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Non-Associative Kleene Algebra and
Temporal Logics

Jules Desharnais! and Bernhard Moller?

1 Université Laval, Québec, Canada
2 Institut fiir Informatik, Universitat Augsburg, Germany

Abstract. In earlier papers we have presented algebraic semantics of
CTL and CTL*. However, they were not fully satisfactory. In particular,
the treatment of the iteration operators U (“Until”) and W (“While”)
employed ad-hoc definitions with general recursion, and their interrela-
tion in CTL* and CTL was not set up in a very algebraic way. In this
paper we use a new operator with which U and W can be described by
variants of the Kleene star and omega iteration. However, the operator
is neither associative nor does it have a neutral element. Therefore we
present a general investigation of the star and omega for such operators in
what we call iteration algebras. The relation between various semantics
for CTL* and CTL can then be expressed by homomorphisms between
iteration algebras, which is more satisfactory than the original approach.

Keywords: temporal logics, semantics, Kleene algebra, iteration algebra

1 Introduction

The temporal logic CTL* and its sublogics CTL and LTL are prominent tools
in the analysis of concurrent and reactive systems. Although they are by now
well understood, one still rarely finds algebraic treatments of their semantics. In
the present paper we take up the approach of [I8] and refine it in several ways.
First, we present a variant of Kleene algebra where the underlying multiplication
is not assumed to be associative. Such an operator arises, e.g., in the semantics
of the until operator of CTL* and its relatives. Therefore we present a general
investigation of the star and omega for such operators in what we call iteration
algebras. The relation between various semantics for CTL* and CTL can then be
expressed by homomorphisms between iteration algebras; in particular, several
tedious ad-hoc applications of the principle of least/greatest fixed point fusion
that occurred in [I8] are now replaced by a single proof for general iteration
algebras. Another new feature is a much cleaner separation between finite and
infinite traces than in the predecessor paper. Also a number of new results con-
cerning the universal path quantifier A and the globality operator G arise. For
lack of space all proofs are omitted; they are found in the report [4].



2 Modelling CTL*

Formulas in CTL* characterise sets of traces, where a trace is a finite or infinite
sequence of program states. A set @ of atomic propositions is used to distinguish
sets of states. The syntax of the language ¥ of CTL* formulas (see e.g. [7]) over
@ is given by the grammar

o= 1 |®| WV |EY | XY | WU,

where L denotes falsity, — is logical implication, E is the existential quantifier
on paths, and X and U are the next-time and until operators.

Let us briefly recall the informal semantics. A trace is said to satisfy an
atomic formula iff its first state does. A path o satisfies Ep iff there is a path
7 that satisfies ¢ and has the same first state as o. The formula Xy is true for
a trace o if ¢ is true for the remainder of o after one step. A trace o satisfies
¢ U iff after a finite number (including zero) of X steps within o the remaining
trace satisfies 1) and all intermediate trace pieces for which 1 does not yet hold
satisfy ¢.

The logical connectives =, A, V, A are defined, as usual, by ~¢ =45 ¢ — L,
T =4 L, o ANy =g ~(p = ), ¢ VY =g mp — ¢ and Ap =4 —E-op.
Moreover, the “finally” operator F and the “globally” operator G are defined by

F’l/) =df TUI/} and G@/} =df —|F—‘1Z) .

Informally, Fi) holds if after a finite number of steps the remainder of the trace
satisfies 1, while Gy holds if after every finite number of steps v still holds.

The sublanguages = of state formulasﬂ that denote sets of states and II of
path formulas that denote sets of computation traces are given by

Su=1|06|Z— 5 |EN,
HOu=E |11 -1 | XIT|ITUII .

To motivate our algebraic semantics, we briefly recapitulate the standard CTL*
semantics of formulas. Its basic objects are traces o from X, the set of infinite
sequences of states from some set Y. The i-th element of o (indices starting with
0) is denoted o;, and o' is the trace that results from o by removing its first i
elements. Hence 0% = 0.

Each atomic proposition 7 € @ is associated with the set X, C X of states
for which 7 is true. The relation o = ¢ of satisfaction of a formula ¢ by a trace

o is defined inductively (see e.g. [T]) by

oL, cEEp iffdr:img=0pand T,

ockET iff o € Xy, cEXp iffel g,

cEp—Y iffoEpimplieso =9, olEeUyY if3j>0: o/ 1 and
Vk<j: o Ee.

3In the literature this set is usually called X. We avoid this, since throughout the
paper we use X for sets of states.



In particular, o | ¢ iff o [ .

We quickly repeat the proof of validity of the CTL" axiom

X > X | (1)

since this will be crucial for the algebraic representation of X in Sect. [6}

3

cEXp s oEXp e o e o EpeokEXp.

Semirings, Quantales, Fixed Points and Iteration

We formulate our more abstract developments in terms of algebraic structures.
The elements of these structures may, for instance, stand for sets of traces.

Definition 3.1

1.

An idempotent left semiring, briefly IL-semiring, is a structure (4, +,-,0,1)
such that (A, +,0) is a commutative monoid with idempotent addition, that
is, (A4,-,1) is a monoid, multiplication distributes from the right over addition
and 0 is a left annihilator for multiplication, that is, 0-a = 0 for all a € A.
An IL-semiring is left-distributive if multiplication distributes over addition
also from the left.

. Every IL-semiring can be partially ordered by setting a <b <4 a+b="b.

Then + and - are isotone w.r.t. < and 0 is the least element. Moreover, a + b
is the supremum of a,b € A. An IL-Semiring is bounded if it has a greatest
element T.

. An IL-semiring is called a left quantale [15] if < induces a complete lattice

and multiplication distributes over arbitrary suprema from the right. The
infimum and the supremum of a subset B C A are denoted by [ B and || B,
respectively. Their binary variants are a M b and a U b (the latter coinciding
with a + b).

. In left quantales finite and infinite iteration can be defined as least and

greatest fixed points, namely a* =4 pr.14+a-2 and a¥ =4 vz.a-z. For
details and properties see the appendix in Sect. [L3|and [I5].

. The IL-semiring/left quantale is Boolean if (A, <) induces a Boolean algebra.

In this case we define a —b =g4¢ all b.

Quantales (or standard Kleene algebras [2]) have been used in many contexts

other than that of program semantics (cf. the general reference [19]). They have
the advantage that the general fixpoint calculus is available there. A number of

our proofs need the principle of fixpoint fusion which is a second-order principle;
in the first-order setting of conventional Kleene algebras [14] only special cases
of it, like the induction and coinduction rules, can be used as axioms.

Example 3.2 We want to use an algebra of sets of traces. We set X =4

YT UX¥, where X7 is the set of non-empty finite traces over X. The operator .



denotes concatenation of traces. First we define the partial operation of the fusion
product that glues traces together at a common point, if any. For o,7 € X*°,

o if 0 € X¥ |
oXT1T=< o .x1 ifoe Xt o=0'xz,7 =x.7" forsome xz € ¥,
undefined otherwise .

The purely infinite and purely finite parts of a set U of traces are infU =g
UNX® and finU =4 U —inf U. With this we extend X to trace sets U,V as

UNV =4 inffUU{sXt:sefinUANteV}.

