDL(X) theory, contain-
ing the following axioms

a; = [a;]5;, for alli € A,
—a; = [a;]false, for alli e A.
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Definition 6.2 (specLTL Theory) specLTL is a LTL(P) theory, containing
the following axioms

O((o; AI) = ®&(8; = I)), for alli € A.

Once system features are formalized, it remains to specify the system prop-
erty we would like to verify, (i.e. if property I holds, it is invariant over every
program).

Notice that test programs are not included as DLTL programs. One way to
overcome this language constraint is to restrict the proof to a finite set of test
programs, and model them as atomic actions.

Definition 6.3 (Test free program) The set of PDL test free programs for
the signature X is the smallest set TestF'reePrgPDL(X) such that:

e AC TestFreePrgPDL(L)
o If{R,S} C TestFreePrgPDL(Y), then {R;S, RUS, R*} C TestFreePrgPDL(Z)
We rephrase our goal property as: |

If I holds, then I is invariant over every PDL test free program.

Let I' = Trrr—prrr(I), and let us consider only PDL test free programs.
Then, by Lemma C.3, the desirable system property is stated by means of a
DLTL theory as follows:

Definition 6.4 (specDLTL Theory) specDLTL is a DLTL(Z) theory, con-
taining the following azioms

(true UE true) = (I' = I' UR I')

for all R € PrgDLTL(Y).

6.2 Verification of properties through fork reasoning

We begin this subsection by introducing mappings from DLT L models to PDL
and LT L models respectively.

Definition 6.5 Given a Kripke structure K = (S, A, Sy, P) that is a model for
theory DLTL(X), we define KXTL as the Kripke structure satisfying

KL = (8, | ] 4,5, P)
€A

Notice that KXTT is a model for theory LT L(P).

Definition 6.6 Given a Kripke structure K = (S, A, Sy, P) that is a model for
theory DLTL(X), we define KPPL as the Kripke structure satisfying

KFPPL — (5 A P)
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Notice that K¥PL is a model for theory PDL(Z).

Once we have defined both system features and its desirable properties, we
will prove that in every system that meets system features holds the desirable
property. Using model jergon, we need to show that every model of the system
features is a model of the desirable property. This notion is formalized by
Thm. 6.1.

As shown in appendix E, this proof can be undertaken in a semantic manner.
Nevertheless, it is our main intention to show how fork calculus can be useful to
replace semantic proving when reasoning across dynamic and linear temporal
logics.

The proof of Thm. 6.1 is organized as follows. First, we use the translation
of PDL and LTL into fork algebras to homogenize system features (since system
features are formalized using only these logics). Secondly, we use the translation
of DLTL into fork algebras to see how the desirable property looks like in this
relational language. Finally, we use the fork calculus to prove that the relational
translation of the property can be deduced from the relational translation of
system features (this notion is captured by Thm. 6.2).

Theorem 6.1 Let K be a Kripke structure that is a model for the theory
DLTL(Y), such that

o KPPL is a model of specPDL.
o KLTL s g model of specLTL.
Then, K is a model of specDLTL.

Proof. Let 2 € €x. By Lemma C.5, 2 € Cxror. Since KPL is a model of
specPDL, then

A=, -ccea+ S;Tppr(a; = [a4)8:) = S51

and,
A Eo-ccrat S;Tppr(—0; = [a;]false) = S;1

By Lemma C.4, 2 € €xrrr. Since KILTL is a model of specLTL, then
2 Fo-ccrat tro;Torr(O(os A = &(6; = I))) = tro;1
By Thm. C.1,

Fo-ccra+S;Tppr (0 = [ai]B;) = S;1
Fo-ccea+S; Tppr(—a; = [a;]false) = S;1
Fo-ccra+tro; Torn (O(oy AT = &(8; = I))) = tro;1

Thus, by Thm. 6.2,

Fo-ccrat tro;Torrr ((true UR true) = (I’ = I' UR I')) = trq;1
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By w-CCFA™ completeness (Thm. C.1)
A b=, -ccrat+ tro; Torre ((true UR true) = (I' = I' UR I')) = tro;1

Then, by Lemma 5.3, there exists a Kripke structure K’ = (S’, A, S5, P’
such that, for all s € Ak, for all R € PrgDLTL(Y),

K' s =prrr (true U true) = (I' = I' UR I')

We finish this proof by showing that if a formula is valid in K’, it is also
valid in K.

Let o a DLTL formula, s € Ak,

!
K' skEprrr o

<=ts € dom (Tprrr (@) (by Lemma 5.3)
<K,s EprrL (by def. Cprrr)
Therefore, K is a model of specDLT L. ]

6.3 Reasoning across formalisms: Fork assault

We dedicate this subsection to present and prove Thm. 6.2. This theorem
captures how the relational translation of the property can be deduced from
the relational translation of system features using fork calculus only, and it is
essential to a fork algebraic proof of Thm. 6.1.

We begin by introducing some intermediate lemmas.

Lemma 6.1 Leti € A. Then,

S;Tppr(ei = [as]6:) = S;1,
S;Tppr(—a; = [a;)false) = S;1
}_w-CCFA"“
A; = Dom (Tppr(as)) ;Ai; Dom (Tepr(B:))

Proof. We proceed as follows.

S;TpDL(ai - {CL@]:BI)
B S;TPDL(_‘ai Vv "‘<ai>q'/81})

= 8;(Tppr(—as)+Tppr(—(ai)—5:)) (by def. Tppr)
= 8;S;Tppr(c:)+S;Trpr({a:)06;) (by def. Tppr)
= S;Tppr(a;)+S;Mppr(a;);Tepr(—=F;) (by Thm. A.2.7 and def. Tppr)
= 8;Tppr(0:)+S;A:;S;TrpL (B:) (by def. Tppyz, and Mppy)
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Hence,

S;Tppr(ai)+S;A:;S;TppL(B:) = S;1 (1)
‘We also have
S = Dom (S) ) (by Lemma A.1.1)
= Dom (S;1) (by Lemma A.1.14)
= Dom (S;Tppr(—a; = [a;|false)) (by Hyp.)
= Dom (S;Tppr(a; V —(ai)true))
= Dom (S;(Tppr(s)+8;A;;5;1)) (by def. TppL)
= S;Dom (TPDL(ozi)—}—S;m_l—) (by Lemma A.1.4)
= S;(Dom (Tppr(ai)) +Dom (S;A;S;1)) (by Thm. A.1.12)
= S;(Dom (Trpr(cs)) +S;Dom (A;S;1)) (by Lemma A.1.4)
= S;Dom (Tppr(a;)) +S;8;Dom (A;;S;1) (by Lemma A.1.13)
= S;Dom (Tppr(a;)) +S;Dom (Ai;S;1) (by Thm. A.2.7)
= S;Dom (Tppr(ey)) +S;-Dom (A;;S;1) (by Thm. A.3.2)
= S;Dom (Tppr(a;)) +S;-Dom (A;;S) (by Lemma A.1.14)
= S;Dom (Tppr(e;)) +S;—Dom (A;) (by Lemma D.13)
Thus,
S = S;Dom (Tppr(a;)) +S;~Dom (A;) (2)
Then,
Dom (A;) = Dom (A;) ;S (by Lemma D.14)
= Dom (A;) ;(S;Dom (Tepr(ei)) +S;-Dom (Ay)) (by (2))
= Dom (A;) ;S;Dom (Tppr(ei)) +Dom (Ai) ;S;-Dom (A;)
(by Lemma A.1.13)
= Dom (A;) ;Dom (Tppr(a;)) +Dom (A;) ;—Dom (A;)
(by Lemma D.14)
= Dom (A;) ;Dom (Tppr(a;)) +Dom (A;) -—Dom (A;)
(by Thm. A.1.7)
= Dom (A;) ;Dom (Tppr(;)) (by Thm. A.2.2)
Therefore,
Dom (A;) = Dom (A;) ;Dom (Tepr(e)) (3)

In order to prove the lemma we will prove both inclusions.

>)

Dom (TPDL(ai)) ;A;;Dom (TPDL(ﬁi)) S Ai (by Thm. A28)
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<)

A; = Dom (A;) ;A4 (by Thm. A.1.11)
= Dom (A;) ;Dom (Tppr(a)) ;As (by (3))
= Dom (Tppr(e)) ; As (by Lemma A.2.5 and Thm. A.1.11)
= Dom (Tppr(a;)) ;S; As (by Lemma D.12)
= Dom (Tppr(ce)) ;Dom (S) ; A; (by Lemma A.1.1)
= Dom (Tppr(ce)) ;Dom (S;1) ;A (by Lemma. A.1.14)
= Dom (Tppr(ai)) ; Dom (S;m-FS;Ai;S;m) A
(by (1))

[ Dom (&W) _
— Domikann () ( +Dom (8;A+;S:Tro2(5)) ) i

(by Thm. A.1.12)
= Dom (T (as)) ; Dom (S:Tppr(as) ) A
+Dom (Tppi(a:)) ;Dom (S;4:;S:TroL(8) ) 1A
(by Lemma A.1.13)
= Dom (Tepi (@) 8; Dom (Tepr(ad)) iA

+Dom (Tppr(a;)) ;S;Dom | Ai;S;TPDL(ﬁi)> A
(by Lemma A.1.4)
= S;(Dom (TPDL(ai)) -=Dom (TpDL(ai)));Ai
+Dom (Tppr(ay)) ;S; Dom (Ai;S;TPDL(ﬁi)> A
(by Thms. A.3.2, A.2.5 and A.1.7)
= Dom (TPDL(Oli)) ;S;Dom (A;;S;TPDL(ﬂi)) ;Ai
(by Thm. A.2.2 and A.1.1)
= Dom (TPDL(Q’i)) ;S;Dom (Ai;S;TPDL(ﬂi)) ;Ai;S
(by Lemma D.13)
< Dom (Tppr(e));S;A4;S;Dom (Tppr(8;)) (by Lemma A.1.12)

= Dom (TPDL(Oli)) iAi; Dom (TPDL(,Bi)) (by Ax. 19)

For the rest of this work, we will reduce notation by using try” to denote
relation Ran (trg;p*).

39



Lemma 6.2 Leti € A. Then,

tro; Trrr(O(os AT = &(B; = I))) = tro;1
Fu-ccra+ ¢
—Dom (TLTL(ai))
e < +ﬂDom (TLTL(I))
® = | +Dom (p;tr;TLTL(ﬂi))
+Dom (p;Trr(I))

Proof. In order to prove this property we will show that

=Dom (Trrr(es))
trg:p* < trg:p*: e e = 4
ro;p S tro;p; +Dom (p;tr;TLTL(ﬁi)> W

+Dom (p;Trrr(I))

‘We proceed as follows.

tro;p”
= Dom (tro) ;p" (by Lemma A.1.1)
= Dom (tro;1) ;p" (by Lemma A.1.14)
= Dom (tro;Trrr(O(cs AT = &(8i = 1)))) ;0" (by Hyp.)

= Dom (tro;Trrr(~(true U =(=a; VIV &(=6:; VI)))));p" (by def. = and O)
= tro;Dom (Trrr(—(true U ~(—a; V=IV@&(=6; VI)))));p°  (by Lemma A.1.4)

= tro;Dom (tr;(Dom (Trrr(true)) ;p)*tr;Torn(—os V =1V (-6 V I))) 0"
(by def. Trrr)

< tro;Dom (tr;(tr;p)* str; Torr(—as VIV ®(-06: vV I))) ol
(by tr < Dom (TrrL(true)))

= tro;tr;Dom ((tr;p)* st Torr (ma VIV & (-6 V I))) ;p°  (by Lemma A.1.4)

= trg;Dom ((tr;p)*;tr;TLTL(—\ai V-IVe(-6iV I))) itryp” (by Thm. A.2.5)

Notice that Ran (tr;p) < tr by Lemma D.4,

= tro;Dom ((tr;p)* str;Torr(—a; VIV &(-6: vV I))) str;p";tr (by Lemma A.3)

= tro;Dom ((tr;p)* sto;Torn(—as VIV @(-6: Vv I))) itr;(tr;p;tr)*;tr
(by Lemma A.3)

< tro;Dom ((tr;p)*;tr;TLTL(-ﬁa,- VIV &(-6; vV I))) (tr;p)*itr
(by Thm. A.2.8 and monotonicity)
< tro;(tr;p)*tr; Dom (Torr(—as VIV &(—6: V 1)) (by Lemma A.1.12)
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tr;TorL (Oli)
) (by def. TLTL)

= tro;(tr;p)";Dom ( +tr; Trrn (1)
; +p;(tr;Tere (Bs) +Toro (D))

tr;TLTL(ai)
< tro;p";Dom | +tr;Trrn(I)
+p;(tr;TrL (i) +Torn (1))

(by Thm.A.2.8 and monotonicity)
tr;TLTL(Ozi)
+tr;TLTL(I)
+p;tr;Torn (Bi)
+p;Tere (1)

Dom (tr;TLTL (ai))
+Dom tr;TLTL(I)>
+Dom p;tr;TLTL(ﬂi)>
+Dom (p; Trrr (1))
tr;~Dom (Trrr (o))
+tr;=Dom (Trrr(l))
+Dom (p;tl“,TLTL (ﬁi))
+Dom (p; Trrr (1))

= tro;p";Dom (by Lemma A.1.13)

= tro;p";

(by Thm. A.1.12)

= tro;p"; (by Thm. A.3.2 and Lemma A.1.4)

Hence,

trg” = Ran (tro;p*) (by def. trg”)
tr;=Dom (TLTL(ai))
+tr;—Dom (Trrr(1))
+Dom (P;trQTLTL(/Bi))
+Dom (p; Trrr(1))

(by (4) and monotonicity of Ran)

tr;=Dom (TLTL (Otz))
+tr;-—-Dom (TLTL(I))

+Dom (p;tr;TLTL(ﬁi))
+Dom (p;Trrr(I))
tr;—~Dom (TLTL (a,))

+tr;—~Dom (TLTL(I))

+Dom (p;tr;W)
+Dom (p; Trrn(I))

< Ran | tro;p";

= Ran (tro;p") ; (by Lemma A.1.4)

IA

(by Thm. A.2.8)

We will reduce notation by denoting relation Ran (7V (A;®p)) as Rg(A;).