This operation has the set X, viewed as a set of one-element traces, as its neutral
element. Moreover, U X () = infU and hence U X () = ( iff inf U = . This will
be generalised in Sect. [7}

Now we define the Boolean left quantale TRC(X) of sets of finite and in-
finite traces by TRC(X) =4 (P(X>°), U,X,0,Y). This quantale is even left-
distributive. A transition relation over a state set X' can be modelled in TRC(X)
as a set R of traces of length 2. The powers R’ of R consist of traces of length
1 + 1 that are generated by R-transitions. In particular, we instantiate R to
NX =45 .Y, the set of all two-state traces and hence the most general next-step
transition relation. Then TRC(X) is generated by NX as TRC(X) = NX*UNX®.
This is generalised to Boolean left quantales in Sect. a

Next to an abstract representation of sets of traces we will also need one for
sets of states. This is achieved by the notion of tests [I3].

Definition 3.3 A test in an IL-semiring is an element p that has a complement
—p w.r.t. the multiplicative unit 1, namely p4+-p=1and p-—-p=0= —p-p.
The set of all tests in A is denoted by test(A).

The element —p is uniquely determined by these axioms if it exists. In a
Boolean IL-semiring every element p < 1 is a test with -p=pn 1.

The multiplicative identity X' has exactly the subsets of X as its sub-objects,
hence in TRC(X') the tests faithfully represent sets of states.

The expressions p-a and a-p abstractly represent restriction of the traces in
a to the ones that start and end in p-states, resp.

Using tests we can also define a domain operator and the modal operators
diamond and box (cf. [5]).

Definition 3.4 Consider a bounded IL-semiring A and a € A, q € test(A). The
domain operator ": S — test(S) is axiomatised by the Galois connection

a<qgea<q-T. (2)

Then |a)q =4 '(a-q) and |a] =45 —|a)—a.



In TRC(Y), for trace set U the domain 'U consists of all starting states of
traces in U. Moreover |U)P for some set P C X' is the set of all starting states
of traces in U that end in some state in P, hence a kind of inverse image of P
under U. Dually, |U]P consists of those states = for which all traces in U starting
in x have their final states, if any, in P.

We recall a few basic properties of tests, domain and restriction; see [I5J5].

Lemma 3.5 Let S be a bounded IL-semiring, a,b € S and p,q € test(S).

1. By the Galois connection domain preserves all existing suprema and
hence is isotone (see [8]).
'a=0 < a=0.
a="a-a and'(p-a) < p.
(p-T)=p.
I_(ot -b) = r(a -'b). This property, called locality, means that the domain of a
composition does not depend on the inner structure of the second operand,
but only on its starting states.
p<qgep-T<qT.
7. If aMb exists then p-(aMb) =p-alb=aMp-b. Hence if b < a then
p-aflb=p-b. In particular, p- TMNb=p-b.
8. If S is Boolean then —p-T =p-T.
9. la-b)q = la)(|b}q) and |a-b]lq = |a](|b]q).
10. p-|byq = |p-b)q (import/export).
11. p+la)yg<q = |a*)p < qandp < q-lalp = p < |a*]q (diamond/box star
induction).

Gt o b

S

By these properties we can represent the set of all possible paths that start
with some state in set p by the test ideal p- T. By Part [f] the set of test ideals
is isomorphic to the set of tests.

4 General Algebraic Semantics of CTL*

We now give our algebraic interpretation of CTL* over a Boolean left quantale
S. As a preparation we transform the semantics from Sect. [2] into a set-based
one by assigning to each formula ¢ the set [¢] =4 {0 | o = ¢} of paths that
satisfy it.

[1] =90, [Ep] = Te] ¢ 2,
[X¢] = NX X [g] [r] = 27} 2,
[e =¥l =Tel U [¥] , leuyl= U (NX7 % [o] 0 kQ_NX'“ X [¢]) -

In this set-based semantics, every atomic proposition m € @ is algebraically
associated with a set X, C X of states, i.e., with an element of test(TRC(X)).
Therefore, to save some notation, in the algebraic semantics we simply set @ =
test(.S). Moreover, we fix an element n (n standing for “next” and corresponding
to NX) that represents the transition system underlying the logic. The precise



requirements for n will be discussed in Sect. [} Then the concrete semantics
above generalises to a function [.] : ¥ — S, where [¢] abstractly represents the
set of paths satisfying formula .

Definition 4.1 The general algebraic semantics [p] of CTL" formula ¢ is de-
fined inductively over the structure of . This results from the set-based seman-
tics by a straightforward translation of the concrete operators of TRC(X) into
the corresponding quantale operators:

[L]=0, [Ee] =Tl - T,
[Pl=p-T, [Xel =n-le]
[e — ¥] = [l + [¥1 [pUvl= U (0 -[g]n [1n"-[e]) -

As a word of warning, the definition [p] = p- T does not correspond exactly
to the TRC semantics, where [r] = X, X X% and X“ # T. This problem will
be taken up in Sect. [7}

Using the above definitions, it is easy to check that

[e Vvol=[el +[¥], le Al =lel W], [~e]l=1[el, [TI=T. (3)

Then the above semantics coincides with that of Sect. 2| as far as infinite streams
are concerned. This is discussed in detail in Sects. [6l and [1

To exemplify our semantics we prove a number of properties of the path
quantifiers. In particular, we work out a more explicit form of the A semantics.

—

Corollary 4.2 [EEY] = [E¥] and [AAY] = [AY] and [AY] =[] - T.
Proof.
1. For the first equation, by the definition of [] twice, Lm. and the defi-
nition of [] again,
[EEy] =TEv]- T ="([w]-T) T ="Tw]- T = [E¥] -

The second equation is immediate from that and the definition of A.
2. By the definitions of A, = and E, and Lm. [3.5|f§]

—

[AY] = [-E-¢] = [E~¢] =T - T =-[¢]- T .

This entails a number of further properties of E and A.

Lemma 4.3 For atomic proposition p and arbitrary formulas ¢, 1,

[EL] =0, [AL] =0,

[ET] =T, [AT] =T,

[Ep] = [p] , [Ap] = [p]
[E(p v ¥)] = [E¢] + [EY] , [A(p v )] = [p] + [AY] ,
[E(p A9)] =p-[E4] [Alp A ¥)] = [Ap] N [AY] .



In particular,

[E(r vV ¢)] = [p] + [E¥] , [Alp A P)l =p-[A¢] -

We only show the properties for E; the ones for A are immediate from those by
De Morgan duality and domain algebra.

The first two properties follow from the definition of [], and T = 1 with
neutrality of 1. Next, by definition of [] twice, Lm. and definition of []
again,

Epl=T]- T="p-T)- T=p-T=D].
Further, by definition of [], (3), disjunctivity of domain, distributivity and def-
inition of [] again,

[E(e v )l ="(Ite VDT ="Te] + DT = (Tel +TeD) - T
="Tel- T+ Tl - T = [E] + [E¥]

Moreover, by definition of [], , definition of [], Lm. import /export
(Lm. [3.5]I10) and definition of [] again,
[ECA@l=Tr Al T="UpINIeD-T="-TNLeD-T
= (p-[el)- T=p-Tel-T=p-[Eg] .
The remaining property is immediate from the third and fourth ones. ad

Moreover, for the CTL* axiom EXT[7] we obtain the following result.

Lemma 4.4 [EXT]=T & 'n=1 & n total.

Proof. This follows by Lm. [3.5l6] since by Def. and Lm. [EXT]
I r
(n-T)-T='n-T. O

5 Modified Iteration and the Semantics of Until

We now deal with the semantics of the until operator. To bring the corresponding
expression in Def. into more palatable shape we introduce a bit of notation.
For elements a,b € S and j € N we set

afjb =g n?-b1 I nka, (4)
k<

which is the expression occurring in the right hand side of the semantic equation
for [o U] when a = [¢] and b = [[¢]. It states that a holds j times and then
holds. The idea is now to find an inductive formulation of [j] driven by j. For the
induction base we calculate, using the definitions of [0] and powers, neutrality of

1 and lattice algebra, a0lb = n®- b k|—|0 n*.a =bMT = b. To proceed with the
<

induction step we need an assumption about n that is closely related to , as
is discussed in detail in Sect. [6l This condition reads

Va,beS:n-(aMb)=n-afn-b. (LDM)



It means that left multiplication by n distributes through binary and hence non-
empty finite meets. With that we calculate as follows. By definition, splitting
the '] expression, definition of powers and neutrality of 1, commutativity of I,

index shift, (LDM)]), definition of [7], and the definition below:

ali+1]b
= ntl.pn 1 nkF.qa
k<j+1
) J
=ntl.pnn.qn 1 nk.q

k=1
, J
= qafll n-n3~bl’lk|_] n-nf-l.q
1

= aNn-ni-bnl1n-nt-a
_ I<j

= ann-(n-on[1nt a)
I<j

= afn-(afdbd)
= aO(aldb) ,

where
ch:dfcd:cl_In-d. (5)

The inductive clause for [j] will be the basis for an inductive (or recursive) for-
mulation of the until semantics.

With the help of our definition we can now formulate the semantics of until
more compactly as

[euul = (18 [v]. (®

The operator O enjoys a number of pleasant properties, as will be seen below.
However, in general it is neither associative nor does it have a neutral element.
Nevertheless it gives rise to an analogue of the Kleene star which will even allow
us to bring the semantics of the until operator into closed form.

To do this, we abstract from the concrete definitions above.

Definition 5.1 Consider a set S and an arbitrary, possibly non-associative op-
erator 0: S xS — S.

1. We define the iterations [j] of O as above by
alolb =df b, ali+1]b deaD(ab>.

2. The structure (S,0) is called an iteration algebra if S is a complete lattice
with order <, least element 0 and binary supremum operator +, and O is
isotone in both arguments.

3. In an iteration algebra we define variants of the star and omega operators:

aFEb =g pfap where fop(x) =4 a0z +b, o =g vr.abz. (7)

In fact, @ corresponds to Kleene’s original definition of % as an infix operator
n [II]. Hence ® and “* have properties analogous to those of * and “.



Lemma 5.2 Consider an iteration algebra (S,0).

~

to o

10.
11.
12.

© 0N o

The operators & and are isotone.

alitila = alil (alib).

If O is right-strict and distributes through arbitrary joins and binary meets
in its right argument then fqp from @ s continuous and aFb :j|;|0 a (4] b.

b<amEb.

aOb<alb.

a®(a0b) <aO(aRb).

a® (a®b) = aFD.

If O is left-strict, i.e., if 00 a =0 for all a, then 0Eb="b and 0 = 0.
Ifan0=0 then am0 = 0.

If O is left-distributive then a® (b+¢) = aEb+ aRHc.

ama™ =qa",

If S is a universally distributive complete lattice then

Vfap = tfab +a¥ =amb+a®.

Proof.

1.
2.
3.

ot

Immediate from Tarski’s fixed point theorem [21].

Straightforward induction.

Continuity of f,; is immediate from the assumptions. Another straightfor-

ward induction shows f; ,(0) :!?L a[j]b for i € N, from which the claim
ISt

follows by lattice algebra and Kleene’s fixed point theorem [10].

Immediate from .

Immediate from Part {4} isotony of O and @

By least fixed point induction , lattice algebra, isotony of O, Part [4| and

(7,

a@E@(a0b) <aO(amd) < aDb+a0 (a0 (a@b)) <al (amb)
< a0b<aO(amb) AaO (a0 (amb)) <aO (amb)
<= b<am@bA a0 (a@db)) <aE@b < TRUE.

(>) is immediate from Part
(<) By least fixed point induction (15]), lattice algebra and reflexivity of <,

a®@(aEb) <aFEb <= a®b+ a0 (a@b) < aRb
< a0 (amb) <amb
< am@b= f,p(am@b) .

Immediate from (7).
Immediate from (7)).

. (>) is just isotony of O.

(<) By least fixed point induction , left distributivity of O, and
isotony of +,

aB(b+e)<amb+amEe < bt+e+al(amb+ame) <aBEb+aEe
<b+e+al(amb)+aO(ame) <amb+akle < TRUE.

10



11. (>) Immediate by Part
(<) By least fixed point induction , lattice algebra and ,

aBd¥Y < <=¢¥ 400 < e < TRUE.

12. The proof is a straightforward application of v-fusion (see [15] for the
case of ¥).
|

A main tool used in the subsequent sections is that of projections from one
iteration algebra to another.

Definition 5.3 Let (S;,0;);=1,2 be iteration algebras. A homomorphism be-
tween them is a function h : S; — S5 that is continuous and strict and preserves
+ and O in that h(a+b) = h(a)+h(b) and h(aD1d) = h(a)O2h(b) for all a,b € S;.

Lemma 5.4 Let (S;,0;)i=1,2 be iteration algebras with ¢ homomorphism h :
S1 — Sy. Then h preserves F as well, i.e., h(a &y b) = h(a) Ea h(b) for all
a,b € S1. If h is co-continuous and co-strict , i.e., satisfies h(T) = T, then it
also preserves &, i.e., h(a™) = h(a)“® for all a € S;.
Proof. By the conditions on h this is just an application of u-fusion and
v-fusion . a
We now return to the concrete instance of O defined in . To make use of
Lm. we need to ensure that O has the required properties. Fortunately, this
is achieved by a second requirement on the semantic element n, motivated by the

semantics of X as follows. In TRC(XY), for arbitrary formula ¢ and its semantics
U = [¢] we want

Xel =n™ U =nm | J{u} = nx{u}.
uelU uelU

Therefore, we require that in the abstract quantale semantics left multiplication
by n distributes through arbitrary joins.

Definition 5.5 In a left quantale S we call n € S a step if left multiplication by
n distributes through arbitrary joins and binary meets. In particular, n-0 = 0.

Now Lm. applies and yields the following theorem that provides an im-
portant check of the adequacy of our definitions.

Theorem 5.6 Assume a Boolean left quantale with a step n. Then

[p U] = le]l =[] -

Proof. First, since in every Boolean algebra one has the shunting rule zMy < z <
x < y+2z, a Galois connection, I preserves all existing joins. Since by assumption
left multiplication by n distributes through arbitrary joins, the function fi, [y
does the same. Therefore the claim is established by @ and Lm. O

This yields the following simpler closed representation of F like in Sect. 2}

11



Corollary 5.7 [Fy] = n*-[¢]. In particular, [FT] =T.
Proof. First, by (7)), (5) and Boolean algebra,
Sraw@) = (TNn-z)+ [l =n-z+[].
Hence, by the definition of F, Th.[:8, (), (@) and Def.
[Fel=[TU] =TI [¥] = TB[Y] = pwfr g =n"-[¥] .

The operator G and its relation with the operator are treated in Sect.

6 The Next-Time Operator

We now discuss the connection between and in the algebraic setting.
To satisfy , we need to have for all formulas ¢ and their semantic values
a =45 [¢] that n-a = [-X¢] = [X—¢] = n-a. This semantic property can
equivalently be characterised as follows (Parts[l]and [2 were already shown in [3]).