41



Lemma 6.3

For alli € A,

A; = Dom (Tppr(cs)) ;Ai; Dom (Tppr(Bi))
—Dom (Tyrr ()

+-Dom (Trrr(I))

+Dom (p;tr;TLTL(/Bi)>

+Dom (p;Tprr(1))

trg” <

Fu-ccrat
For all P € Pr¢gDLTL(Y),

tro; Dom (Tprrr (I') _ tro;Dom (Tprrr (I'))
iMprrr(true, P) = sMprrr(I', P);Dom (Tprrr (I'))

Proof. In order to prove this property, we will show that

trg’; Dom (Tprrr (1)) trg”; Dom (Tprrr (1) (5)
;MprrL(true, P) = sMprri(I', P);trg’ ;Dom (Tprrr (1))

.P:ai

tl’.‘; ;Dom (TDLTL (I’)) ;]VIDLTL(true, ai)
= trg ;Dom (Tprrr (I')) ;Dom (Tprrr (true)) ; Rg(As);p
(by def. MprTr)

< trg s Dom (Tprrr (I')) s Rg(As);p (by Thm.A.2.8)
= tr; ;Dom (TDLTL (I’)) P
;Rg(Dom (Tppr(i)) ;Ai; Dom (Tppr(Bi)));p (by Hyp.)

= trg ; Dom (Tprrr (I')) ;Rg(As)

;(Dom (Tppr(es)) ®Y);p;(Dom (TepL(Bi)) ®1')
(by Lemma A.2.5)

= trg ; Dom (Tprrr (I')) s Rg(As)
;Dom (m;Tppr(es)) ;p;Dom (m;Tppr(B;))  (by Thm. A.4.16)
= trg ;Dom (Tprrr (I') s Rg(As)
str; Dom (m;Tppr(a;)) ;p5tr; Dom (m;TppL(6:))
(by Thms. A.2.5 and A.2.7 and Lemma D.4)
= trg"; Dom (Tprrr (I') s Rg(Aj)

;Dom (tr;m;Tppr(as)) ;p; Dom (tr;m; Tppr(8;))
(by Lemma A.1.4)
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= trg";Dom (Tprrr (I')) ; Rg(As)

;Dom (tr;Trrr(as)) ;05 Dom (tr; Trrrn(B:)) (by Lemma D.9)
= trg"; Dom (Tprrr (I') ; Rg(As)

str;Dom (Tprr(os));pstr; Dom (T (8:))  (by Lemma A.1.4)
= trg ; Dom (Trrr(I)) ; Rg(As)

str; Dom (Trrr (i) ;p5tr; Dom (Trrr(Bi)) (by Lemma D.8)
< trg’ ;Dom (Trrn(1)) ; Rg(A;)

iDom (Trrr(ew)) ;p;Dom (Trrn(B:)) (by monotonicity)
= trg ;try s Dom (Trrr (1)) s Rg(As)
;Dom (TLTL(ai)) ;p;Dom (TLTL(ﬁi)) (by Thm. A27)
—Dom (TLTL(ai))
+=Dom (Trrr(I))
< trg'; ;Dom (Tprr(I))

+Dom (P;tr;TLTL(ﬁi))
+Dom (p; Trrr(1))
iRg(Ai); Dom (Tpri(es)) ;05 Dom (Trrr(Bi))
(by Hyp. and monotonicity)
Now, let us apply Ax. 2 and Lemma A.1.13 and label each relation.

trg”;mDom (Trrr(ew)) ;Dom (Trrn(I)) ; Rg(As)
s Dom (Trrr () ;03 Dom (Trrr(B;))

b |

+
trg ;= Dom (T rr(I)) ; Dom (Trrr(I)) ; Rg(As)
;Dom (Trrr(i)) ;05 Dom (Trrr(Bi))
2
trg ; Dom (P;tr§TLTL(IBi)) ;Dom (Tprr(I)) s Rg(Aj)
;Dom (Trrr(a)) ;05 Dom (Trrr(B:))

T3

+
trg”; Dom (p;Trrr(I)) ; Dom (Trri(I)) ; Rg(As)
;Dom (Tprr(as)) ;p5Dom (Trri(Bi))

T4

>

~

Let us analyze relations r1, r2 ,73 and 74 one at a time. For relation 7y,
trg' ;mDom (TLTL(ai)) ; Dom (TLTL (I))
i Rg(Ai); Dom (Trrr(ew)) ;05 Dom (Trrr(6:))

< =Dom (Trrr(ei)) ;Dom (Trrr(es)) ;p (by Thm. A.2.8)
= (=Dom (Tprr(ew)) -Dom (Trrr(a)));p (by Thm. A.1.7)
=0 (by Thm. A.3.3)
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Regarding relation ra, a proof similar to the one performed for r; allows
us to show that

trg";~Dom (Trrr(I)) ; Dom (Trrr (1)) ; Rg(As)

;s Dom (Trrr(@i)) ;0;Dom (Trrr(B:)) =0
Regarding relation rs,
trg"; Dom (pitr; Teze (8) ) sDom (Torn(D)) s Rg(A)
;Dom (Tprr(e)) ;p5Dom (Trr(Bi))
< Dom (p;Terr(By)) 30 Dom (Trzs (1) (by Thm. A.2.8)
= p;Dom (Torz(B9) i Dom (Tuzi(8))  (by Lemma A.L5)
= p; (Dom (Torr(Bs)) -Dom (Trre(6)))  (by Thm. A.LT)
=0 _ (by Thm. A.3.3)

And finally, from r4 we have that,

trg ; Dom (p; Trrr(I)) ;s Dom (Trrr (X))
s Rg(As); Dom (Trri(es)) sp5Dom (Trrr(Bi))
< trg";Dom (p; Trrn(I)) ;Dom (Trrr (1)) ;Rg(As);p (by Thm. A.2.8)
= trg’ ;Dom (Trri(I)) ; Rg(As); Dom (p; Trrr(I)) ;p (by Thm. A.2.5)
= try ;Dom (Trrr(I)) ;Rg(Ai);p;Dom (Trrr(I)) (by Lemma A.1.5)
= trg’;tr; Dom (Trrr(1)) ;Rg(As); p; Dom (Tpro (1))
(by Lemma D.10)
= trg ;tr; Dom (Tprr (1)) s Rg(As);tr;ps Dom (Trrr (1))
(by Thms. A.2.7 and A.2.5)
= trg’;tr; Dom (Tprr (1)) ; Rg(As);tr; pytr; Dom (Trro (1))
(by Lemma D.4)
< trg’str; Dom (Trrrn (1)) s Rg(As); pitr; Dom (Trrr (1))
(by Thm. A.2.8)
= trg"; Dom (tr;Trrr (1)) ; Rg(Ai); p; Dom (tr; Torr (1))
(by Lemma A.1.4)
= trg"; Dom (tr; Tprrr (I')) ; Rg(As); p; Dom (tr; Tprre (I'))
(by Lemma D.8 and def. I')
< trg’;Dom (Torre (I') s Rg(As);p3 Dom (Tprre (1)
(by Thm. A.2.8 and monotonicity of Dom)

= try’;Dom (Tprrr (I') ; Rg(As);trg”; p; Dom (Torrr (I'))
(by Thms. A.2.7 and A.2.5)
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= trg";Dom (Tprrr (I')) ; Rg(As)strg ;p;5trg ; Dom (Tprrr (1))
(by Lemma D.11)
< trg’; Dom (Tprrr (I')) ;Rg(As); p5try s Dom (Tprrr (I'))
. (by Thm. A.2.8)
= tr; ;Dom (TDLTL (I’)) ;Dom (TDLTL (II))
iRg(A;);p;trg s Dom (Tprrr (I')) (by Thm. A.2.7)
= try’ ;Dom (Tprrr (I')) sMprri(I', ai);trg’ s Dom (Tprrr (I'))
(by def. MDLTL)

e P=QUR
tr; ;Dom (TDLTL (I’)) ;]V[DLTL(true, QU R)

MprrL (true, Q) )
+MprrL (true, R)

(by def. MDLTL)

= try ;Dom (Tprrr (I')); (

= try ;Dom (Tprrr (I') ;Mprri(true, Q)
—}—tr; ; Dom (TDLTL (I/)) ;MDLTL(true, R) (by Lemma A.1.13)

< trg’;Dom (Tprrr (I') sMprro(I', Q) ;trg” ; Dom (Torrr (I'))
+try ;Dom (Tprrr (I') ;Mprri(I', R);trg” s Dom (Torrr (I'))

(by Ind. Hyp.)
Mprrr(I',Q) . y
st D T I

+Mprr(I',R) )’ rgsDom (Torre (I'))

(by Ax. 2 and Lemma A.1.13)

= trg ;Dom (Torrr (I/)) ;MDLTL(I/,Q U R);try ; Dom (Tprre (I’))
(by def. MDLTL)

trg’;Dom (TDLTL (Il)) ; (

o P=0Q, R

tI‘B_’ ; Dom (TDLTL (I/)) ;MDLTL(true, Q; R)
= trg’; Dom (Tprrr (I')) ;Mprri(true, Q); Mprr(true, R)
(by def. MDLTL)
< trg’ s Dom (Tprrr (I') sMprro(I', Q)
strg”; Dom (Tprrr (I') ;Mprrr(true, R) (by Ind. Hyp.)
< trg’ s Dom (Tprre (I')) sMprro(I', Q)
stro”; Dom (Tprrr (I')) sMprro(I', R)strg’; Dom (Torrr (I'))
(by Ind. Hyp.)
< trg’ s Dom (Tprrr (I')) sMprro(I', Q)
;MDLTL(Ily R);tr; ;DO’I’TL (TDLTL (I/)) (by Thm. A28)

= trg ;Dom (Tprrr (I')) ;Mprri(I',Q; R)strg ;s Dom (Tprrr (I'))
(by def. Mprrr)
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¢ P=Q".
We will begin by proving that the hypothesis of Lemma A.3 are satisfied.
First, note that,

Ran (tryg ;Dom (Tprrr (I') ;Mprri(true, Q)) < trg”; Dom (Tprrr (I'))
(by Ind. Hyp.)

And we also have that,
tra*;Dom (TDLTL (I’)) S r

Then, once the hypothesis that allow the application of Lemma A.3 has
been established, we proceed as follows:

trb" ;Dom (TDLTL (I,)) ;MDLTL(true, Q*)
= tr; ; Dom (TDLTL (I/)) ;(MDLTL(true, Q))* (by def. MDLTL)

= trg ; Dom (Tprrr (I') 5 (trg s Dom (Tprrr (I')) s Mprri(true, Q)"
(by Lemma A.3)

S trb” ;Dom (TDLTL (I/))

;(trg”; Dom (Tprrr (I')) ;Mprro(I',Q)strg s Dom (Tprrr (I')))
(by Ind. Hyp.)

= try"; Dom (Tprrr (I) ; (Mprrr(I’, Q)" strg s Dom (Tprrr (I'))
(by Lemma A.3)

= trg";Dom (Tprrr (I')) ;Mprro(I', Q*);trg"; Dom (Torrr (I'))
(by def. ]V-[DLTL)
‘We finish this proof by showing that property holds,
tro; Dom (Tprrr (I')) ;MprrL(true, P)
= tro;try ; Dom (Tprrr (I') ;Mprri(true, P) (since tro < try’)
< tro;tra' ; Dom (TDLTL (I/)) ;MDLTL(I/, P) ;tI‘(T ; Dom (TDLTL (I/))
(by (5))
S tro;Dom (TDLTL (I/)) ;MDLTL(Ily P) ;Dom (TDLTL (II)) (by Thm. A28)
n
We continue by presenting Thm. 6.2 and its proof.
Theorem 6.2
For alli € A,
S;Tppr(os = [ai]B;) = S;1,
S;Tppr(—a; = [a;]false) = S;1,
tro; Trrn(O(as AT = ®(8; = I))) = tro;1
}”w-CCFA+
For all P € Pr¢gDLTL(X),
tro;Tpr7r ((true UP true) = (I' = (I' U* I')) = tro;1
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Proof.

tro;Tprrr ((true UF true) = (I' = (I’ L I'))) < tro;1
(by monotonicity)

>) In order to prove the inclusion, we will show that
tro;TorrL (true uf true) <tro;TprrL (I/ = (I ur I')) (6)
We proceed as follows,

tro;TprrL (true uf true)

= trg ;MDLTL(true, P) sTprrr (true) (by def. TDLTL)
< tro;Mprrr(true, P);1 (by monotonicity)
= tro;tr; Mprrr(true, P);1 (by Lemma D.15)
= tro;tr; Mprrr(true, P);tr;1 (by Lemma D.5)

= tro;Dom (Tprrr (I')) ;tr; Mprrr(true, P);tr;1
+trg;~Dom (Tprrr (I') ;tr; Mprrr (true, P);tr;1
(by Thm. A.2.9)
< tro;Dom (Tprrr (I') str; Mprrn(I', P); Dom (Tprrr (I')) str;1
+trg;=Dom (Tprrr (I')) ;tr; Mprrr (true, P);tr;1
(by Lemma 6.3)
= trg;Dom (TDLTL (I/)) ;tl‘;MDLTL(II, P);Dom (TDLTL (Il)) e 1

+tro;—Dom (Tprrr (I") ;Dom (tr; Mprrr(true, P);tr) ;1
(by Thm. A.1.14)

< tro; Mprro(I', P);Dom (Tprrr (I')) 51

+tro;—Dom (Tprrr (I')) ;1 (by Thm. A.2.8)
= tro;Mprrr(I', P);Dom (Tprrr (I')) ;1
+trg;Dom (TDLTL (I’)> il (by Thm. A.3.2)

=tro;Mprre(I', P);Tprrr (I') ;1+tro; Tprrr (I');1
(by Thm. A.1.14)

= tro;Mprrr(I', P);Tprrr (I') +tro;Tprrr (1)
(by Tprrr and Tprrr right ideals)
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= tro;Mprro(I', P);Tprrr (I') +tro;tr; Torrr (1)
(by Lemma D.15)
= tro; (MDLTL(I/7P)§TDLTL (I) +tr;Tprrr (I’)>
' (by Lemma A.1.13)
= tr0§TDLTL (I’ = I UP I’) (by def. TDLTL)

Therefore,

trO;TDLTL ((true UP true) - (I/ B4 (I/ UP I/)))

= tro;(tr;TDLTL (true u¥e true)+TDLTL (I, = I UP Il))
(by def. TDLTL)

= tro;tr;TprrL (true ur true)+tro;TDLTL (I, = ' UP I’)
(by Lemma A.1.13)

= tro;Tprrr (true UP true)+tro;Tprry (I’ = I' U I')
(by Lemma D.15)

> tro;Tprrr (true UP true)+tro;Tprrr (true UZ true)  (by (6))

= tro;(Tprrr (true UP true)+Tprrr (true uf true))
(by Lemma A.1.13)
= tl‘o 5 1 (BA)
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7 Case-Study: A Fictitious Mobile Tourist In-
formation Guide

In this section we present a case-study of verification of properties using fork
algebras. This case-study shows a fictitious system that is a instance of the
abstract system showed in subsection 6.1.

In subsection 7.1 we present a brief introduction to our case-study (both
system features and desirable property). In subsection 7.2 we give a detailed
description of such a system through natural language. In subsection 7.3 we
define the collection of atomic propositions that will serve to keep track of
system state. In subsection 7.4 we show dynamic behavior as a instance of the
specPDL theory. In the same way, in subsection 7.5 we show linear temporal
behavior as a instance of the specLTL theory. Finally, in subsection 7.6, we
end the case-study presentation by concluding that system meets the desirable
property.

7.1 Introduction

A user of a mobile system interacts with the system while on the road. Think
for instance of a tourist with his PDA? in a city, interacting with some local
information server through a wireless connection.

Once tourist has logged into the system, his PDA signals every change of
position automatically (with no need of human interaction).

Some of the interactions can be influenced by the tourist location. As an
example, asking for hotels to spend the night, might retrieve the hotels in the
zone (say ten blocks around). Similarly, asking for cash dispensers will result in
the nearest cash dispensers in the zone. Any time he changes his position, all
previously gathered location-sensitive information becomes useless, and it can
be erased from his PDA.

Now, the verification engineers wish to ensure that, if a local server reaches
proper behavior, it remains invariant along any execution of the server.

7.2 The Fictitious Mobile Tourist Information Guide

Once user becomes a member of the Mobile Tourist Information Guide ser-
vice, he is able to log into the system if user location falls within geographical
coverage.

e Due to its low computational cost, a local server can perform either a
user-login or a user-logout almost instantaneously.

e After user logs in, his PDA reports his actual position. Depending on local
server load, this position report can be immediately served (updating user
current position) or enqueued for further processing.

2Personal digital assistant, a handheld device that combines computing, telephone/fax,
Internet and networking features.
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7.3

Following position report, a user may request for location-sensitive infor-
mation on a variety of topics, such as hotels, restaurants, cash dispensers,
etc.

Any request of location-sensitive information involves a high computa-
tional cost (i.e.: queries on both internal and external databases, fetch-
ing data from internet, conducting searches in federative systems, etc.).
Therefore, these requests can be either enqueued or served.

System protocols ensure that every server delivers location-sensitive infor-
mation according to current user position. In other words, a user never
receives location-sensitive information belonging to a sector different from
where he is.

Queue policy implementation assures abscence of starvation for user re-
quests.

User receives location-sensitive advertising at least once a session.
City space is divided into discrete sectors (e.g.: honeycombs in cellular

phone technology), and each covered city has a unique local server.

System States

Due to the limited network bandwidth and data-retrieval capability, only a finite
number of users can connect simultaneously to a unique server. We model this
fact by defining a finite set U of possible user connections.

In the same way, we model city space as a discrete fixed set S of sectors.

Also,

we limit the location-sensitive information topics to a finite set 7.

Therefore, given a covered city, we capture system state through a finite set
of atomics propositions:

logged,,, asserts that user u is logged into the system,

position asserts that position s is the current position of user u,

u,s?

locallnfo, s ;, asserts that user u has received location-sensitive informa-
tion on topic 7 in position s,

advertising,  ;, asserts that server has sent user u advertising of topic %
in position s,

pndngUpdtPos, ,, asserts that PDA of user u has reported a new posi-
tion s, but server has enqueued the update,

pndngRtrvLcllnfo,, ;, asserts that user u has requested location-sensitive
information on topic 4, but server has enqueued the request.
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7.4 System Dynamic Behavior

Both user and server can trigger actions (i.e.: requesting location-sensitive in-
formation, serving enqueued requests, etc.). Actions might lead to a transition
between different system states. |

We formalize these actions together with its pre and post conditions using a
instance of theory specPDL defined in 6.1.
In other words, we enumerate the components of formulas of the shape:

a; = [a;)0;, for all i € A,
(ma) = [a;)false, for all 1 € A.

Now, let u,u’ € U, s,s' € S, and let i € 7.

- user u begins a session,

a1 = -logged,
a1 = Login,
p1 = logged,

- user u ends a session,

as = logged,
az = Logout,
B2 = -—logged,

- PDA of user u reports a new position s,

a3 = logged,

a3 = ReportPos,

B3 = /\ —locallnfo, s ; A
1€X
seu
s'#s

position,, ; A\ § ey TPposition,
s #s
vV pndngUpdtPos, ;

- user u requests for some local information ¢,

ag = logged, A position,, /\ —pndngUpdtPos,,
sel
s'#s

ag = RetrieveLocallnfo,, ;

Bs = locallnfo, ;;V pndngRtrvLclInfo, ;
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- local server responses information request from user u,

as = logged, A pndngRtrvLcllnfo, ; A position,
as = JSendInfo,;
Bs = locallnfo,s; A -pndngRtrvLcllnfo, ;

- local server attends a change of position from user u,

ag = logged, A position, , A pndngUpdtPos,,
ag = UpdatePosition,, g
Be = position, ; A -pndngUpdtPos, ; A —position,, .

- local server sends advertising to user u,

a7 = logged, A locallnfo, ;;
a7 = SendAd,,
Br = advertising, ;

7.5 System Linear Temporal Behavior

Finally, certain time concerning properties hold globally. As an example: no
user request can be enqueued indefinitely. We specify such properties as a in-
stance of theory specLT L defined in 6.2.

In other words, we will define a formula I such that,

O((as AN I) = ®(B; = I)), for all i € A.
e Local server do not enqueue position updates indefinitely,

A W E U pndngUpdtPos, ; =

Il — ‘0O sed8S
(position, ; A -pndngUpdtPos,, ;)
V-logged,,

e Local server do not enqueue requests of information indefinitely,

A ieT pndngRtrvLclInfo, , =
ueU

I, = O A position,, ,
o seS = locallnfo, s ;

V-logged,,

e Local server sends advertising to user at least once per session,

I = D( A weld logged,, = logged,, U advSent, )

52



where advSent, stands for formula:

/\ position,, ; = \/ advertising,, , ;
seS ’ 1l

e Each user eventually ends session,

I, = O /\ (logged, = O-logged,)
ueU

Using I, I, I3 and I4, we define formula I of specLTL theory as,

I=L NI NI3NIy

7.6 Verification of dynamic linear temporal properties

Since the Mobile Tourist Information Guide is a instance of specPDL and
specLTL theories, and by reasoning presented in subsection 6.2, we can en-
sure that the desirable PDLTL property holds. In other words, system meets
that,

If a local server reaches proper behavior, this proper behavior re-
mains invariant along any execution of the server.
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8 Conclusions

We have presented a interpretability result for the dynamic linear temporal logic
DLTL. Jointly with previous results on the interpretability of PDL and LTL,
this allows us to propose a general framework for reasoning across dynamic and
linear temporal logics. We use this framework to verify a non trivial property
that combines both dynamic and linear temporal concepts. Finally, we presented
a realistic problem in which such reasoning is relevant.
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A Arithmetical Properties of Omega Closure Fork
Algebras

Theorem A.1 The following properties are valid in all relation algebras for all
relations R, S, T, F, G and I:

1. R;0=0:R =0.

Z 1=1,
3. 1;1=1.
4. (R+S)" = R+8S.
5. (R-S)’=R-§.
6. FR<1 then R=R.
7. IfR,S <1 then R;S = R-S.
8. IfR<71 then (R;1)-S=R;S and (1;R)-S=S;R.
9. fF+G =1 and F-G =0, then F;1 =G;1.
10. Dom (R) = (R;1) -1’ and Ran (R) = (1;R) -1’.
11. Dom(R) ;R = R and R;Ran (R) = R.
12. Dom (R+S) = Dom (R) +Dom (S), i.e., Dom is additive. Similarly,

Ran (R+5S) = Ran (R) + Ran (S).
18. Dom (R) = Ran (R) and Ran (}u%) = Dom (R).
14. R;1 = Dom (R);1 and 1;R =1;Ran(R).
15. R=R.
16. (R-S);T < (R;T) - (S;T) and R; (S-T) < (R;S) - (R;T).
17. If F is a functional relation then F; (R-S) = (F;R) - (F;S).
18. If F is a functional relation, G < F, and Dom (G) = Dom (F) then

G=F.
19. If F is a functional relation then Dom (F) ;F;R = F;R
20. If I is a injective relation then (R-S) ;I = (R;I) - (S;I)

(
21. If I is a injective relation then R;1;Ran (I) = R;I.

22. fF <Y then F;R - S=F;(R-S) and R;F - S = (R-S) ;F.
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Proof. See [Fri02], Thm 2.3.

Filters are partial identities, i.e., relations F' satisfying the condition F' < 1’.

Given a filter F, by —=F we denote the relation F-1’.

Theorem A.2 The following properties of filters are valid in all relation alge-

bras:

~

. If F is a filter, then F+—-F =1
If F is a filter, then F'-—F =0
-Dom (R);1=R;1

= St

If F is functional, then

F;-Dom (R) ;1 = (Dom (F)--Dom (F;R));1

5. Let F, ..., Fy be filters and let iy, ..., 1k be a permutation of 1, ..., k, then

6. If F is a filter, then —F is a filter.

7. If F is a filter, then FF = F; F

8. If F is a filter, then F;R< R and R;F < R
9

E;

. If F is a filter, then R = (F;R)+(—~F;R) = (R;F)+(R;~F)

Proof.

=

. See [Fri02] Thm. 7.1.1.
2. See [Fri02] Thm. 7.1.2.
3. See [Fri02] Thm. 7.1.3.
4. See [Fri02] Thm. 7.1.4.

5.

Fl;...',szFl-...-Fk
=F11sz
= By - eui

6.
—F = F-1
<7

(by Thm. A.1.7)
(BA and Hyp)
(by Thm. A.1.7)

(by def. =)
(by absorption)



F=F.F (by idempotence)
=F;F (by Thm. A.1.7)
8.
F;R<1;R (by monotonicity and Hyp.)
=R (by Ax. 5)
The proof for R;F < R follows in the same way.
9.
R=1;R (by Ax. 5)
= (F+-F);R (by 1)
= F;R+-F;R (by Ax. 2)

The proof for R = F';R+—F; R follows in the same way.

Theorem A.3 Let R be a right ideal relation, then the following properties are
valid:

1. R is right ideal.

2. Dom (R) = =Dom (R)

3. Dom (R) -Dom (R) =0

4. Dom (R) +Dom (R) = 1’
Proof.

1. In order to prove this result we will use the following property of Boolean
algebras. Let R and S be arbitrary, then

B:S=0= (B4+S5=1+>8=R) (7
We have that,
R:1+R=R;1+R;1 (by R right ideal)
= (R+R);1 (by Ax. 2)
=i 151 (BA)
= (by Thm. A.1.3)
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Also,

R;1-R=R;1-R:1 (by R right ideal)

> (R-R);1 (by Thm. A.1.16)

=0;1 (BA)

=0 (by Thm. A.1.1)
Thus, by 7, o -
R:1 =R

Therefore, R is right ideal.

2.
Dom (R) = Dom (R;1) (by R right ideal)
= Dom (=Dom (R) ;1) (by Thm. A.2.3)
= (=Dom (R) ;1;1)-1’ (by Thm. A.1.10)
= (=Dom (R) ;1)-1’ (by Thm. A.1.3)
= Dom (-Dom (R)) (by Thm. A.1.10)
= =Dom (R) (by Lemma A.1.1)
3.
Dom (R) +Dom (R) = Dom (R) +-Dom (R) (by 2)
=71 (by Thm. A.2.1)
4.
Dom (R) -Dom (R) = Dom (R) -~Dom (R) (by 2)
=0 (by Thm. A.2.2)
n

Lemma A.1 The following properties are valid in all relation algebras:

1. f R< 71, then Dom(R) = R and Ran(R) = R
IFR<YT, then R =R
Dom (R;S) = Dom (R;Dom (S)) and Ran (R;S) = Ran (Ran (R) ;S)
If F <1, then Dom (F;R) = F;Dom (R) and Ran (R;F) = Ran (R);F
If F functional, then Dom (F';S) ;F = F;Dom (S)

&> o e o

IfR=R,RT=0,R-T'=0and R+T = R'+T', then T = T"
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7. If R < S, then Ran (R) < Ran (S) and Dom (R) < Dom (S)

8 IfS<71, then Ran(R) < S<+<= R<1;S
9. fR< 71, then R;S <T <= S < -R;1+T
10. IR<S, then R-S=R

11. If Ran(R) < Dom (S), then R;S;1 = R;1

12. If Q right ideal, then Dom (R;@) iR < R;Dom (Q).

18. R;(S+T) = (R;S)+(R;T).
14. Dom (R) = Dom (R;1)

Proof.
1.
Dom (R) = R;R-1
=‘RR:1
= R-R;1
=R-R
= R

The proof for Ran follows in a similar way.

R-1'=R;?
=R

Dom (R;S) = (R;S;1)-1
= (R;Dom(S);1)-1
= Dom (R;Dom (S5))

The proof for Ran is analogous to Dom.

Dom (F;R) = Dom (F;Dom (R))
= (F;Dom (R) ;(F;Dom (R)))-1’
= (F;Dom (R) ;(Dom (R))"; F)- 1
= (F-Dom (R) -F-(Dom (R)))-1’
= (F-Dom (R) -F-Dom (R))-1
= F-Dom (R)
= F;Dom (R)

The proof for Ran follows in a similar way.
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(def. Dom)
(by Thm A.1.6)
(by Thm A.1.7)

(by Ax. 5)
(BA)

(by Thm A.1.7)
(by Ax. 5)

(by Thm A.1.10)
(by Thm A.1.14)
(by Thm A.1.10)

(by 3)

(by def. Dom)
(by Ax. 6)

(by Thm A.1.7)
(by Thm A.1.6)
(by 2 and BA)
(by Thm. A.1.7)



5. In order to prove the equality we will prove both inclusions.

<)
F;Dom (S) = Dom (F;Dom (S)) ;F;Dom (S) (by Thm A.1.11)
= Dom\(F;S) ;F;Dom (S) (by 3)
< Dom (F;S);F;? (by def. Dom)
= Dom (F;S);F (by Ax. 5)
>)

Dom (F;8S) ;F = Dom (F;Dom (S));F (by 3)

= (((F;Dom (8));(F;Dom (5)))-1'); F
(by def. Dom)
< F;Dom (S) ;(F;Dom (S))"; F (BA)
= F;Dom (S) ;(Dom (8))"; F';F (by Ax. 6)
< F;Dom (S) ;(Dom (8))";1  (by F functional)
= F;Dom (S) ;(Dom (S))” (by Ax. 5)
= F;Dom (S) ;Dom (S) (by Thm A.1.6)
= F;Dom (S) (by Thm A.2.7)

6.
R+T = R'+T'
<= R+T = R+T' (Hyp.)
= (R+7T)-R=(R+T)R (BA)
< R-R+T-R=R-R+T'R (BA)
—~ T-R=T"R (BA)
<~ T-R=T'R (Hyp.)
We have to show that T-R = T and T'-R’ = T" to prove the lemma.
T=T1 (BA)
=T-(R+R) (BA)
=T-R+T-R (BA)
=T'R (Hyp.)
The proof for T'-R’ = T' follows in a similar way.
T

Dom (R) < Dom (R) +Dom (S) (BA)
= Dom (R+5S) (by Thm A.1.12)
= Dom (S) (Hyp.)