Lemma 6.1 Consider a Boolean IL-semiring S and n € S.

1. If n is left-distributive and satisfies Va € S : n-a < n-a then and
n-0=0 hold.

2. If and n-0 =0 hold then so doesVa €S :n-a<n-a.

3. If n is left-distributive thenVa e S:n-a<n-a<n- T =T & nv=T.

4. If n satisfies andVa:n-a=n-a then n is left-distributive.

Proof.

1. For (LDM) it suffices to show (>), since the reverse inequality follows by
isotony. By shunting, the assumption n-a@ < n-a for all a, left distributivity,
Boolean algebra and lattice algebra with isotony,

n~a|‘|n~b§n-(a|‘|b)<:>rl~a§n7-b+n-(al_lb) B
<n-a<n-b+n-(anb) & n-a<n-(b+(alld))
< n-a<n-(b+a) & TRUE.

For the second claim we reason as follows. By Boolean algebra, isotony, the
assumption and Boolean algebra,

n-0=n-(1N1)<n-1MNn-1<n-1Mn-1=0.

2. We calculate
0=n-0=n-(afMa)=n-aln-a.

Now the claim is immediate by shunting.

12



3. Consider an arbitrary fixed element a € S. By shunting, left distributivity,
Boolean algebra, greatest element and n¥ =vy.n-y,

na<na< T<na+n-a<s T<n-(at+a)
S T<n T T=nT&n=T.

4. By De Morgan, the assumption, (LDM]), the assumption twice and Boolean
algebra,

n-(a+b)=n-(@nbd)=n-(@nb)=n-afln-b=n-afln-b=n-a+n-b.

O

In relation algebra, the special case n-1 < n of the property in Part 1
characterises n as a partial function and is equivalent to the full property Va :
n-a < n-a [20]. But in general quantales the special and the full case are not
equivalent [3]. Moreover, again from [3], we know that in quantales such as WOR
and TRC left multiplication by an element n distributes over meet iff n is prefix-
free, i.e., if no member of n is a prefix of another member. This holds in particular
if all traces in n have equal length, which is the case if n models a transition
relation and hence consists only of traces of length 2. The equivalent condition
Va:n-aln-@=0 was used in the computation calculus of R.M. Dijkstra [6].

But what about Part[3of Lm. Only rarely will a quantale be “generated”
by n in the sense that n = T. We deal with this problem in Sects. [7] and

7 Infinitary Semantics of CTL*

Before we tackle a general algebraic solution to the problem mentioned at the
end of the previous section, let us look at the concrete quantale S = TRC(X).
There we definitely do not have n¥ = T for n = Y.} since n¥ = X“ = inf S,
where the inf operator was introduced in Ex.

We will show that restricting the semantics given in Sect. [] to infinite traces
remedies the problem, while at the same time faithfully reflecting the original
semantics of CTL", which was given in terms of infinite sequences of states any-
way.

To obtain an abstract algebraic version of this, we need some additional
notions. The key is the observation in Ex. that U X () = infU and hence
U X (=0 iff infU = (. This motivates the following definition.

Definition 7.1 Assume a bounded IL-semiring S.

1. The purely infinite part of a € S'is infa =45 a-0. We set N =g inf T. We
call a purely infinite if a = infa. The set of all purely infinite elements is
denoted by infel(S).

2. Dually, we call a purely finite if infa = a-0 < 0, i.e., if its purely infinite
part is trivial. The right hand side is equivalent to a - 0 = 0.
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3. If S is Boolean we can define the purely finite part of a € S analogously as
in TRC(X) by fina =4 a —infa.

We state some simple consequences of the definition; for more details see [I5].

Lemma 7.2 Consider arbitrary a,b € S.

1. If b is purely infinite then so is a-b.

2. inf (a-b) = a-infb. In particular, inf commutes with left restriction, i.e., for
p € test(S), inf (p-b) = p-infb.

8. a-N<N.

4. The operator inf is a kernel operator, i.e., it is contractive (inf a < a), isotone
and idempotent (inf (inf a) = infa). By the latter fact the functionality of the
operator can be made precise as inf : S — infel(S).

Proof.

1. By associativity and assumption, (a-b)-0=a-(b-0) =a-b.
2. By the definitions and associativity,

inf(a-b)=(a-b)-0=a-(b-0)=a-infb.

3. By the definition of N, greatestness of T with isotony of - and the definition
of N again,
a-N=a-T-0<T-0=N.

4. For contractivity, we have by definition, leastness of 0 with isotony of - and
neutrality of 1 that infa=a-0<a-1=a.
Isotony is immediate from the definition and isotony of -.
For idempotence, by the definition, associativity, annihilation and the defi-
nition again,

inf (infa) =(a-0)-0=a-(0-0)=a-0=infa .
O

In general IL-semirings we cannot give a closed expression for the operator
fin. However, in left Kleene algebras we can show closedness of the purely finite
elements under star.

Lemma 7.3 Ifa-0=0 then also a* -0 = 0.
By least fixed point induction for star (using Def. and lattice algebra,
a*-0<0<0+a-0<0<a-0<0.
We show a few properties of the inf operator.

Lemma 7.4 Assume a Boolean IL-semiring S.

1. infa=NMa andinfa=N—-a =N —infa.
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2. Element a is purely infinite iff a < N. Hence infel(S) is downward closed.

Let now S be a Boolean left quantale.

3. The set infel(S) forms a complete lattice with greatest element N in which
suprema of arbitrary and and infima of non-empty subsets coincide with the
ones in S. For the empty subset we have [1() = N.
inf : S — infel(S) is universally disjunctive and conjunctive.

Proof.

1. Repeatedly using the definition of N and inf, Boolean algebra, isotony and
neutrality of 1,

=an(@+a-0)=a-0=infa=a-0<a-1NT-0=anN.

Moreover, by the just proved representation and Boolean algebra,

—;infa=NM(NMa)=NN(N+a) =Nna=—;a.

2. Using lattice algebra and Part [I] we have a <N < a =aMN & a =infa.

3. By definition the purely infinite elements are precisely the fixed points of
the isotone function Az .z - 0; hence by Tarski’s generalised fixed point the-
orem [21] they form a complete lattice by themselves. Greatestness of N
follows from Part it also entails the claim []® = N. For an arbitrary
subset T' C infel(S), by Part|2|all elements of T" are < N; hence, by lattice al-
gebra, so is their supremum | | 7" which thus, again by Part [2] lies in infel(.5)
as well. Assume now that 7' is non-empty. Then, by the downward closure
of infel(S) stated in Part [2| any lower bound of T and, in particular, [ 1T
lies in infel(.S) as well.
Consider an arbitrary subset 7' C S. By Part [I} complete distributivity of
complete Boolean algebras (see the beginning of the proof of Th. and
Part [[] again we have

inf(UT)=NNUT=U{NNa|laeT}=U{infalaeT}.

Assume now that 7' is non-empty. By Part[I] lattice algebra and Part[I]again
we have

inf(MT)=NNT=[1{NNalaeT}=T1{infalaeT} .
All this implies universal disjunctivity and conjunctivity of inf. a
Now we can give our modified semantics for CTL*.

Definition 7.5 The infinitary semantics [p]; of a CTL* formula ¢ over a Boolean
left quantale is defined as follows:
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[Eol: =ar Tel: - N

— For all other formulas ¢ we set [¢]; =qf inf [¢].

As an auxiliary we define complementation relative to N as

—\ia:di—a. (8)

This satisfies the following properties.

Theorem 7.6 Assume a Boolean left quantale S with a step n.

1.

2.
3.

The pair (infel(S),0;) where O; is the restriction of O to infel(S) is an iter-
ation algebra and inf is a homomorphism from (S,0) to (infel(S),0;).
[—¢]i = i [e]i and —; —; a = infa.

The semantics []; propagates inductively:

[L]: =0, [Xeli =n-[¢li
[pl: =p-N, le Uyl = [wli = [¥]:
le = ¥]i = —i [eli + [¥]s -

In addition,
o v ol = [eli + [¥]i , [e Al = [l N [W]i 5 [A]i = ~'(~[e]i) N .

If N < n-N (and hence N < n*) then for all a € S we have inf (n-a) =
infA~a. In particular, [X—¢]; = [-X¢];. Furthermore, for all a € S we
have —=; (n-infa) = n-infa.

5 IfN <n-N then [Fy]; = n* - [¢]; and [Gy]; = [W]&.
Proof.
1. By Lm. infel(S) is a complete lattice. Isotony of O; is immediate from

its definition and isotony of M and -. By Lm. [7.4l13] inf is continuous and

strict. Finally by Lm. and Lm.
inf(a0b) =inf(aMn-b)=infaMinf(n-b) =infaMn-infb=infaO;infb.

The first claim is immediate from and Lm. For the second one we
have by (8), Boolean algebra and Lm.

-i,a=N—-(N—a))=NMNa=infa.

Recall Def. [I.1] The first property is immediate from Def. while the
second one is an instance of Lm.

The third property follows from Lm. and Lm.

The fourth property is again an instance of Lm.

The fifth property is straightforward from Part [I] and Lm.

The additional equations are immediate from Lm. [7.4][T}
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4. From Lm. we know n-a < n-a, and isotony of inf (Lm. [7.2}{4)) shows
inf (n-@) <infn-a. For the converse inequation we reason as follows.

By Lm. Lm. shunting, additivity of inf and left distributivity
of n, Boolean algebra with the definition of N and the assumption,

infi-a <inf(n-a) & NMinf(n-a) <inf(n-a)
< NMn-infa <inf(n-a)
< N<n-infa+n-infa < N<n-inf(a+7a)
< N<n-N < TRUE.

For the final claim we calculate, by Lm. [7.2]2] the first claim of this part,
Lm. Boolean algebra, Lm. and Lm.

=i (n-infa) = —;inf (n-@) = —;infAi-a=—; (—;n-a)
=NMfn-a=inf(n-a)=n-infa .

5. The proof of the equation for F
follows closely the one for Cor. By the generating function for a; b

is fap(z) =ar a O; x + b. We obtain by , Parts |1| and |2 of Lm. and
Boolean algebra,

(@) =NBiz+[¢)i=(NOn-2) + [¢]i =n-z+ [¢]i .
Hence, by the definition of F, Th. , and Def.
[Foli = [TUY] = [T]E: [v] = T & [¥] = pfngeg, = 0" [4] -

We now turn to the equation for G. L
For that we recall from Def. the De Morgan dual f°(y) =4 f(y) of
a function f : S — S over a Boolean algebra S and the property from
Lm. that uf = vf° and vf = puf°. By the definition of G, Lm. and
the above representation of F therefore

[GY]i = =i [F~li = =i pufmyp = V2 -

By definition of duals, definition of f-,, Boolean algebra, Parts 2] and [}
Part 2| again [¢];,y € infel(S) and the definition of O,

2o®) =i fop(miy) = =i (Y] +n- (7 y))
= (=i [=¢]) N (=i (n- (=i y)))
= (=i (i [¥]) Mn-infy=(NO[¢]) Nn-y=[Y; 0y .

Now the claim follows from . O
O

This means that we have now obtained a semantics which faithfully mirrors
the original CTL* semantics.
‘We combine the results of this theorem with our results on the until operator.
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Corollary 7.7 Assume again N < n-N and define, for formulas ¢ and 1) the
abbreviation pWv <qr Go V (Uy). Then [eWv]; = vy. [¢]; + ([¢]: 0. y)-

Proof. This follows from Lm. together with Ths. and a

In the literature the operator W is known as weak until or while. It expresses
that ¢ holds forever or else 1 will eventually hold forever with ¢ holding all the
time before that.

8 Generated Quantales

In view of Th. [7.6l4] we introduce a new notion.

Definition 8.1 Assume a Boolean quantale S with a step n € S. Then S is
called n-generated if T =vz.1+n-x =n"+n“ and n¥ < N. If additionally
'N =1 then S is strongly n-generated.

The definition means that all elements of S can be obtained by finite or
infinite iteration of n. The constraint n® < N serves to exclude “pseudo-infinite”
iterations of n. Strong generation means that all starting states can be extended
into infinite computations.

Example 8.2 The quantale TRC(X) (Ex. is strongly Y. X-generated, while
its reduct to finite traces is not. a

The definition of generatedness has important structural consequences. For
any IL-Semiring let

rtest(S) =45 {p-N|p € test(S)} (9)

be the set of relative test ideals of S; each of them characterises the set of infinite
traces with starting states in a state set p.

Lemma 8.3 Consider an n-generated quantale S.

1. N=n“ and NMn* =0. Hence n¥ and n* are complements of each other.
2. N=n-N.
3. n¥ =inf (n*) and hence n“ -n* = n¥ = (n¥)%.

Consider now the concrete operator cOd =4 cn-d from (f)).

4. For all a € S we have a® < N.
5. n® =0,

6. If a € S is purely infinite then o™ :k|_|N n*.a.
€

Assume now that S is strongly n-generated.

7. "n=1.
8. The sets test(S) and rtest(S) are order-isomorphic.

18



Proof.

1. By definition of N, generatedness and right distributivity, n*-0 = 0 (Lm. [7.3))
with neutrality of 0 and 0 < 1 with isotony,

N=T:-0=n"0+n“-0=n"-0<n".

Now the first claim follows by the assumption n® < N and antisymmetry.
For the second claim we show that 0 is the only lower bound of N and n*.
By isotony, Lms. [T.42] and [7.3] and transitivity,

a<NAa<n"=a<NAeaO0<n" " 0eca=a0ANa-0<0=a<0.

2. By Part [I] and omega unfold N =n“ =n-n* =n-N.
3. By Part[i] the definition of N and idempotence of inf,

inf () =infN =inf (inf T) =inf T =N=n*.

Hence, as mentioned in Def. [T.I][[} n* is a left zero and therefore n“-n“ = n*.
Moreover, using omega unfold,

4. By definition of . definition of O and lattice algebra,

a“=a0ad

=arn-a®=n.a“<.

Now greatest fixed point co-induction for w (Def.Def. and (16)) and

Partshow a® <nv =N.

5. By definition of ™, definition of O, Part [4l N = inf T, Lm. [7.2l2] isotony of
inf, Lm. and assumption on n,

n:nDn:nI‘In-nSnl‘ln~Ngnﬂinf(n~T)§nl_IN:n-O:0.