The proof for Ran follows in a similar way.
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R = R;Ran (R) (by Thm A.1.11)
< RS (by Hyp. and monotonicity)
<1;S (by monotonicity)

=)

Ran (R) < Ran (1;5) (by 7 and Hyp.)

(1;(1;9))-1 (by def. Ran)
(258): 1 (by Thm A.1.3)
= Ran (S) (by Thm A.1.10)
9. =)
S= 148 (by Ax. 5)
= (R+-R);S (by Thm. A.2.1)
= R;S+-R;S (by Ax. 2)
<T+-R;S (Hyp.)
=]
R;S < R;(-R;1+47) (Hyp.)
= R;mR;1+R;T (by Ax. 2)
={(R-—-R);1+R;T (by Thm A.1.7)
= (R-R-V);1+R;T (by def. =)
= R;T (BA)

10. In order to prove the equality, we will prove both inclusions

)

R-S=R-(R+S) (Hyp.)
=R-R+R-S (BA)
=R+R-S (by idempotence)

<)
R+(R-S)=R (by absorption)
11.

R;S;1 = R;Dom (S) ;1 (by Thm A.1.14)

= R;Ran(R) ;Dom (S) ;1 (by Thm A.1.11)

= R;(Ran(R) -Dom (S5));1 (by Thm A.1.7)

= R;Ran(R);1 (by Hyp. and 10)

=R:l (by Thm A.1.11)
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12,

Dom (ﬁ) LR
= -Dom (R;Q) ;R (by Thm. A.3.2)
= =Dom (R;Dom (Q)) ;R (by Lemma A.1.3)
= =Dom (R;—Dom (Q)) ; R (by Thm. A.3.2)
= =Dom (R;~Dom (Q)) ; R; Dom (Q)
+-Dom (R;-Dom (Q)) ; R;—Dom (Q)) (by Thm. A.2.9)

= —=Dom (R;—Dom (Q)) ; R; Dom (Q)
+=Dom (R;=~Dom (Q)) ; Dom (B;~Dom (Q)) ; R;~Dom (Q))
(by Thm A.1.11)
= ~Dom (R;"Dom (Q)) ;2 Dom (Q)

+ (~Dom (R;=~Dom (Q)) - Dom (R;=~Dom (Q))) ; B;~Dom (Q))
(by Thm A.1.7)

= —=Dom (R;~Dom (Q)) ; R; Dom (Q) (by Thm. A.2.2)
< R;Dom (Q) (by Thm. A.2.8)
13.
R;(S+T) = ((R;(S+T))) (by Ax. 4)
= ((S+T)”;]é N (by Ax. 6)
= ((S*Jr:f);é)“ (by Ax. 3)
= ($;R+T3R) (by Ax. 2)
= ((B;8)"+(R;T)) (by Ax. 6)
= (R;8)+(R; 1)) (by Ax. 3)
= (R;S)+(R;T) (by Ax. 4)
14.
Dom (R) = (R;1)-1’ (by Thm. A.1.10)
=(R;1;1)-1 (by R;1 right ideal)
= Dom (R;1) (by Thm. A.1.10)
n

Theorem A.4 The following properties hold in all fork algebras for all relations
F,I,R,S,TandU.

1. (RVS);2=R-S.
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(RVS) ;m = Dom (S) ;R and (RVS) ;p = Dom (R) ;5.
R; (SVT) < (R;S) V (R;T).

Let F be functional, then F; (RVS) = (F;R) V (F;5).
[fF <1 then (F;R)VS = F; (RVS).

(RVS) - (TVU) = (R-T) V (S-U).

(R®S)" = R®S.

(R®S) - (T®U) = (R-T) ® (5-U).

(RVS); (T®U) = (R;T) V ($;U).

(R®S) ; (TeU) = (R;T) ® (S;U).

. (R+8)®T = (R®T)+(S®T), i.e., ® is additwe. Similarly, RQ(S+T) =
(R®S)+(R®T).

12. (R®Y1);7r =m;R and ('®R) ;p = p; R.

© ®® XS ™

~ N
~ O

13. The relations m and p are functional.

14. #;p=1.

15. Dom (n) = Dom(p) =1'Q1".

16. Dom (m;R) = Dom (R) ®1’ and Dom (p;R) = 1’® Dom (R).

17. (R®71);2 = Dom (('®R) ;2) ;p.

18. Let F be functional, then # - 1; (’'VF)=1VF.

19. IfI is injective, then (' ® R;I);2 = Dom ((f@R);é) mand (R;I ® 1);2 =

Dom ((R@f);é) 0.

20. ('®7);R®S; (I'®1) = (R®1) + (185).
Proof. See [Fri02] Thm. 3.2.. |
Lemma A.2 The following properties are valid in all abstract fork algebras for
all relations R, S, T and U.

1. fR<S and T < U, then RVT < SVU and RT < S®U.

Dom (RV S) = Dom (R) - Dom (S)
mr=1®1

™

p;Rip=1®R

65



5. IfR,T <1, then

s ™

v v R T
Ran R8T ;p = Ran R;S;T il ® el @
( : ) | ( - ) o) g

P P

Proof.

1. We will prove the first property, namely, that

RVT < SVU (8)
We proceed as follows.
RVT = R;7-T;p (by Ax. 8)
LSl p (by monotonicity)
=SVl (by Ax. 8)

We will finally show that RQT < S®QU

R®T = m; RV p;T (by def. ®)
<m;SVp,U (by (8) and monotonicity of ;)
= SeU (by def. ®)

2. First note that
Ran (1V1) =1QT (9)
Then,

Dom (RVS) = Dom (R;1’VS;1) (by Ax. 5)

= Dom ((RVS);(1’®1)) (by Thm. A.4.9)

= Dom (RVS;Ran (1V1)) - (by (9))

= Dom (RV S;Dom ((1V1)")) (by Thm. A.1.13)

= Dom (RVS;(1V1)") (by Lemma A.1.3)

= Dom ((R;1)-(S;1)) (by Ax. 9)

= Dom ((R;1)-(S;1)) (by Thm. A.1.2)

= (((R;1)-(S;1));1)-1 (by Thm. A.1.10)

= (R;1)-(S;1)-7’ (because (R;1)-(S;1) is right ideal)

= (R;1):1+(S;1)-1 (by idempotence)

= Dom (R) -Dom (S) (by Thm. A.1.10)

3. In order to prove the property, we will show that

p;l;p=m 17 (10)
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p;1;5 = Dom (p) ;1;Ran () (by Thm. A.1.14)

= Dom (p) ;1;Dom (p) (by Thm. A.1.13)
= Dom (x) ;1;Dom () (by Thm. A.4.15)
= Dom (7) ;1; Ran (%) (by Thm. A.1.13)
=m1;7 (by Thm. A.1.14)

Second, we prove that

mift=m % (by Ax. 5)
<ok w (by monotonicity)

Then,
mf < myla (11)

Once both results were established, we proceed as follows.

= (m;7) - (m;15%) (by (11))
= (m;7)-(p;1;P) (by (10))
= (m;1;7)-(p;1;5) (by Ax. 5)
=m;1’Vp;1 (by Ax. 8)
=11 (by def. ®)

4. The proof begins by showing that

piR;p £ mylsit (12)
iR p < p;1;p (by monotonicity)
= m;1;7 (by (10))

Finally, we proceed as follows,

piR;p = (p;R;p)-(m;1;%) (by (12))
=m;1Vp;R (by Ax. 8)

5. First, we have that, if R,T < 1’, then

(R®(T®Y));p=(RB1);p;(TOT) (13)
(RR(T®Y));p= (m; RV p;(T®1));p (by def. ®)
= Dom (m;R) ;p;(T®7) (by Thm. A.4.2)

= (Dom (R) ®1);p;(T®Y) (by Thm. A.4.16)

= (R®1);p;(T®Y) (by Lemma A.1.1)
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We also have that, if R,T < 1’, then

v v
(RS,T) ( ﬂ’RST (by def. ®)
® v
p pip
) ( (i BV (01 (ST 89 )
(by Thm. A.4.9)
( ) (by def. ®)
(R®T); ((5 T)®p)
R®1’),
( ) (by Thm. A.4.5)
5's T)®p
( ) (by Thm. A.4.12)
(S; T)®p
( ) (by Ax. 5)
(S,T)® p, )
( ) (by Thm. A.4.10)
S®m (T®T)
( ) : ( ) (by Thm. A.4.9)
(S®p) (T®r)
Since,
T R
Ran = Ran ( \Y ) : ( ® ))
(S®p) (T®1)

T R
Y o
(S®p) (T®Tr)

(by Lemma A.1.4)

R
< ( ® ) (by Thm. A.2.8)
(Te1)
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s M

Therefore, we have

R
Ran R:8:T < ( ® > (14)
( ) (Tel)
P

Finally, we prove the lemma by showing both inclusions

® A

<)
T
\Y
Ran R;S8;T WP
)
0
T T
\Y v
= Ran R8T ; Ran R: ST 0
(7))
P P
(by Thm. A.2.7)
T R
\Y ®
< Ran R8T : T P (by (14))
® ®
(7))
T
\Y R T
= Ran ( R;S5T ) : ( ® ) 3P ( ® ) (by (13))
® v v
P
>)

j ip (by Thm. A.2.8)

IN

ey

)

S
/N

=
T ® w43



Lemma A.3 If F <1 and Ran (F;R) < F, then,
PR = B (F B P = Py R F

Proof. In order to prove this property, we will show that, if Ran (F;R) < F
and F is a filter, then,

R*=F;(F;R)";F+~F;R* (15)
>)
R = 1% R! (by Ax. 5)
= (F+-F);R" (by Thm.A.2.1)
— F:R*+4-F;R* (by Thm.A.1.13)
> F;(F;R)";F+-F;R* (by monotonicity)

<) We prove this inclusion by using the w-rule.

- base case.

1I'+F;(F;R)";F+—-F;R"
=14+F;('+(F;R);(F;R)");F+-F;(I'+R;R") (by Ax. 14)
= 1U'+(F;I'+F;F;R;(F;R)");F+~F;!'+~F;R;R"

(by Thm.A.1.13)
=1+F;1";F+F;F;R;(F;R)";F+-F;1'+-F;R;R* (by Ax. 2)
=1+ (F+-F)+F;R;(F;R)"+-F;R;R"

(by Ax. 5 and Thm. A.2.7)
= (F+-F)+F;R;(F;R)"+-F;R;R" (by Thm.A.2.1)
= F;(F;R)*+-F;R* (by Axs. 2, 5 and 14, and Lemma A.1.13)

Therefore,
' < Fy(F;R)";F+-F;R"
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T H——

- inductive step.
Rl = R;Ri

< Ry(F;(F;R)";F+-F;R")

= R;F;(F;R)";F+R;~F;R"

(by def. 2.33)
(by Ind. Hyp.)
(by Lemma A.1.13)

= F;R;F;(F;R)";F+~F;R;F;(F;R)"; F

+F;R;=F;R"+~F;R;~F;R" (by Thm. A.2.9)
= F\ Ry F(FyB) s F+~F R, F;(F;R) i F
+F;R;F;-F;R*+-F;R;-F;R" (by Hyp.)

= F;R;F;(F;R)";F+~F;R;F;(F;R)";F
+F;R;(F--F);R*+-F;R;~F;R* (by Thm. A1)
= F;R;F;(F;R)";F+-F;R;F;(F;R)";F

+-F;R;-F;R"

< FR;F;(FiR)" s F+-F;R; R
+-F;R;R"

= F;R;F;(F;R)";F
+-F;R;R"

= F;F;R;F;(F;R)";F
+-F;R;R*

< FiFR;(F;R)"; F
+-F;R;R"

< Fi(F;R); F+-F R

Now we will show that the lemma is valid.
- F;R* = F;(F;R;F)"
<)

F:R* = F;(F;(F;R)";F+-F;R")
= F;F;(F;R)";F+F;-~F;R"
= B (F; R F+F;~F;R
= Fi(F;R)";F+(F-~F); k"
= F;(F;R);F
= F;(F;R;F)";F
< F;(F;R;F)”

>)
F;R* > F;(F;R;F)"

- F;R* = F;R*;F
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(by Thm. A.2.2)
(by Thm. A.2.8)
(by idempotence)
(by Thm A.2.7)

(by Thm A.2.8)
(by Ax. 14)

(by (15))

(by Lemma A.1.13)
(by Thm. A.2.7)
(by Thm. A.1.7)
(by Thm. A.2.2)
(by Hyp.)

(by monotonicity)

(by monotonicity)



By R* = F3(F5(FR)"  F4+-F ")
= F;F;(F;R)";F+F;-F;R"
< F;R*;F+F;-F;R"
= F;R*;F+(F--F);R*
= F;R";F

F;R*> F;R*;F
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(by Lemma A.1.13)
(by monotonicity)
(by Thm. A.1.7)
(by Thm. A.2.2)

(by monotonicity)



B On DLTL interpretation

Lemma B.1 Let K be a Kripke structure. Let s € Ag andn € IN.

ezec(s,n) € || Pllk;|1Qllx
==

t (3i € [0,n])(ezec(s, 1) € | Pllx A exec(s*,n — i) € [|Qllx)
Proof.

exec(s,n) € ||Pllk;||1Qllx

| @)@

(exec(s,n) = T1;7)A
(rellPllx A" € [1Qlx)A
(rT=AVT =AV 11 =T7))

<= by def. 5.3

(3T (E)(

(exec(s,n) = T;7")A
(r€lPlx A7 € [IRQlx)A
((ezec(s,n) = ') V (ezec(s,n) = 7) V (ezec(s,n) = r&r'")))

< by def. 5.7

(F)E)(
} (exec(s,n) = 7;7")A
i (r € IPlx AT € IRQllx)A
((ezec(s,n) = 1') V (exec(s,n) = T)V
(Fi € (0,n))(ezec(s, i) = T A ezec(s,n — 1) = 7')))

(ezec(s,n) € [|Plx A X € ||Qllx)V
(A € ||Pllk A exec(s,n) € |Qllx)V A
(3i € (0,n))(exec(s,i) € |Pllk A exec(st,n —1) € 1Qllx)

<= by def. 5.7

(exec(s,n) € | P||k A exec(s™,n—n) € [|Q||x)V
(ezec(s,0) € || P|lkx A exec(s®,n —0) € |Qllx)V
(3 € (0,n))(exec(s,1) € ||Pllx A ezec(st,n —1) € |Ql k)

(3i € [0,n])(ezec(s,i) € | Pllx A exec(st,n —1) € ||Q|l k)
B

We present all the necessary definitions to end with the main result on the
interpretability of DLT L. Most of them were also presented in [FPO03] to prove
the interpretability of LT L.
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Lemma B.2 Given a nonempty set S, a binary relation T (on S), and a se-
quence of T-connected elements of S, namely, s = sg, 81, S2, . - .,

(Vi <w)(ts: = p'(ts))

Proof. The proof follows by an easy induction on 1. ]
Lemma B.3 Given a nonempty set S, a binary relation T (on'S), and t €
T(S, T), (V’L < w)(spi(t) = (St)l).
Proof. The proof follows by a simple induction on 1. ’ @
Definition B.1 ([FP03]) Let S be a nonempty set, and T a binary relation
on S. We denote by T(S,T)* the smallest set R of binary trees built as follows:

e SUT(S,T)CR,

e ift),to € R, then t; xt € R.
Definition B.2 Let S be a nonempty set, and A = {d;}ica a set of binary
relations on S. We define,

T; =] &
i€A
When no confusion arise, we will simply denote T'; as T

Definition B.3 ([FP03]) Let S be a nonempty set, and A = {di}ica a set
of binary relations on S. Let A = (R,U,N, ~,0,E,0,1d,~,V,°,*) be a proper
closure fork algebra (PCFA) satisfying:

* R=P(T(S,T)" xT(5,T)"),
e E=T(S,T)" xT(S,T)"
2 is then called a “full infinite closure fork algebra on S, A”.

Definition B.4 ([FP03]) Gwen2 = (R,uU,N, ,0,E,0,Id,”, V,% *) € PCFA,
we define:

o (zxy) =z for all z,y € Uy,
o p(xxy) =y for all z,y € Uy.

Notice that no confusion should arise between the relation constants 7 and
p and the functions 7 and p from Def. B.4; while the former are relational con-
stants, the latter are functions and always appear being applied to arguments.

Definition B.5 ([FP03]) Given K = (S, A, Sy, P) a Kripke structure for the
signature & and let (R, +,+,7,0,1,;,1’,%,V,°,*) be a full infinite closure fork
algebra on S and A, extended with constants S, So, T, tr, {Pi}ier, {Aitica,
satisfying:
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- S={(s,s)|s €S},
- Se CS,
-T=T,
-tr={(t,t) |t € T(S,T)},
- dom (P;) C S and P; is right-ideal for all i € P, and
-Aj=ad; forallie A;
we call A a “full infinite closure fork algebra on S, A eztended with constants”

It follows from the previous definition that every full infinite closure fork
algebra on S, A, extended with constants satisfies the axioms of w-CCFATDPLTL,

Lemma B.4 Let K = (S, A, So, }5) be a Kripke structure for the signature X,
and let 2 a full infinite closure fork algebra on S, A, extended with constants.
Then,

s € A <> ts € dom (tr) .

Proof.

=) Since s € Ak, s is a T-connected sequence of elements of S. Then, by
Def. 4.6, ts € T(S,T). Thus, by definition of S, T and tr, t; € dom (tr).

<) Assume that t, € dom (tr). By definition of S, T and tr, t; € 7(S,T),
and by Def. 4.6, s is a T-connected sequence of elements of S. Then, by
definition of trace in a Kripke structure, s € Ag.

]
Lemma B.5 Let K = (S, A, Sy, P) be a Kripke structure for the signature %,
and let A be a full infinite closure fork algebra on S and A, extended with

constants.. Then,
t € dom (tr) < s; € Ak .

Proof.

=) Since t € dom (tr), t € 7(S,T). Since consecutive elements in ¢t are T-
connected, s; is a T-connected sequence of elements of S. Finally, by
definition of K, s; € Ak.

<) Assume that s; € Ag. Since s; is a T-connected sequence of elements of
S,te€ T(S,T) =dom (tr). ’
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Lemma B.6 Let K = (S, A, So, P) be a Kripke structure for the signature X,
and let 2 be a full infinite closure fork algebra on S and A, extended with
constants. If a« € ForDLTL(X), and t,t' € T(S,T), then

(3 2 0)(3i = 0)(3¢")(
(t" = p () A (Y] € [0,1))(p (t) € dom (Tprrr ()))A
(ezec(st, 1) € |Pllx) A '
(' = p* (")) A (V5 € [0,))(p7(t") € dom (Tprrr (@)))A
(ezec(ser, 1) € [|1Qllx))

—
(3n > 0)(
(' = p"(1)) A (V4 € [0,n)) (¢ (t) € dom (Tprrr (2)))A
(ezec(st,n) € |P||k; 1@l x))
Proof.

(i > 0)(F' > 0)(3t")(
t" = p'(t) A (V5 € [0,9))(p7 (t) € dom (Tprre ()))A
exec(st,1) € |Pllk A
t' = p" (") A (V5 € [0,8))(p7 (") € dom (Tprrr (e))A
exec(ser, 1) € ||Qllk)

<= because t” = p'(t)

(Fi 2 0)(3" = 0)(
(Vj € [0,1)) (¢’ () € dom (Tprre ()N
ezec(st, 1) € ||Plle A
t' = p* (p'(t)) A (V3 € [0,i"))(¢7 (6 (1)) € dom (Tprrr (@))A
exec(spir), i) € |Qllx)
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—
(3i > 0)(3' > 0)(
t' = p¥ (p*(£))A
(V) € [0,))(¢(2) € dom (Torrz ()
(V4 € [0,i))(¢7 (p(t)) € dom (T ())A
exec(st, 1) € ||PllxA
ezec(syi(r), i) € |Qlx)

<= by def. of p

(3i 2 0)(3" = 0)(
i = pi+i’ (t)A
(V5 € [0,9))(p?(t) € dom (Tprrr ()))A
(V5 € [0,i"))(p*(t) € dom (TprrL (@)))A
ezxec(ss, i) € ||Plle A
ezec(st’, 1) € |Qllx)

=

(3i = 0)(3F" = 0)(
- pi+i’(t)/\
(5 € [0,0))(#7(t) € dom (Torrz (@)A
(V4 € [i,5 +1))(p’ (t) € dom (Tprre ()))A
ezec(st,1) € | Pl A
exec(s:',1') € |Qllx)

(Fi > 0)(3" = 0)(
t' = p+ (£)A |
(V5 € [0,i+4)) (¢ (t) € dom (Tprrr (@))A
ezec(st, 1) € ||P|lxA
exec(s:', 1) € |Qllk)

+= by Lemma B.1

(3 > 0)(3' = 0)(
¥ = pi+i’ A
(Vj € [0,k + k))(p’(t) € dom (TprrrL (2)))A
ezec(s,i+1') € [|Pllx;lQlx)
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<= because i +1% =n

(3n > 0)(
t'=p"(t)A
(V4 € [0,7)) (¢ (t) € dom (Tprrr ()N
exec(s, n) € [|Pllk;[1Qllx)

Lemma B.7 Let K = (S,A,So,ls) be a Kripke structure for the signature %,
and let 2 be a full infinite closure fork algebra on S,A, extended with constants.
Ift e T(S,T), then

t € ran (ﬂ'V(Al®p)) — <St0,5t1> € Ai
Proof.
t€ran(7V(Ai®p))

<= by def. of ran
@ e T(S,T))((¢,8) € TV (A:p))
<= by def. of V and ®

3t € T(S5,T))(3z,y,2)(
t=xzx(yx2z) At z) em At y) € mA A, 2) € p;p)

< by def. of 7 and p

(3t € T(S,T))(3z,y, 2)(
t=zx(yx2) Az =n(t')A({t,y) € m;A;i Az =p(p(t)))

< by def. of ;
(3t € T(S,T))(3a,y, )

t=zx(yx2) Az =n(t)Az=p(pit))A
G, y') € ALY, Y) € AY)))
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<= by def. of 7

(3 € T(S, 7)) 3z, y, 2)(
t=zx(yxz) Az =mn(t")Az=p(p(t))A
G =) AW y) € AY)))

<= because z = 7(t') and z = p(p(t'))

@t e T(S,T))
()t = (") * (y % p(p(t)))A
((z(t"),y) € As))

<= because y = 7(p(t))

@t e T(S,T))
(w(") = = (t) A p(p(t") = p(p(t)) A ((m(t'), w(p(2))) € A))

<= because 7(t') = 7(t)
3 eT(S,T)) .
(x(t) = m(t) A p(p(t) = p(p(t)) A ({m(t), m(p(2))) € As))
—

(m(t),m(p()) € Ay

<= by def. of s;, m and p
((st)o, (s£)1) € A4

Lemma B.8 Let K = (S, A, 50,15> be a Kripke structure for the signature X,
and let A be a full infinite fork algebra on S and A, extended with constants. If
t,t' € T(S,T), « € ForDLTL(E) and R € PrgDLTL(X), then
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(Vk € IN)(
(t,tl> € ]\41)[,71,(6\{,]{);]C

(3i > 0)(
t' = p*(t) A
(Vj € 0,3))(¢’ (t) € dom (Tprrr () A
ezec(s,i) € ||R||x*F))

Proof. The proof follows by induction on k.

e base case)
(t,t') € Mprrr(a, R)°
<= Dby def. 2.33
tt)ye1
< by def. of I
f = B
<= by def. 5.5
t=t'AX€||R||x°
<= Dby def. of exec
t =t' A exec(s,0) € | R||k*°
<= by def. of p
t'=p°(t)A
(V5 € [0,0))(p? (t) € dom (TprrL ()))A
exec(s;,0) € | R]|x*°
@>0)(
t' = p(H)A

(V5 € [0,)) (¢ (¢) € dom (Tprre ())A
erec(st,1) € IR|l&°)
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¢ inductive step)
(t,t') € MDLTL(CY,R);]C"'l

<= by def. 2.33
(t,#) € Mprrr(o, R);Mprrr(a, R)*
<= by def. of ;
(3t")((t,t") € Mprrr(o, R) A (¢,1') € Mprrr(a, R)F)

<= by Ind. Hyp.

(3")(
(3 > 0)(
t = pi(t)/\

(V5 € [0,9)) (¢’ (t) € dom (Tprrr (2)))A
exec(st, ) € || Rl x)A

(3" > 0)(
t = ptt")A
(Vj €[0,4))(p(t") € dom (TprrL ()))A
exec(syr,1) € ]|R||Kk))

<= by independence of t", 1,1’

(Fi > 0)(Z' > 0)(3t")(
= p'(t)A
(¥ € [0,9) (¢’ (£) € dom (Tprrr ()))A
exec(sy, 1) € || Rl| kA
t=p(t")A
(Y € [0,9) (¢’ (t") € dom (TprrL ()N
exec(sy, 1) € | Rl k™)

<= by Lemma B.6

(3n > 0)(
t=p"(t)A
(V4 € [0,n))(p?(¢") € dom (TpLrr ()))A
ezec(si,n) € | Rllx; (1R *))

<= . by def. 2.33

(3n > 0)(
t=p"(t)A
(V4 € [0,n)) (¢ (t") € dom (TprrL ()))A
ezec(s;,n) € | Rl k)
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Lemma B.9 Let K = (S, A, Sp, P) be a Kripke structure for the signature ¥,
and let A be a full infinite closure fork algebra on S and A, extended with
constants. If « € ForDLTL(Z), R € PrgDLTL(X) and t,t' € T(S,T), then

(t,t'y € Mprrr(o, R)
—
(Fi > 0)(
t' = p*(t)A
(V5 € [0,1))(p*(t) € dom (TprrL ()))A
exec(ss, 1) € | Rl k)

Proof. The proof of this lemma follows by induction on the structure of program
R.

o R:ak)

(t,t') € Mprri(a,ak)
<= by def. of MprrL(c, P)

(t,t') € Dom (TprrL (@) ;Ran (mV (Ax®p)) ;p
<= Dby def. of ;

(3 Er')(
(t,7) € Dom (TprrrL () A
{r,r") € Ran (v V (Ak®p)) A
(r',t') € p)
& since Dom <1’ and Ran < 1’
(t,t) € Dom (TprrL () A
(t,t) € Ran (7 V (Ak®p)) A
t,t)ep
<= by def. of Dom and Ran
t € dom (Tprrr (a)) At € ran (7V (Ak®p)) A (t, ') € p
<= Dby def. of p
t € dom (TorrL (@) At € ran (mV (Ak®p)) At = p'(t)

<= by Lemma B.7

t € dom (Tprrr (@) A (se0, se1) € Ak At = pt(2)
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since Ay = ax
t € dom (Tprrr (@) A (Sto, St1) € dx At/ = pL(t)
by def. 5.6
t' = pt(t) At € dom (Tprrr (@) A (80, 5e1) € llakllx
by def. 5.7
t' = p'(t) At € dom (Tprrr (@) A exec(st, 1) € |lakllx
by def. of p
t' = pt(t) A p°(t) € dom (TprrrL (@) A ezec(se, 1) € |laklx
t=plt)An
(¥ € [0,1))(p?(t) € dom (Tprrr ()))A
exec(ss, 1) € |lakllk
(3i = 0)(
t' = p'(t)A

(V4 € [0,2))(p?(t) € dom (Tprrr (@)))A
exec(sy, 1) € |lakll k)

e R=PUQ

(t,t'y € Mprrr(a, PUQ)
<=by def. of Mprrr(a, P)

(t,t') € Mprrr(a, P)UMprre(e, Q)
<=by set theory

(t,t') € Mprrr(e, P) V (t,t') € MprrL(e, Q)
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<=by Ind. Hyp.