6. First we show that the generating function f(y) = a 0; y for a®™ over
infel(S) is positively conjunctive and hence co-continuous. As a preparation
we show the same for g(y) =g¢ n-y. Throughout we assume that the index
set for the ks is non-empty. Using ay € infel(S) for all k¥ with Lm.
and Lm. [7:22] De Morgan, Part [2] and Th. [7.6)d] left distributivity of n, De
Morgan, Lm. Part 2] and Th. Boolean algebra and Lm.
with all a; € infel(.S),

g(gak):n~|;|ak:inf(n~|;|ak):inf(n~ %ﬁ):inf(n'gafk)
:inf(%]n-cﬁ):inf(?m@):Dinf(ﬁ)

=|;|inf(n~a:k):[ginf(n~ak):|;|n'ak:[;|g(ak).
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Now, by the definition of O, the equation for g just shown, lattice algebra
and the definition of O again,

aDDbk:al‘ln-gbk:al‘l(gn-bk):|:|(aﬂn~bk):|;|ambk.

Hence, by Th. [13.5 we have ™ = v f = |;| fE(N), where f*(N) = alEIN.
By () we have a[kIN = (|:|k n’ -a) M n*.N. By Part [l| and the fixed point
J

property of n¥,
nF.N=nF.n=n*=N.

Hence, by the above calculation, Lm. Lm. Lm. and the
assumption that a € infel(S),

al N = ([Tn7-a)nn* - N=(l1ni-a)MIN= inf([1 ni-a)
i<k j<k j<k

=I[linf(nn-a)=T1ni-infa=T1nia.
i<k j<k j<k

Now the claim follows by straightforward lattice algebra.
. By strong generatedness, Part [1] omega unfold, locality (Lm. 5), strong
generatedness again and neutrality of 1,

I=N="n)="n-n)="(n-)="n-1)="n.
. We have to show, for p, ¢ € test(S),
p<q&p-N<g-N.

(=) follows by isotony of -.
(<) First, for arbitrary r € test(S), by locality (Lemma [3.5}[5), strong gen-
eratedness with neutrality of 1 and Lemma

Ny ="(r-N)y=Tr =1

Now the claim is immediate from isotony of domain.
O

We can extend Th. [7.6]] a bit further. Together with Lm. R:3][f] we obtain
[GY]; :‘[—II\I n’-[+];. Hence, in a *-continuous quantale [12], i.e., a quantale with
1€

a-b*-c=]{a- 0" -c|n € N} for all a,b,c, we therefore have the pleasantly

symmetric formulations [Fi]; :v|€_1|\1 n’- [¢]; and [Gy]; :4|€_I|\I n’ - [¢]:.

9 Towards CTL: The Semantics of State Formulas

In this section we show, among other properties, that the semantics of each state
formula has the special form of a test ideal and hence directly corresponds to
a test, i.e., an abstract representation of a set of states. This will be the key to
the simplified CTL semantics in Sect. Throughout this section we assume an
n-generated quantale.

20



Theorem 9.1 Let ¢ be a state formula of CTL".

1. [¢] is a test ideal, and hence, by Lm. -l le]l =
@i is a relative test ideal, i.e, [p]; = [¢] - N.

2
3. [Eg] = [«]-
4- [Ag] = [l
Proof.

1. The proof is by induction on the structure of ¢.
- For | and p € test(S) this is immediate from Def.
- Assume that the claim already holds for state formulas ¢ and . We
calculate, using Def. the induction hypothesis, Lm. right dis-
tributivity and Def.

o =¥l =[] + [v]
=l +

and hence by Lm. 3.5]4]

Te—v]- T="T(Tel = Tel)- T)-T=(Tel = Tel) - T=1lp — vl .

- For Eg the claim is immediate from the definition.
2. Immediate from Part [T} Def. [7.5] and Lm. [7.2]
3. Immediate from Part [1] and the definition of [Ey].
4. Set for abbreviation p =4 [[cp Then by Part [1| we have [¢] = p- T. Now,

by Cor. [£.2] Lm. B.58] Lm. 3.5]4] and Boolean algebra,

[Ag] =Tl - T = -
=-"(=p-T)T

Tel T+Tel-T=-Tel - T+Tl-T
¥]) - T = (Tel = [[]])T

|=_¢\
|=¢
| |

Yl

T-T
=-p-T=p-T=][¢].
0

Parts Bl and [4] show that state formulas are closed under E and A. In addition
we have the following result.

Lemma 9.2 State formulas are closed under =, A and V .

Proof. Let ¢, 1) be state formulas with [¢] =p- T and [¢)] = ¢- T. It suffices to
show that the semantics [-¢], [ A ¢] and [ V ¢] each are test ideals.

[l =
] =
=

e
eyl =
el +[v] =

qg-T=p-q-T by Lm. 3.5
¢-T=@p+tq-T.

444

¢l
A
v

- [
-
-

< < |l

2
2
Next, we state some properties of U and its relatives for state formulas.

Lemma 9.3 Let ¢, be state formulas of CTL* with [¢] =p-T and [¢] =q-T
for suitable tests p,q.
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1 [pUd] = (p-n)*-q-T = ([p] Mn)* - [¥].
2. [Gy]; = (¢-n)¥. Hence we have the “shunting rule” (q-n)* = —; (n*-—gq-N).

Proof.
1. Using Theorem and Lm. we calculate
[PU] =py.q- T+ (- TNn-y)=py.q-T+p-n-y,

and the claim follows by Def. 4l
2. First we note that [¢]; = p-N and [¢]; = ¢-N by Th.

By Th. and [GY]i = vf§ oy, Where f§ Ly, () =ap [-¥]i Oy for
y € infel(S). Since ¢ is a state formula, f simplifies by Th. [9.1}|2} Lm.
and Lm. [Z.4] to

Jy)=MWliNn-y=q¢-NMn-y=inf(g-n-y) .

To show the first claim we use v-fusion (20) with g = inf and h(y) =¢-n-y.
The function g is co-continuous by Lm. and trivially satisfies g(T) =

N > vh. Moreover, by the definitions of g, h, idempotence of inf, Lm. [7:2|2]
and the definitions of f, g,

9(h(y)) =inf(g-n-y) =inf(inf (¢-n-y)) =inf(q-n-infy) = fg(y)) .
Hence, by v-fusion and the definitions of g and h,
[GYli = vf =g(vh) =inf(qg-n)* = (¢-n)*,
where the last step follows from Lm. and n-generatedness, since
(g-n)? <n*=infn” <N

by isotony and Lms. and

For the second claim we calculate, using the first claim, the definition of G,

Th. [7.63] Th. [7-6]5 Th.[7.6]3] again, Lm. [7.2]2] with Def. and Th. [9.1]2]
(q-n)* = [GY]; = [-F]i = =i [F~¢]i = =i (n* - [-4]:)
=0 ) = 0 e M) = g N)

Now we deal with EX.

Lemma 9.4 For a state formula ¢ we have [EX¢] = [EXEy] and hence [EX¢]; =
[EXEg];.

Proof. By Def. locality (Lm. [3.5][5), Lm. [3.5[d] neutrality of 1, locality again
and Def.

[EXE] ='(n-Tel-T)- T="(n-Tel)- T ="(n-[]) - T = [EX] -

O

We conclude this section by noting that in the infinitary semantics EX and
AX are De Morgan duals.
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Lemma 9.5 [AXy]; = [ZEX—¢];.

Proof. By definition of A, Th. Def. Lemma and Th. Def.
and Th. we obtain

[AXp]i = ["E-X¢]; = = [E-Xe]i = - (r[[EﬂXw]]i -N)
= (’_[[EXWP]]i “N) = =i [EX=¢]; = [-EX=¢];.