(3i > 0)(
t' = p'(t)A
(Vj € [0,9) (¢’ (£) € dom (Tprre ()))A
ezec(sy, 1) € || Pllk)

v

(3 > 0)(
' = p¥ (A
(V5 €10,))(p” (t) € dom (Tprre (@)))A
exec(ss, 1) € |Qllx)

—

(3i > 0)(
t' = p'(t)A
(V4 € [0,8))(¢ () € dom (Tprrr (@)))A
(ewec(se,i) € | Pllx V ezec(st, i) € |Qlx))

<=by set theory

(F = 0)(
t = p (A
(V5 € [0,1)) (¢ () € dom (TprrL (@)))A
ezec(se, 1) € [|Pllx U 1QlIx)

<=by def. 5.6
(Fi > 0)(
t' = p'(t)A

(V5 € [0,8))(p (t) € dom (Tprrr (@)))A
exec(ss, 1) € |PUQ|Kk)
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e R=P;Q

(t,t') € Mprri(a, P;Q)
by def. of MDLTL
(t,t') € Mprrr(a, P);Mprrr(o, Q)

by def. of ;

(3")(

(t,t") € Mprrr(a, P)A
(t",t") € Mprrr(, Q))

by Ind. Hyp.

@)

(3 > 0)(
= pi(t)/\
(V5 €[0,49))(p (t) € dom (Tprrr ()))A
ezec(s,1) € || Pllx)A

(3" > 0)(
' = pt' (t")A
(V4" € [0,4"))(p?" (") € dom (Tprrr (@))))A
ezec(syr,1') € ||Qllx)

(@i > 0)(37 > 0)(3)(
P pi(t)/\
(V5 € [0,4))(p? (t) € dom (Tprrr ()))A
exec(gf,i) € ||P|lxA
t = p¥ (t")A
(V5" € [0,#))(p? (#") € dom (Tprrr (@)))A
ezec(ser, ') € [|Qllx)

by Lemma B.6

(3n > 0)(
# = ()N
(Vj € [0,n))(p? (t) € dom (Tprrr (@)))A
exec(si,n) € || P;Q| k)
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e R=P*

(t,t') € Mprrr(a, P*)
<= Dby def. of MprrL

(t,t') € Mprrr(a, P)*
<= Dby def. of *

3k € [0,00))({t,t') € Mprrr(e, P)*)
<= by Lemma B.8

(3k € [0,00))(3n = 0)(
t = p"(t)A
(V5 € [0,n))(p (t") € dom (Tprrr ()))A
ezxec(sy,n) € ||P[|K;k)

(3n > 0)(
t = pn(t)A
(V5 € [0,m))(p7(2) € dom (Tprrr ()A
(3k € [0, 00)) (ezec(s;, n) € | P&’ ))

< by def. of ¥

(3n > 0)(
£ = o)A
(V4 € [0,n))(p’(t) € dom (TprTL (@)))A
ezec(sy,n) € |Pllx™)

<= by def. 5.6

(3n = 0)(
t' = p™(t)A
(V5 € [0,n))(p?(t) € dom (Tprrr ()))A
erec(s,n) € ||P*||k)

]
Finally, we present the proofs for lemmas previously introduced in section 5.

Lemma B.10 Given 2 € PCFA extended with constants S, T, Sg, tr, {Ai}ica
and {P;i}icp satisfying Azs. (16)-(26), there exists a Kripke structure K such
that for all t € dom (tr),

t € dom (Tprrr (o) <= K, 8¢ Eprre o -
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Proof. Let us define the Kripke structure K = (S, A, Sy, P) as follows:
o S =dom(S)
e g;=A;forallie A
e Sy = dom (So),
{ o p; = {s|s € dom (P;)} for all i € P
‘ The proof follows by induction on the structure of the formula a.
o a=p;, forieP:

t € dom (Tporrr (pi))

<=t € dom (7;P;) (by def. of Tprrr (@)
<7 (t) € dom (P;) (by set theory)
=540 € dom (P;) (by def. of s;)
<S40 € Di (by def. of K)
—K,s: EpLrL Di (by def. of EprrL)

o X = ﬁﬂ.

: t € dom (TDLTL (—!ﬂ))
<=t € dom (tr;m> (by def. of Tprrr(a))
<=t € dom (tr) Vt & dom (Tprrr (B))
: (by set theory and Tprrr (@) yields right-ideals)

—K, st %DLTL Jé] (by Ind. Hyp.)

@K, St I=DLTL ‘ﬂﬂ . (by def. of t_—'DLTL)
]
! e a=L0Vry:

t € dom (Tprrr (BV 7))

=t edom (Tprrr (B) +Torrr (v))  (by def. of Tprrr (a))

<=t € dom (TDLTL (ﬂ)) Vt € dom (TDLTL (’y))
(by set theory and Tprrr (@) yields right-ideals)

<K, st }ZDLTL BV K, s ‘:DLTL y (by Ind. Hyp.)
<=K,s; FpLr. BV 7Y - (by def. if =prrL)
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e a=03UFy:
t € dom (TDLTL (ﬁ uf 'y))
<= by def. of TprrrL (Ot)

t € dom (Mprrr(8, P);TprrL (7))

<= Dby def. of ;

(3)((t,¢') € Mprrr(B, P) At' € dom (Tprre (7)))

<= by Lemma B.9

(3t")(3i = 0)(
t' = pt(t)A
(V5 € [0,9))(p’ (t) € dom (TpLrr (B)))A
ezec(st, 1) € | PllgA
t' € dom (Tprrr (7))

@i 2 0)(
p'(t) € dom (Tprrr (7)) A
() € [0,))(#(£) € dom (Toezs (B))A
exec(st,1) € ||Pllk)

<= by Ind. Hyp.

(Fi > 0)(
K, Spi(t) }:DLTL YA
(V5 € [0,2))(K, spity EDLTL B)A
exec(st, 1) € || P||k)

<= by def. of s;
(3i > 0)(
K, (st)' FpLTL YA
(Vj € [0,0))(K, (s¢)’ Eprrr BIA
ezec(st, i) € | Pllx)

<= def FprrL

K,s; Eprrr BUF v
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Lemma B.11 Given a Kripke structure K = (S, A, SO,P), there exists a mon
empty class of proper closure fork algebras extended with constants S, T, So,
tr, {Ai}ica and {Pi}icp, such that, for all 2 in this class,

o 2 satisfies Azs. (16)-(26)
e for all s € Ak,

K,s Eprrr o <> ts € dom (Tprrr ().

Proof. Let 2 € PCFA, such that,
e 2 is a full infinite closure fork algebra on S and A, extended with constants.
e So = {(s,8)|s € So}
e dom (P;) =p; foralli € P

Since 2 is a full infinite closure fork algebra, 2l satisfies the axioms of
w-CCFATDPLTL,
The proof of this lemma follows by induction on the structure of formula o.

o a=p;
K,s EprrL pi
<39 € Dy (by def. of ;':DLTL)
<=5 € dom (P;) ‘ (by def. of P;)
<=m(ts) € dom (P;) (by def. of ts)
=t, € dom (7;P;) (by set theory)
<=t, € dom (TprrL (ps)) (by def. of Tprrr)
® O = —vﬂ
K,s Eprrr —8
@K,S béDLTL ﬂ (by def. of k';DLTL)
<=t ¢ dom (TprrL (B)) (by Ind. Hyp.)
&=t; € dom (tr) A ts & dom (Tprrr (8)) (by def. of t,)

<=t € dom (tr;TDLTL (ﬁ)))
(by set theory, def. tr and Tprrr yields right-ideals)
t, € dom (TprrL (—6)) (by def. of TprrL)
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e a=pVy

K,s Eprrr BVY
<—K,s }=DLTLﬂVK,S l=DLTL'7 (by def. of }=DLTL)
<=t; € dom (Tprrr (B)) Vts € dom (Tprrr (v))  (by Ind. Hyp.)

<=ts € dom (Tprrr (B) + Torre (7))
(by set theory and Tprry yields right-ideals)

<ts; € dom (Tprrr (BV 7)) (by def. of Tprrr)
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e a=pUPy

K,sEprre BUF v
by def. of }=DLTL

(3 > 0)(
K,s' Eprrr 7N
(Vj S [0,2))(K, sJ }'_-DLTL ﬂ)/\
ezec(s,i) € ||P|k)

by Ind. Hyp.

(i > 0)(
ts € dom (Tprrr (7)) A
(Vj € [0,1))(tss € dom (B))A
exec(s,i) € || Pllk)

by def. of ¢,

(3i > 0)(
p(ts) € dom (Tprrr (7)) A
(V5 € [0,1))(p’ (ts) € dom (B))A
ezec(ss,,1) € ||P|lk)

(3¢)(3i 2 0)(
t' = p'(ts)A
(V5 € [0,9))(p’ (ts) € dom (B))A
exec(ss,,1) € ||P|lkA
t' € dom (Tprre (7))

by Lemma B.9

(Et')((ts,t') € MDLTL(ﬂ, P) At € dom (TDLTL (’)’)))

by def. of ;
ts € dom (Mprrr(B, P);Tprre (7))

by def. of TD LT L

t, € dom (Tprr (B UF 7))
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C Reasoning across formalisms: Laying founda-
tions

In this appendix we lay some foundation to reason across PDL, LTL, and
DLTL using w-CCFAY.

Lemma C.1 Let e be a fork algebra equation. Then,

Fo-ccrat € <= ko ccrat+ €
Proof.
__'—_'>)

'—"—'w_cc;:AJr e — Eth(w—CFA+) 'Zw-CCFA*' e (by def. w-CFA+)

B Eth(OJ‘CFA+) }—W—CCFA+ €
(by completeness of eq. logic)

Notice that an equational proof e from EqTh(w-CFAT) will be a finite
height tree (probably with infinite width) whose leaves are equations in
EqTh(w-CFAT). In order to show that F,_ccra+ € , it suffices to replace
each leaf in EqTh(w-CFA™) by its corresponding proof in w-CCFAY.

<=) This implication follows directly from the definition of w-CFA

In the next lemma, we state that every PDL test free program is a DLTL
program and viceversa.

Lemma C.2 Let ¥ be a signature.
R € FreePrgPDL(Y) <= R € PrgDLTL(Y)

Proof. 1t follows by induction on the program structure. ]

The next lemma states that, given a program P, there is a DLTL formula
to single out those traces which begin with a trace prefix from || P|| k.

Lemma C.3 Let K be a Kripke structure for the logic DLTL(X). Let R €
PrgDLTL(Y), and s € Ak,

(3k € [0,00))(ezec(s, k) € |R|k)) <= K, s Eprrr, true UF true
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Proof.
(3k € [0,00))(exec(s, k) € |R|| k))

— by def. of }_—'DLTL

(3k € [0,00))(
K, sk EprrL trueA
(Vj € [0,k))(K, s’ Eprrr true))A
ezec(s, k) € ||R||k)

— by def. of ’:DLTL

K,S }:DLTL true UR true

Lemma C.4 Given a Kripke structure K for the logic DLTL,
Cx CCxrre
Proof. Let U € €k,

e 2 is a proper closure fork algebra extended with constants.

o 2 satisfies Axs. (16)-(26), therefore, 2 satisfies Axs. (16)-(18) and Axs. (20)-
(25).

e We have to prove that
KLTL,S l=LTL a < ts € dom (TLTL(OZ))

for all s € Agrre, o € ForLTL(P).

KLTL’ s ’ILTL o
4:>K,3 ;:DLTL TLTL_QDLTL(OZ) (by Thm. 5.1)
<=t; € dom (Tprrr (Trrr—prro())) (by 2 € €prrL)
<=ts € dom (tr;Tprrr (Trrn—prrr(@))) (since ts € dom (tr))
<=ts € dom (tr;Trrr(@)) (by Lemma D.8)

<=ts € dom (TLTL(CV))

Lemma C.5 Given a Kripke structure K for the logic DLTL,
Cx CCkppL

Proof. Let 2 € €k,
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e 2 is a proper closure fork algebra extended with constants.
o 2 satisfies Axs. (16)-(26), therefore, 2 satisfies Axs. (16)-(19).

e We have to prove that
KPDL,q }'_—PDL a <= q € dom (TPDL(CV))

forallg € S, « € ForPDL(Z). We prove this by induction on formula a.
Let g€ S,

- =P

KPPL g EppL pi

< qEp (by def. ':PDL)
<= (Vs € Ak)(s0o =g = s0 € pi)

= (VSEAK)(SQ—_—(]:>K,S 'ZDLTL pi) (by def. I=DLTL)
<= (Vs € Ag)(n(ts) = g =>ts € dom (TporrL (p:i)))

(by 2% € €prrrL)
< (Vs € Ak)(m(ts) = ¢ => ts € dom (m;P;)) (by def. Tprrr)
< (Vs € Ak)(7(ts) = ¢ = 7(ts) € dom (P3))
< (Vs € Ak)(q € dom (P3))
<> ¢q € dom (P;)

KFPL g eppL -8 ,
= KFPE g ory B (by def. =ppL)
<= q ¢ dom (TppL(B)) (by Ind. Hyp.)
<= q € dom (Tp DL ,8)) (since Tppy, is right ideal)
<= q € dom (S TPDL(ﬂ)) (since q € S)
<= q € dom (TPDL(“,B)) (by def. TPDL)
—a=0Vy

KPPl q=ppL BV Y
< KPPL qk=ppL BV KPPL g =ppL Y (by def. EpprL)
<= g € dom (Tppr(B))V ¢ € dom (Tppr(v))  (by Ind. Hyp.)
<= g € dom (Tppr(B)) Udom (TppL(7))
<= g € dom (Tppr(B8)+TppL(V))
<= q € dom (TPDL(,B \Y ")’)) (by def. TpDL)
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- a=(P)8

KPPL g =ppL (P)8

< (3¢")({q,q') € Prgx(P)) A (KPDL,Q' EpprL B)
(by def. FZPDL)

< (3¢)((q,¢) € Prgx(P)) A (¢ € Tppr(B8))  (by Ind. Hyp.)
— (Hq')((q,q') e MPDL(P)) A (q' € Tppr(B)) (by Lemma 3.2)
<= ¢ € dom (MPDL(P);TPDL(ﬂ))

<= q € dom (Tppr({P)B)) (by def. Tppr)
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D On Fork results for reasoning across formalisms
Lemma D.1 For all « € ForDLTL(Y), Tprrr (@) is right-ideal.

Proof. 1t is easy to see from definition of Tprrr. |
By 1'* we denote the relation '® ... ®1.
N, !
k times
Lemma D.2 forallk>1

Fu-ccra+ tr < 1

Proof.
e base case:
<)
tr < S®tr (by Ax. 24)
<TQY (by Ax. 22, Ax. 16 and Lemma A.2.1)

e inductive step:

tr < S®tr (by Ax. 24)
< I@tr (by Ax. 16 and Lemma A.2.1)
s <1rerk (by Ind. Hyp. and Lemma A.2.1)
- 17k+1
"
Lemma D.3
Fo-cceat tr;Torrr (true) = tr;l
1 Proof. Follows easily from Lemma D.1 |
Lemma D.4
Fu-ccra+ trip =trip;tr
Proof.
tr;p= Ran (7 V(TQ®p)) ;p;tr (by Ax. 25)
= Ran (rV (T®p)) ;p;(tr-tr) (by idempotence)
Ran (rV(T®p)) ;p;tr;tr (by Thm A.1.7)
tr;p;tr (by Ax. 25)
u
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Lemma D.5 Let o € ForDLTL(X) and P € PrgDLTL(Z)
Fo-ccra+ tr;Mprrr(e, P) = tr;Mprrr (o, P);tr

Proof. In order to prove the lemma, we will show that

j k—w-CCFA"' Ran (tr;MDLTL(a, P)) S tr (16)
5 We proceed as follows
j o P= a;
Ran (tr; Mprrr(a, a;))
= Ran (tr;Dom (Tprrr (@) ;Ran (v V (A;®p)) ;p)
(by def. MDLTL)
< Ran (tr;p) (by Thm A.1.7 and monotonicity)
= Ran (tr;p;tr) (by Lemma D.4)
= Ran (tr;p) ;tr (by Thm A.1.4)
< tr (by Thm. A.2.8)
e P=RUS
Ran (tr; Mprrr(a, RUS))
= Ran (tr;(Mprri(a, R)+Mprri(a, S))) (by def. MprrrL)
= Ran (tr;Mprrr(a, R)+tr; Mprrr(a,S)) (by Thm A.1.13) -
= Ran (tr;Mprrr(e, R)) +Ran (tr;Mprrr(a,S))  (by Thm A.1.12)
< tr+tr (by Ind. Hyp.)
i = L (by idempotence)
o P=R;S
Ran (tr; Mprrr(a, R;S))
= Ran (tr;MDLTL(av R) ;MDLTL(OZ, S)) (by def. MDLTL)
= Ran (Ran (tr;Mprrr(o, R)) ;Mprri(a, S)) (by Thm A.1.3)
< Ran (tr;Mprrr(a, S)) (by Thm A.1.7 and Ind. Hyp.)
<tr (by Ind. Hyp.)
e P=R*
Ran (tr;MDLTL(a, R*)) < tr
<= Ran (tI‘;MDLTL(OJ, R)*) < tr (by def. MDLTL)
—tr;Mprrr(a, R)* < 1;tr (by Thm A.1.8)
<==>MDLTL(CV,R)* < =tr;14-1;tr (by Thm A.1.9)

We will prove this using w-rule:
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— base case:

1 = —tr+tr (by Thm A.2.1)
= —tr;1"+1";tr (by Ax. 5)
< =tr;1+41;tr (by monotonicity)

— inductive step:

Mprri(e, R)*H!

= Mprrr(a, R);Mprrr(a, R)* (by def. 2.33)
= tr;Mprrr(e, R); Mprrr(a, R)*

+-tr;Mprrr(e, R);Mprrr(e, R)* (by Thm A.2.9)
< tr;Mprri(o, R);Mprrr(a, R)*

+-tr;1 (by monotonicity)
= tI‘;MDLTL(a, R) ; Ran (tl‘;MDLTL(a, R)) ;MDLTL(a, R);k

+-tr;1 (by Thm. A.1.11)

< tr;Mprri(a, R);tr; Mprrr(a, R)* +-tr;1
(by Ind. Hyp. on R and monotonicity)

< tr;Mprrn(a, R);tr;(—tr;14+1;tr)+—tr;1
(by Ind. Hyp. on k and monotonicity)
= tr; Mprrr(a, R);tr;-tr;1
+tr;MDLTL(a,R);tr;1;tr
+-tr;1 (by Thm A.1.13)
=tr;Mprrr(a, R);tr-—tr;1
+tr;Mprri(a, R);tr;1;tr

+-tr;1 (by Thm A.1.7)
<tr;Mprrr(a, R);tr;1;tr+—tr;1 (by Thm A.2.1)
< 1;tr+-tr;l (by monotonicity)

Now, we will prove both inclusions:
<)

tr;Mprrr(a, P);tr < tr;Mprrr(e, P) (by Thm. A.2.8)

)

tr;MDLTL(Ol,P) = tr;MDLTL(a,P);Ran (tr;MDLTL(a,P))
(by Thm. A.1.11)

<tr;Mprrr(a, P);tr  (by (16) and monotonicity)
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Lemma D.6
Fy-ccra+ tr = tr;Ran (7 V(T ®p))

Proof. We begin by proving that

=Ran (rV(T®p)) -tr =0 (17)

—Ran (7V(T®p)) -tr

= =Ran (7 V(T®p)) -tr-tr (by idempotence)
= =Ran (rV(TQ®p)) ;tr;tr (by Thm. A.1.7)
< =Ran (7 V(T®p)) ;tr;(S®tr) (by Ax. 24)
= =Ran (rV(T®p)) ;tr;(7;SVp;tr) (by def. ®)
=Ran (rV(T®p)) ;tr;m;S
- v (by Thm. A.4.4)
—Ran (7V (T ®p)) ;tr;p;tr
—Ran (rV(T®p)) ;tr;m;S
= \% (by Ax. 25)
—Ran (mV(T®p)) ;Ran (7V (T®p)) ;p;tr;tr
=Ran (7V(TQ®p)) ;tr;m;S
= v : (by Thm. A.1.7)
(=Ran (nV(T®p)) -Ran (rV(T®p)));p;tr;tr
=Ran (nV(T®p)) ;tr;m;S
= Y% (by Thm. A.1.1 and Thm. A.2.2)
0
= (mRan (1 V(T®p)) ;tr;m;S;7)-(0;5) (by Ax. 8)
=0 (by Thm. A.1.1 and BA)
Therefore,
tr = tr;Ran (7 V(T ®p)) +tr;=Ran (7 V (T ®p)) (by Thm. A.2.9)
= tr;Ran (7 V(T ®p)) (by (17))
u

Lemma D.7 Let a € ForDLTL(Z) and A = {a;}iep.

F-ccEA+ tr;MDLTL(a, U a;) = tr;Dom (TDLTL (Oé)) )
iEP
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Proof.

tr;]\/fDLTL(Ot, U a,;)

i€P
= tr;(+iepDom (TprrL () ;Ran (7 V (A;i®p)) ;0) (by def. MprrL)
= tr;Dom (Tprrr (@) ;(+iepRan (7 V (Ai®p)) ;p (by Lemma A.1.13)
= tr;Dom (TprrL () ;Ran (+iep(mV(Ai®p))) ;p (by Thm. A.1.12)
= tr;Dom (Tprrr (@) ;Ran (7 V (+iepAi®p)) ;p (by Thm. A.4.11)
= tr;Dom (Tprri (o)) sRan (v V (T®p)) ;p (by Ax. 26)
= tr;Dom (Tprrr (@) ;tr;Ran (rV(T®p)) ;0 (by Thms. A.2.7 and A.2.5)
= tr;Dom (Tprrr (@) ;tr;p (by lemma D.6)
= tr;Dom (Tprrr (@) ;p (by Thms. A.2.7 and A.2.5)

Lemma D.8 Let & = (A, P) be a signature. Let o € ForLTL(P)

Fo-ccra+ tr;Torr(a) = tr;Tporrr (Toro—prrr (o))

Proof. We will prove this lemma by induction on the complexity of formula c.

® & =D
tr;Trrr(pi) = tr;m; Py . (by def. Trrr(a))
=tr;TprrL (pz) (by def. TDLTL)
=tr;Tprrr (Tere—prro(ps)) (by def. Trrr—prrL)
o = '15

In order to prove the equality we will use Lemma A.1.6. We will begin by
proving that the hypothesis of Lemma A.1.6 are satisfied. First, it is easy

to see that,
tI‘;TLTL(ﬂ)-tI‘;TLTL(ﬂ) = tr;(TLTL(,B)-TLTL(ﬂ)) (by Thm. A.1.17)
=10 (BA)
=0 (by Thm. A.1.1)
Then,
tr; Torr(8)-tr;Torp(B) = 0 (18)

The proof for

tr;Tporrr (Tore—prri(B)) -tr;Torre (Trro—prre(8) = 0 (19)

follows in a similar way. We also have that,

tr; Torr(B8) = tr;Torrr (Tere—prro(B))  (by Ind. Hyp.) (20)
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Also,

tr; Torr(B)+tr; Torn(8) = tr; (Torr(8) +Trro(B))
(by Lemma A.1.13)

=1tr;1 (BA)

Then,

tr; Trrr(B) +tr; Trrr(B) = tr;l (21)
The proof for

tr;Tprrr (Tori—prre(B)) +tr;Tprrr (Toro—prrr(8)) = tril (22)

follows in a similar way.

Then, as the hypothesis that of Lemma A.1.6 are valid, we proceed as
follows.

Joining (18)-(22), by Lemma A.1.6,

tr;Trrn(B) = tr;Tprrr (Ter—prri(6)) (23)
Therefore,
tr; Trrr(—8) = tritr; Trrn(8) (by def. Trrr)
= tr;tr;Tprrr (Teri—prri(6)) (by (23))
=tr;Tprrr ("Trrr—prrr(B)) (by def. Tprrr)
=tr;Tprr (Torr—prre(—B))  (by def. Torr—prrL)
ca=p4Vy
tr;Trrn(BVY)
= tr;(Tor(B)+Trre(v)) (by def. Trrr())
= tr; Trrr(8) +tr;Torr(y) (by Lemma A.1.13)
= tr;Tprrr (Teri—prri(B)) +tr;Tprrr (Torr—prri(Y))

(by Ind. Hyp.)

= tr;(Tprrr (Terr—prre(B)) +Torrr (Trrr—prrr(v)))
(by Lemma A.1.13)

= tr;Tprrr (Tere—prre(B) V Trrn—prrr(v)) (by def. Tprrr)
= tr;Tprrr (Ter—prre(BV 7)) (by def. Trrr—pLTL)
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e a=00

tr; Torn (®8) = trip; Trrr(B) (by def. Trrr)
= tr;p;tr; Trrr(6) (by Lemma D.4)
= tEpttiTprrL (TLTL—>DLTL(,8)) (by Ind. Hyp.)
=tr;p;Tprrr (Ter—pLTr(B)) (by Lemma D.4)

= Dom (tr;Tprrr (true)) ;p; Tprrr (Trro—prrr(8))
(by Lemma D.3)

= tr;Dom (Tprrr (true)) ;p;Torre (Tor—prro(B))
(by Lemma A.1.4)

= tr;Mprrr(true, | ) a:);Torrr (Tori—prre(B))
ieP
(by Lemma D.7)
= tr;TprrL (true UYser % Tyrr_prrr (5))
(by def. TDLTL)

=tr;Tprrr (Torr—prrr(®B))  (by def. Trro—prrr)

e a=0Uxn
tr; Trrr(BU )
= tr;(Dom (Trri(B)) ;0)"; Trrr(y) (by def. Tp7r)
= tr;(tr;Dom (TrrL(B)) ;p;tr)*;Torr(y) (by Lemma A.3)
= tr;(Dom (Trri(B)) str;pstr)”; Toro(y) (by Thm. A.2.5)
= tr;(Dom (Trrr(B)) ;tr;p)*; Trrr () (by Lemma D .4)
= tr;(tr;Dom (Trr(8)) ;p)*; Torr(y) (by Thm. A.2.5)
= tr;(Dom (tr;Trrr(8)) ;0)"; TrrL(Y) (by Lemma A.1.4)

= tr;(Dom (tr;Tprrr (Tere—prr(B8))) ;0)* Trro ()
(by Ind. Hyp.)

= tr;(tr; Dom (Tprrr (Trri—prrn(B))) ;0)" 5 Ter(y)
(by Lemma A.1.4)

= tr;(tr; Mprre(Terr—prro(B), | )" Tern(v)
iep
(by Lemma D.7)

= tr;Mprri(Trri—prrr(6), U ai)";Trrn () (by Lemma A.3)
ieP

= tr;Mprro(Terp—prro(B), (| 6:)*);Tere(v)  (by def. Mprrr)
‘ iep
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= tr;Mprro(Terr—prro(8), (| a)*)iTorre (Ter—prre (7))
i€P
(by Ind. Hyp.)

=tr;TpLTL (TLTL—»DLTL(ﬁ) UUserp @) TLTL—»DLTL('Y))
(by def. TDLTL)
= tr;Tprrr (Tero—prri(B U 7)) (by def. Tprp—prLTL)

Lemma D.9 Let & = (A, P) be a signature. Let a € ForProp(P). Then,
Fo-ccra+ tr;m;Tppr() = tr;Trrr(a)
Proof. It follows by induction on the complexity of formula o .
® =D
tr;m; Tppr(p;) = tr;m; Py (by def. Tppr(e))
=tr;Tr7rr(ps) (by def. Trrr(e))
e a=0Vy

tr;m; Tppr(BV 7y) = trim; (TppL(B8)+TrpL(7)) (by def. Tppr(a))

= tr;7;Tppr(B)+tr;m;TrpL(v)
(by Lemma A.1.13)

= tr;TrrL(B) +tr; Tore(y) (by Ind. Hyp.)
= tr;(TLTL(,B) +TLTL('Y)) (by Lemma A.1.13)
=tr;TrrL(BV YY) (by def. Trrr(a))
o = —|ﬂ

First, note that
Ran (tr;w) = ((tr;7)”;(tr;m)) -1 (by def. Ran)
= (#;tr;tr;w) 1 (by Ax. 6)
= (#;tr;tr;m)-1 (by Thm. A.1.6)
= (f;trymw)- 1 (by Thm. A.2.7)
=S.7 (by Ax. 23)
=8 (by Ax. 16)

Then,

Ran (tr;m) =S (24)
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Now, we continue by proving that hypothesis of Lemma A.1.7 are satisfied.
tr;m; Tppr(a) +tr;m;Tppr(a) = tr;m;(Tppr(e) +Trpr(a))

(by Lemma A.1.13)

=trim;l (BA)

=1tr;1 (by Lemma A.1.11)

and,

tr;TLTL(Ol) +tr;Trrr (Oz) = tr; (TLTL(Ot) —}-TLTL(CY))
(by Lemma A.1.13)

= tr;1 (BA)

It follows that,

tr;m;Tepr(a)+tr;m; Tppr(a) = tr; Trrp (@) +tr; Torr () (25)
On the other hand, by Ind. Hyp.
tr;m;Tppr(a) = tr;Trrn (@) (26)
Also,

(tr;m;Tppr(a))-(tr;m; Trpr(a)) = tr;m;(Tppr(ce) - Tepr(a))
(by Thm. A.1.17)

= trim;0 (BA)

= 0 (by Thm. A.1.1)
Then,
(tr;m;Tppr(a))-(tr;m;Tppr(e)) = 0 (27)
The proof for
(tI‘;TLTL(Ol))-(tr;TLTL(Ot)) = @ (28)

follows in a similar way.