From this and Lm. [0.4] we obtain the last result of this section.

Corollary 9.6 [AXe]; = [AXAp];.

10 From CTL* to CTL

For a number of applications the sublogic CTL of CTL* suffices. We will see that
it can be modelled in plain Kleene algebra. Syntactically, CTL consists of the
CTL" state formulas that use path formulas of the restricted form

II :=XZ|=2U

1

(10)

From the previous section we already know that the semantics of every CTL
formula is a test ideal t, from which, by Theorem we can extract the
corresponding test (or state set) as 't. This is reflected by the simplified semantics
l¢la =ar "([]:) which enables us to calculate solely with tests.

Throughout this section we assume 'N = 1, so that by locality (Lm. [3.5[5))
"(a-N) ="a for all a.

First we state another homomorphic property.

Lemma 10.1 Over a complete Boolean semiring S the structure (test(S),dq)
with pOq q =4 |p-n)q is an iteration algebra and " : rtest(S) — test(S) is a
homomorphism from (rtest(S),0;) to (test(S),dq). Moreover, pEaq = |(p-n)*)q.

Proof. By the remark following Def. the set test(S) is downward closed and
hence a complete lattice itself. Moreover, Oy is isotone by isotony of - and di-
amond. By Lm. [3.5l1] " is continuous and strict. Finally, by definition of O;
(Th. , Lm. 3.57, locality (Lm. [3.55) with the assumption N = 1 and the
definition of diamond,

((p-N) i (n-g-N))="(p-Nrn-q-N)="(p-n-q-N) (11)
='(p-n-g)=Ip-n)g=pOaq.

Finally, by (7) p@E4 q = ufp, where
fpa(®) =pOsxz+q=|Ip-n)z+q,

from which the claim follows by diamond star induction(Lm. [3.5]|11)). a
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For the Boolean connectives we obtain by disjunctivity of domain and Lm.
together with Th. [7.6]3] and standard domain properties,

le Vla=lela+ [Wla, [e A Yla=1lpla-[¥]a, [~ela=-[ela-  (12)

Next, we state some laws for A.

Lemma 10.2 For atomic proposition p € test(S),
[AL]q = 0, [AT]a=1,
[Alp v ©)la = p+ [Ag]a, [Alp A @)la=p - [A¢]a-

Now we can calculate [_]4 for all CTL formulas by induction on their syntactic
structure, cf. the grammar in .

Theorem 10.3

[L]a=0.

[pla = p.

[ = ¥la = [la = [¥]a-

[EX@la = [n)[¢]a-

[AXp]a = In]lwla = [AXA@] .

[E(pUr))]a = I(Md -n)* ) la-

[A(eUY)]a == (n* - [p]a-N) - [(=[¢]a-n)*](Tela + [¥]a)-

Parts [4] and [5| mean that the existential and universal quantifiers of CTL are
semantically reflected as the existential and universal modal operators diamond
and box. Part [6] means that the starting states of the traces in [E(¢Uv)], are
precisely those from which after finitely many X steps through ¢ states a v state
can be reached. Part [7| characterises [A(¢Uw)]q as the set of those states from
which eventually a 1) state must be reached and for which iteration through
non-1 states must lead to a o or a 1 state.

XD Grds Lo~

Proof. The proof is again by induction on the structure of the state formulas.
The cases of L, p and ¢ — % have already been covered in the proof of
Theorem

4. By the grammar , © must be a state formula. Using Thm. [9.1}f3] the
definition of [ ], locality (Lm. and the definition of [ ]| again, we calculate
[EXela = TX¢li = (n-[¢l) = (n-Teli) = In)ela.

5. By the grammar ([10)), ¢ must be a state formula. By the definition of A,
Thm. Eq. (12), Part 4, Eq. , and the definition of box:

[AXp]a = ["E-X¢la = ["EX~¢p]a = =[EX=¢]q = =|n} [~¢]a = =[n)=[¢]a =
In]lela -
The second claimed equality holds, since [¢]q = [Ap]q follows from Thm.

6. By the grammar 7 © and ¥ must be state formulas.
Hence the claim is immediate from Lm. [[0.1] and Lm. 54l
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7. Again, by the grammar (10]), ¢ and ¢ must be state formulas.
We use that, by Cor. nd Lm. r = —'u, where u =4 [Uy];.
Let, for abbreviation, p-N =g [¢]; and ¢-N =4 [¢];. Since v = pf with
fly) =qg-N+p-n-y, we have by Lm. that w = vf° where f° is the De
Morgan dual of f. We calculate the explicit form of f°. By the definitions,

De Morgan, Lm. 8l Lm. 7| and De Morgan, Lm. 8| with Th.
Th. and y € infel(S), distributivity, and De Morgan:
oY) ==i(g¢N+pn-=iy)=—; (¢N)M=; (p-n-=; y) =—¢-NI—; (p-Nn-=; y)
=2q- (=i (p-N) + =i (n-=59)) =g (7p- N+ =i (n-y)) = ¢ (=p-N+n-y)
=-q-—p-N+-g-n-y=-(p+¢)-N+-g-n-y.
By the above, Def. distributivity and De Morgan, Lm. and a
domain property, and Theorem with the definition of box:
r==(f*)=="(=g-n)*+ (=g-n)"-~(p+q)-N)
S =~ n)*) - (g n)" 0+ ) N)=
= (- g-N) - =((~g-n)*-=(p+q)==(n"-¢-N) - [(=g-n)*](p+q) -
O

Corollary 10.4

[EFY]a = [n")[¥]a , [EGY]a = ([¢]a-n)* , r
[AGY]q = [n*][¢]a , [AF¢]a = =" (=[W]a-n)* = —n*-[¢la- T .
Hence we can simplify the last property of Th. to

[AleU¥)]a = [AFY]a - [(=[¢]a - n)*](Tela + [¥]a) -
Proof. Immediate from Th. [I0.3] and the definitions of F and G. O

Together with Th. this shows that the sublogic CTL needs fewer alge-
braic concepts than full CTL": general joins and complementation (and therefore
also general meet) are not needed. For the CTL semantics a modal left omega
algebra [15] is sufficient. Further details, in particular the usual least-fixed-point
characterisation of [A(pUw)]4, can be found in [I§].

11 From CTL* to LTL

The logic LTL is the fragment of CTL* in which only A may occur, once and
outermost only, as path quantifier. More precisely, LTL has no state formulas
apart from those of the form Ay and the path formulas are given by

Hu=&| L |I—I|XII|IUII .

Over an n-generated semiring, the LTL semantics is embedded into the CTL" one
by assigning to ¢ € II the semantic value [Ag];.

The reason for this is the following. An arbitrary CTL* formula ¢ may be
called wvalid if its semantics is the set of all paths, abstractly, if [¢]; = N. This
is related to the A quantifier:

25



Lemma 11.1 [¢]; =N < [A¢]; = N.