Thus, joining (25)-(28) and by Lemma A.1.7

tr;ﬂ';TpDL(Ot) =tI‘;TLTL(Ol) (29)
Finally, we have that,
tr;7; Tppr(—6) = tr;m;S;TrpL(B) (by def. Tppr(a))
= tr;7;TppL(B) (by (24))
= tr;Trrr(6) (by (29))
= tr;tr;Trrr(6) (by Thm. A.2.7)
= tr;Tprr(—6) (by def. Trrr(a))
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Lemma D.10
Fu-ccra+ trg’ = trg’;tr

Proof. In order to prove the lemma, we will show that

Fo-ccra+ trg” S tr (30)
We proceed as follows

trg’ = Ran (trg;p*) (by def. trg’)

= Ran (Dom (m;Sg) ;tr;p”) (by def. trop)

< Ran (tr;p*) (by Thm. A.2.8)

= Ran (tr;p*;tr) (by Lemma A.3)

= Ran (tr;p*) ;tr (by Lemma A.1.4)

< tr (by Thm. A.2.8)

Now, we prove both inclusions

<)
try’ = trg’;trg’ (by Thm. A.2.7)
Litrg str . (by (30) and monotonicity)
>)
tEy st < AT (by Thm. A.2.8)
. L]
Lemma D.11

Fu-ccrat trg’;p = trg ;p;try’

Proof. In order to prove the lemma, we will show that

Fu-ccra+ Ran (trg’;p) < trg’ (31)

Ran (trg ;p) = Ran (Ran (tre;p*) ;p) (by def. trg”)
= Ran (tre;p™;p) (by Lemma A.1.3)

< Ran (trg;p™) (by p*;p < p* and monotonicity of Ran)

=ty (by def. trg’)

Now, we prove both inclusions
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Lemma D.12

Proof.

Lemma D.13

trg’;p = trg’;p;Ran (trg ;p)
< trg’;pstry

trg’;pitrg’ < trg;p

Fo-ccrat S;A; = A

A; = S5;A4;S
< 55A;

Fu-ccra+ Ai;S = A

Proof. The proof is analogous to Lemma D.12.

Lemma D.14

Proof.

Lemma D.15

Proof.

Fo-ccra+ Dom (A;) = Dom (A;) ;S

Dom (A;) = Dom (S;A;)
= S;Dom (A;)
= Dom (A;) ;S

Fo-ccra+ tro = tro;tr

tro = Ran (7;So) ;tr
= Ran (7;Sg) jtr;tr

= trg;tr
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(by Thm. A.1.11)

(by (31) and monotonicity)

(by Thm. A.2.8)

(by Thm. A.2.8)

(by Ax. 19)
(by Thm. A.2.8)

(by Lemma D.12)
(by Lemma A.1.4)
(by Thm. A.2.5)

(by def. trg)
(by Thm. A.2.7)
(by def. trg)



E Reasoning across formalisms: Semantic ap-
proach

In this appendix we present a proof for Thm. 6.1.

Lemma E.1 Let K be a Kripke structure that is a model for the theory DLTL(X).
Let oo € ForProp(P), and s € Ak.

(Vi) (KETE 87 =pr o <= KPP s Eppr )

Proof. 1t follows by induction on the formula structure. |

Lemma E.2 Let K = (S, A, P) be a Kripke structure that is a model for the
theory PDL(X), let o, B € ForPDL(X), let a € A, and let p,q € S. Then,

(K,p EppL o ANK,p Eppr a = [a]BA(p,q) €a) = K,q FppL

Proof.

K,pEppraAK,pE=ppr o= [a]BA(p,q) €a
=K,pppr oA (K,p¥ppL oV K,pEppL [a]8)
=K,p EprpL [alBA(p,q) €d

=K,p Fppr ~(a)-BA(p,q) €a

A(p,q) €d

=K,p pprL (a)-BA(p,q) €d : (by def. of =pp1)
=3 )(K,p' Eppr ~BA(p,0') €d)A(p,q) €a (by def. of E=ppr)
=-(3p)(K,p' eppr BA (p,0') €@) A (p,q) € (by def. of =ppL)

=K,q FppL B
| |

Lemma E.3 Let K = (S,T, So, P) a Kripke structure that is a model for the
theory LTL(P), let a, 8,7y € ForLTL(P), and let s € Ag. If,

K,s ErrL o and,
K,s =rrL B and,
K,s' =rrr v and,
K,s FrrL (A B) = &(y = B)

then,
K,s'Err B
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Proof.

K,S ’:LTLOZ

NK,s E=rrL 8

ANK,s' Errry

NK,s Errr (A B) = &(y = B)
—

K,sErrranp

ANK,s' ErTr vy

ANK,s Errr (aAB) = &(y = 5) (by def. of =r7L)
=

K,sEFrroanp

AK,s' Errr v

A(K,s¥rrr aAB)V (K, s Errr ®(y = B8)))  (by def. of =rrr)
—

K,s }-——LTLa/\ﬂ

ANK,s' =L vy

NK,s Errr &(y = B)
—

K,skErrraNp

AK,s' Errry

NK,s' Errny =8 (by def. of =r71)
o

K,s' ErrL B (by def. of =rrr)

| |

Lemma E.4 Given K a Kripke structure that is a model for the theory DLTL(X)
and satisfies Thm. 6.1 hypothesis. Let s € Ag and P € PrgDLTL(X).

(Vk)(exec(s, k) € | Pllxk = (K, s ¥prre I') V (V] € [0, k])(K, st Eprrr I')))

Proof. Let us assume k such that exec(s,k) € ||P||x. The proof follows by
induction on the structure of program P.

e P=aq;

108



— If KITL s W I we prove it as follows,

KETL s beprp I
=K, s ¥prrr Tero—prrn (D) (by Thm. 5.1)
=K,s FEprrr I’ (by def. of I')
=>(K,s eprre I')V (V5 € [0, k) (K, s’ Eprre I')

— If KE¥TL s =p7p, I, we proceed as follows.
Since K satisfies Thm. 6.1 hypothesis, we have that,

KPPL 5o Eppr 0 = [ai]Bi,

KPPL sy =ppr —a; = [as]false, and,
KLTL,S ,:LTL (ai /\I) - EB(,Bz — I)

And since ezec(s, k) € ||a;| kx, we can conclude that,

KPPL 5o l=ppr ai = [ai]B;

AKPPL sy Eppr, ~a; = [aj]false
AKETL sbrrr (A T) = &(8; = )
AEETE g gy 1

A exec(s, k) € ||ai|lx

—

KPPL 5o Eppr o = [a;]B;

A KFPPL 55 =ppr —a; = [a;]false

ANKETE s b=prn (A T) = (6 = 1)

ANKY¥TL sk=prp I

A (so,81) € d;

Nk=1 (by def. 5.6)

—

KPPL sy =ppr oy = [as]5;

A (KFPPL 5o =ppr ai V —(3s") (s0,8') € di)

/\KLTL,S f-—'LTL (ai A I) = GB(,Bi = I)

/\KLTL,S }=LTL I

A (so, s1) € a;

Nk=1 (by def. of Eppr)
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=

KPPL 5o Eppr i = [as]Bs

/\KLTL,S ErLre (s AN]) = @(,81 = I)
/\KLTL,S l:_LTL I

AN (So,S]_> € a;

Nk=1

PDL
NK"7", 50 EppL O

=KL skeprr (0 AI) = &(8; = I)
ANKYTL sb=ppp I
Nk=1
ANKFPPL 5o =ppL o
ANKFPL i EppL Bi (by Lemma E.2)

KL sk=prp (A D) = &8 = 1)

ANKETL s=prp T

Ak=1

ANKETE s =prr o

AKETL gl l=ppr B; ' (by Lemma E.1)
BN

KLTL, s ):LTL I

AKYTL sl T

Ak=1 (by Lemma E.3)
_

K,sEprre I'

A K,Sl EprLrL I

ANk=1 (by Lemma 5.1)

=:>(V_] € [O, k])(K, s7 |=DLTL I/)
=>(K,S béDLTL I’) \, (Vj € [O,k])(K, Py |=DLTL II)

e P=RUS
exzec(s, k) € |[RU S|k
=exec(s, k) € |R|lx U ||S|lx (by def. 5.6)
=exec(s, k) € |R|x V ezec(s, k) € ||S||k (by set theory)

=K,s¥prrr I' vV (Vi€ [0,k)(K,s’ Eprre I') (by Ind. Hyp.)

110



e P=R;S

ezec(s, k) € ||R; S|k

=exec(s, k) € | Rl k; |S|lx (by def. 5.6)
=(37)(37")((ezec(s, k) = m;7') A (T € |R||k) A (' € ||S]|k))
(by def. 5.4)

— If it is the case that 7 = A:

=\ € ||R||k A ezec(s, k) € ||S|x

=\ € ”R“K A (K,S b’éDLTL I'v (Vj € [O,k])(K, Py l'_-DLTL II))
(by Ind. Hyp.)

=K, s %DLTL I'v (Vj € [O,k])(K, £y tzDLTL I')

— The proof for the case that 7/ = A is analogous to the previous one.
— If it is the case that 7 # A and 7/ # A is true:

= (3K € (0,k))((ezec(s, k') € | Rllk) A (ezec(s* .k — k') € ||S]|x))

by Ind. Hyp.
=
(3K’ € (0,k))( o
(K,s Fprre I'V (V] € 0, K)(K, s Eprre I))A
(K,s* Wprre I'V (V) € [0,k — K'))(K, (s* ) Eprre I')))
B
(3K € (0,k))( _
(K,S V:DLTL Ii\/ (V] € [O,kl])(K, s? }:DLTL I/),)/\
a ®
(K,s* ¥prre I'V (Vi € [, k)(K, s’ Eprre I')))
. d
It is easy to see that b = —c.
So from (a V b) A (¢ V d) we can conclude that a V (c A d)
=
(3k" € (0,k))((K, s Feprrr I')V .
(Vj € [k, k) (K, s Eprre I') A (V5 € (K, k])(K,s? Eprre I'))
=
(K,s W¥prrr I')V (V5 € [0,k]) (K, s7 Eprrr I')
e P=R"*
ezec(s, k) € | R*||k
=ezec(s, k) € (|R||k)" (by def. 5.6)
=(3n € [0, c0))(ezec(s, k) € ||R|I'™) (by def. of *)
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We will prove that

(3n € [0, 00))(
(exec(s, k) € (|IRlx)™) _
= ((K,s ¥prre I') V (Vj € [0,k])(K, ¢’ Eprre I')))

by induction on natural n.

— base case
: exec(s, k) € (|| Rl x)*
=exec(s, k) € {\} (by def. 5.6)
i =>ezec(s, k) = A (by set theory)
: =k =0 (by def. of exec)

=(K,s fprLrL Il) v (V] e [O, k) (K, £y EprrL I/)
— inductive step

exec(s, k) € (| Rl k)™
=ezec(s, k) € |R||x; (| R||x)™ (by def. 5.6)

The rest of the proof is analogous to the P = R; S case.

Lemma E.5 Given K a Kripke structure that is a model for the theory DLTL(X)
satisfying Thm. 6.1 hypothesis. Let s € Ak and P € PrgDLTL(Z).

i (3k € [0, 00))(ezec(s, k) € |Pllx) = K,s Eprre I' = (I' UP I')
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Proof.
(3k € [0,00))(exec(s, k) € || Pllk)

=(3k € [0,00))((K, s ¥eprre I') V (V5 € [0, k) (K, 87 =prre T'))
(by Lemma E.4)

=>(3k € [0, 00))(
(K,S %DLTL I/)V
((v§ € [0,k)(K, s’ Eprrr I') A (exec(s, k) € | Plix)))

< (3k € [0, 00))(
(K,s ¥prre I')V
(K,s* Eprre T')A
(Vj € [0,k))(K, s Eprrr I')A
(ezec(s, k) € ||P||k)))

< (K,s ¥prrr I')V
(3k > 0)(
(K,s* Eprrr I')A
(Vj € [0,K))(K,s* Eprre I')A
(ezec(s, k) € ||Pllk)))

i <:>(K,S %DLTL I’)V(K,S }:DLTL I' uf Il) (by def. of ;:DLTL)
—K,skprrr I' = (I' UP I') (by def. of EprrL)
| |

Lemma E.6 Given K a Kripke structure that is a model for the theory DLTL(X)
satisfying Thm. 6.1 hypothesis. Let s € Ak and P € PrgDLTL(X).

K,s E=prTL true UF true = (' = ([’ u®f I

Proof.
K,s EprrL true U® true
<=(3k € [0,00))(exec(s, k) € || Pllk) (by Lemma C.3)
=(3k € [0,00))(K, s =prrr I' = (I’ UP I')) (by Lemma E.5)
«=K,sE=prrr I' = (I' UP I')
Then,

K7 S ‘:DLTL true UP true — (I/ — (I/ UP II))
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Theorem E.1 Let K be a Kripke structure that is a model for the theory
DLTL(Y), such that

o KPPL is g model of specPDL.
o KLTL is g model of specLTL.

Then, K is a model of specDLTL.

Proof. The proof is almost trivial from the previous results. Given K a Kripke
structure for logic DLTL(X) satisfying Thm. 6.1 hypothesis, then by Lemma
E.5 it follows that every axiom of specDLTL is valid in K. Therefore, K is a
model of specDLTL. ]
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