Proof. By Cor.[4.2]and neutrality of 1, Lm. Boolean algebra, full strictness
of domain (Lm. [3.5/2)) and Boolean algebra,

_

& —eli L
-

o

[A¢]; =N N =
[¢li =0 & [¢]: =0

=2
¢
_l—\
b
I
I

O

Although the infinitary semantics adequately reflects the standard LTL se-
mantics, we present another view of the concrete case S = TRC(X) for some set
X of states (cf. Ex. . Since we want to set up a similar connection to modal op-
erators as in the CTL case (Th.[10.3), we embed the carrier set P(X°°) of TRC(X)
into the relational semiring REL(X°) by encoding every subset U C X as the
relational test h(U) =g4r {(0,0) |0 € U}

Based on this we define another semantic mapping [ ] as

lele =ar A([li) - (13)

Next, we mimic the semantic element n relationally. In TRC(X') we had n =
XX, which was used to “glue” transitions to the front of traces. In REL(X>°) we
replace this by the relation N =4 {(0,0')|a € S}. Now for a subset U C X,

h(nXU) = |NYh(U) . (14)
This allows the construction of yet another semantic homomorphism.

Lemma 11.2 The structure (test(REL(X*°)),0p) with PO Q =4r P;IN)Q is
an iteration algebra and h from is a homomorphism from (P(S*),0;) to
(test(REL(X*°)), 0. ).

Proof. As detailed in the proof of Lm. test(REL(X°°)) is a complete lattice.
Moreover, O is isotone by isotony of N and diamond. Further, since in REL(X*°)
multiplication ; is completely disjunctive in ts right argument as well, |N) is
additive, continuous and strict. Finally, the homomorphic property of h w.r.t.

the O operators is immediate from . a
From this, Th[7.6] and Lm. [5.4] we obtain, with - =X and N = 5%,
[L].=0, [Xe]o = [N}l
[pIL = h(p-N) , [eUylL = pY . [¥l @ [elL
o = ¥l = [el = [¥]c -
From the third equation we obtain, since P — Q = -P + Q,
[=l = —lely [Tl =A(N),

[o v 4l = el + [¥ [ A9l =leles [¥Ic -
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Moreover, we can simplify the U operator. Let P =4 [ and Q =45 [¢]c.
By P,Q € test(REL(S)), definition of diamond and the import/export law from
Lm. and Lm. (3.5

py-Q+P;|N)y =py.Q+|P;N)yy =|(P;N)")Q .

From this we obtain

[eUdle = Il s ML, [Fole = IND el (Gl = [INF][¥]e -

This shows that for LTL we can weaken the requirements on the underlying
semantic algebra even further, viz. to that of a modal Kleene algebra.

Finally we briefly resume the discussion on axiom in this interpretation.

X=¢]L = ~[Xele & |[N)=[ple = = |N)[el < [N]lelL = [N) el

for all ¢. This means that N has to be a total and deterministic relation, which
is the case if the function Az .n -z is surjective and injective, i.e., a bijection.
These properties hold for the element Y. that generates 2.

Note that the condition |N] = |N) does not propagate to |N*] and |[N*),
since these correspond to iterated conjunction and disjunction, resp.

12 Conclusion

We have provided a compact algebraic semantics for full CTL* in the framework
of modal quantales and shown that for the two sublogics CTL and LTL the
semantics can be mapped to closed expressions using modal operators as well
as Kleene star and w-iteration. Compared with representations of CTL* in the
modal p-calculus (e.g. [9]) the compactness is achieved, since in quantales the
modal operators are defined for w-regular expressions (and even more generally),
not only for atomic actions. Moreover, we have shown that for CTL and LTL the
requirements on the semantic algebra can be relaxed to that of an omega or even
just a Kleene algebra, resp.

As a non-trivial application, the article [I7] shows that the algebraic se-
mantics developed in this paper can be transferred to the setting of Concur-
rent Kleene Algebras and hence allow temporal reasoning about sequential sub-
threads there.

Future research will concern use of the algebraic semantics for concrete cal-
culations in case studies as well the extension from the current propositional
case to the first-order one; for this Tarskian frames as introduced in [14] seem
promising candidates.
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13 Appendix: Elements of Fixed Point Theory

We recapitulate some basic facts fixed point theory.

Definition 13.1 Let f be an endofunction on a poset (M, <).

1. An element x € M is a pre-fized point of f if f(x) < z. The notion of post-
fized point is order-dual, and z is a fized point of f if it is both a pre- and a
post-fixed point. The set of all fixed points of f is denoted by fix f.

2. An element is called the least (pre-)fized point of f if it is the least element
of the set of (pre-)fixed points of f. The notion of greatest (post-)fixed point
is order-dual. Note that neither of these elements need exist.

3. The least and greatest fixed points of f are denoted by uf and vf, resp.,
when they exist. If f(x) = E, where E is an expression containing the
variable x, we write pz . F and vz . F instead of uf and vf.

The following fundamental theorem, in particular Part {4l is due to Knaster
and Tarski [21].

Theorem 13.2 (Knaster/Tarski) Consider a partial order (M,<) and an
isotone endofunction f : M — M.

1. If w € M is the least pre-fized point of f them u = uf, i.e., u is also the
least fixed point of f. Hence, if uf is known to exist we have the principle of
least fixed point induction:

f@) <z = pf<az. (15)

2. Analogously, if the greatest post-fized point of f exists then it is also the
greatest fized point vf of f. Hence if vf is known to exist we have the
principle of greatest fixed point co-induction:

r< f(z) = x<vf. (16)

3. Let also g : M — M be isotone and satisfy f < g, i.e., Va : f(z) < g(x). If
the set of pre-fived points of f has a least element pf then uf < u for every
pre-fized point u of g. In particular, if pg exists then pf < pg. Analogously,
if g has a greatest post-fized point vg, then also u < vg for every post-fixed
point w of f. In particular, if vf exists then vf < vg.

4. If (M, <) is even a complete lattice then uf and vf exist and satisfy

pf o= THe|f(x) =2} = THz|f(x) <z},
vl = Wzl|f(x) =2} = Ufz|e < flo)} .

In the case of a Boolean lattice, least and greatest fixed points can be related
via the dual functions.

Definition 13.3 Let f : M — N be a function between Boolean algebras
M, N. The dual function of f, denoted f°, is defined by f°(z) =45 f(T).
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Lemma 13.4 Let f be a function on a Boolean lattice. If pf exists then also v f°
exists and v f° = uf. Likewise, if vf exists then also uf° exists and uf° =vf.

We now mention two very useful groups of fixed point fusion laws (see e.g.
[1] for further fixed point properties). They allow fusing the application of some
function g with the recursion described by a function h, yielding a recursion
described by a function f. Let f,g,h : L — L be isotone functions on a complete
lattice (L, <) with least element L and greatest element T. Then we have the
w-super-fusion law
goh=fog= glph)>pf. (17)
If g is continuous, i.e., preserves suprema of non-empty chains, and satisfies
g(L) < ph then we have the p-sub-fusion and p-fusion laws

goh<fog = gluh) <puf, goh=fog = gluh)=nf. (18)
Dually we have the v-sub-fusion law
goh<fog= glwh)<vf. (19)

If g is co-continuous, i.e., preserves infima of non-empty chains, and satisfies
g(T) > vh then we have the v-super-fusion and v-fusion laws

gohz=fog= gwh)zvf, goh=fog= gwh)=vf.  (20)

The notion of (co-)continuity has another important application which is due
to Kleene in [I0].

Theorem 13.5 (Kleene) Assume again a complete lattice L and an endofunc-
tion f: L — L. Forx € L set fO(z) =aqr x and i (x) =g f(fi(x)). If f is
continuous then _

pf = UL (L)]i e N},
where fO(L) =4 L and fH(L) =4 f(fi(L)). Dually, if f is co-continuous
then

vf = T{f(T)|ieN}

This allows iterative computation of pf and v f.
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