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Abstract

‘We examine model checking of finite control m-calculus processes against specifications in epistemic predicate
CTL*. In contrast to branching time settings such as CTL or the modal p-calculus, the general problem,
even for LTL, is undecidable, essentially because a process can use the environment as unbounded storage.
To circumvent this problem attention is restricted to closed processes for which internal communication
along a given set of known channels is observable. This allows to model processes operating in a suitably
memory-bounded environment. We propose an epistemic predicate full CTL* with perfect recall which is
interpreted on the computation trees defined by such finite control w-calculus processes. We demonstrate the
decid*ability of model-checking by a reduction to the decidability of validity in quantified full propositional
CTL*.

Keywords: epistemic temporal logic, pi-calculus, model checking

Introduction

The 7-calculus [12,16] has attracted a lot of interest as a computational model for
distributed systems. Along with most other process algebras the calculus is Turing-
complete in general. Therefore most interesting decision problems about the 7-
calculus are undecidable. Algorithmic support mainly applies to its finite-control
subset, where the use of parallel composition is syntactically restricted.

Epistemic extensions of temporal logic have proved highly valuable to express
properties of agents’ evolving knowledge in distributed systems [6]. The 7-calculus
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extends the established computational models of epistemic TLs by the possibility to
dynamically create new communication channels. It is of interest to examine how
this feature can be accomodated within the epistemic logic framework.

In this paper we introduce a system of predicate epistemic CTL* on the compu-
tation trees of finite control w-calculus processes. Our epistemic operator conforms
with the established view that a fact is known if it is true about all the computations
which the knower finds identical to the actual one. Epistemic TLs refer to agent
identity and "knowers”. The m-calculus does not have these notions, but epistemic
modalities can be interpreted on m-processes in other ways. Cohen and Dam [4]
interpret the epistemic modality in terms of static equivalence [1], but their work
addresses only static knowledge. Chadha et al [3] suggest a single knower epistemic
TL for m-processes based on a form of trace equivalence. However, it is unclear how
this extends to multiple agents, and why O and H are the only temporal operators
considered. In the experiment reported here we take a different approach: We iden-
tify knowers with their observational power, which is determined by a set of initially
"known”, or tapped, channels. This set grows by adding the channel names which
become communicated along the channels already tapped. We write K;, . .. ¢ for
a knower who initially taps x1, ..., T, knows that p.

Directly extending the known decidability results for the pure branching time
case [5] to just linear time temporal logic LTL, let alone an epistemic extension of
CTL* is, however, not possible. Even with the restriction to finite control, exchange
with an external environment renders model-checking of LTL properties unsolvable,
because of the possibility to restrict the environment to behave as storage for a given
Turing machine’s tape, and to state that the machine never terminates. A proof
is sketched at the end of the paper. The undecidability carries over to (epistemic
extensions of) CTL*. To side-step this complication, we constrain the environment
by shifting attention to closed systems, and assume instead that knowers observe
only internal communication along the set of tapped names, communication along
which is observable. The upshot is that processes can be predicated only when
placed in a fixed finite closing environment.

We prove the decidability of model-checking for our system. We encode the
execution tree of the given m-process as a finite Kripke frame and reduce the model-
checking of any given predicate epistemic CTL* formula ¢ on this tree to the satis-
fiability of a translation of ¢ into quantified propositional CTL* (QCTL*) on trees,
which is known to be decidable from [8,9].

1 Background on 7-Calculus

Finite control m-terms syntax can be given by the BNF

P:=0|aP|(vy)P|P+P|if x =y then P else P |p(y,...,y)
Q:=0|P[QQ]|(vr)Q
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Here P, (@ are process terms that use (channel) names z,y for communication. A
communication action « is either the input of a name y along a channel named x,
written as x(y), or the output of y along z, written Ty, or the neutral, unobserv-
able action 7. Names can be locally scoped by the operator (ry) which prevents
communication along y (but allows y to be passed as a parameter, resulting in so-
called scope extrusion of y, as detailed below). Other operators are action prefixing,
choice (+4), conditionals, and parallel composition. A process is a term of the form
Q together with a finite set of definitions of the form p(z1,...,z,) = P, for the
recursive invocations in ) and in the definitions’ own righthand sides. Below we
elide the distinction between single process terms P and parallel compositions @,
and use P to range over both. The set of all names in a 7-term P is denoted by
n(P). The sets of free and bound names are written fn(P) and bn(P), respectively,
the binders being (vz) and the input prefix x(y), which binds z, resp. y. Binders in-
duce a relation of structural congruence = on terms, including a-conversion, briefly
detailed below.
We consider only executions

Poéclpl;)c2"'gckpkéck+l"' (1)

which consist entirely of silent steps, in order to prevent environment interactions, as
explained in the introduction. Transitions are annotated by the sets C* of internal
communication acts which are possibly observed by knowers. Each P* has the form

(vxy) ... (vam,)P (2)
where P has no occurrences of v. This form can be achieved using structural
congruence. Annotations C* consist of communication acts written in the form
c(x). Annotated transitions are derived by the following axioms and rules, a variant
of the so-called early semantics of the m-calculus, cf. [14]:

7.P 15y P z(y).P M@ [z/y|P  Ty.P END P
P-%cP y¢gn(a) ygn(C) P-Sc P yen(0) P %o P

(vy)P e (vy) P’ (vy)P e P P+Q -%q P
Pli>CP1, P2i>cP2' T H#y
if © = z then P; else P, ¢ P/ if x =y then P else P, e P}
QS0 QL @Nnm@) =0 Q@ Q%
Q11Q2 ¢ Q1Q2 Q1]Q2 = (uy)y Q1Q%
g~ pP=P =Q
(CONGRUENCE) —cd _ ©=¢
P —c Q'

Symmetric rules for + and parallel composition | are derivable using structural
congruence. Annotations can be either (), or singletons. Together with the identities
Al(vx)B = (vz)(A|B), z & fu(A), and p(x1,...,x,) = P, given p(z1,...,z,) = P,
the congruence rule allows to avoid the use of bound output action Z(y), and a
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dedicated rule about recursive invocations. It is possible to show that P Ln[x(y)}

Q according to the above semantics iff P —— (va)(ry)Q according to the early
semantics of [14], where one or both of (vx) or (ry) may be absent.

2 Epistemic Predicate Full CTL* on Finite Control 7-
Processes

Using a-conversion it is easy to write executions such as (1) in such a manner that
names are never reused in the following sense.

Definition 2.1 The extent (lifetime) of name z in an execution F written as in

(1) is the set LE(x)d:ef{k <w:x €n(P*)un(Ck)}. E is standard if, for every ,
Lg(z) is either (), or a finite or infinite interval.

A model for EPCTL* is the Kripke frame 7 (PY) whose paths correspond to the
standard executions starting from some given 7-term P°. Fix a countably infinite
set D including all names in 7 (PY).

Definition 2.2 7(P%) = (W, R) where W consists of all the pairs of the form
(P,C) where P is a process term of the form (2) that occurs in some execution
starting from P°, and C € {0} U {c(¢) : ¢, € D}. (P',C"YR(P",C") iff either
P scn P" or PP =P", C" = () and P’ is either deadlocked or terminated.

The condition (P, C)R(P,}) for terminated and deadlocked P rules out finite
maximal paths in 7.
Given PY there exists a finite set P of v-free process terms such that the

following condition holds: Let {y1,...,yn} = U n(P) and let A be the set
PeP
{0y U {{yi(y;)} : 4,45 = 1,..., N} of annotations written using y1,...,yn. Then

all the annotated silent transitions P* — 41 P*+! in executions (1) starting with
PY can be written in the form

olvuy) ... (vu)Q —op o(vor) ... (vve)Q" (3)

where Q,vQU € Pv ULy weyUp,V1y ..., Us € {ylv'-'vyN}7 B € Aa
d : o e

o éf[[nl/yl, ...,nn/yn] is the substitution of yi,...,yn, by the pairwise distinct
names ni,...,ny, and UBd:ef{njl (nj,) 1 yj (¥5,) € B,j1,d2 =1,...,N}. We write o
using [.] and not [.] to indicate that it affects the bound occurrences of y1, . .., yn too.
Since nq, ..., ny are required to be distinct, our use of [.] is semantically correct. In
particular, (3) is a derivable transition iff (vu1)...(vu,)Q" ——=p5 (vv1)...(vvs)Q"
is.

We use P as a vocabulary of predicate symbols for 7 = T (P"). Each P € P is
used as a |fn(P)|-ary predicate symbol. (Note that here P ranges over the v-free
parts of terms in the form (2). The only bound names of P can be the ys in the scope

of an z(y).) Given {z,. ..,z‘fn(p”}déffn(P) C {y1,...,yn}, we fix the ordering
21y -5 2| fn(P)|5 and, for any ny,... s (P € D, we define PT(nl, o ,n‘fn(p”) to
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hold (Q,A) € W iff Q = [n1/21,. .., nypm(p)|/ 2| fn(p) ] P- Similarly, we introduce a
binary predicate symbol C for latest communication act, and a temporal proposition
T for silent transitions.

This vocabulary may be inconvenient for immediate use, but with existential
quantification and disjunction one can easily define predicates like, e.g., Z(n1,n2)
for there exist a mame y such that the current process term is of the form ... |
ni(z).p(na, z,y) | .. ..

For an annotated execution E written as (1), the set C'g(a, k) of the channels
that are tapped by knower a at step k is defined as follows. Cg(a,0) is presumed
to be predefined and the same for all E. Given Cg(a, k), we put

Cplak+ )2 Cpla, k) U{ : () € CFF1 e € Cpla, k). (4)

In words, once a observes the communication of channel name ¢/, communication
over ¢ becomes observable to a too. Given Cg(a, k), k < w, and two more executions
F, = QY %A% L>A§ Qf L>A;‘€+1 -+, 1= 1,2, we define F ~q 1 g F> as the
equivalence relation '

(Vj < k)(Ve € Crla,§)) (Ve € D)(c(d) € Al & ¢(d) € A)).

In words, I\ ~q g F2 iff F1 and F» have the same communication over channels
that are observed by a in E at all steps j < k. Since F| ~q  p, F entails Cp,(a,j) =
Cr, (a,7) for j <k, and therefore F| ~q  p, F2 and Fy ~q 1 , F5 are equivalent, and

d . . . . .
~ak éf}\Fle.Fl ~ak F2 is an equivalence relation. Fy and Fy are indiscernible
to a until step k iff F1 ~, ; F>. We define our epistemic modality by means of ~ 1.

The syntax of EPCTL" is

pu= L[| P(xz,...,x) o= 0 |Tzep| 00| Op | (0Se) | (pUp) | Fp | Ke,... 2@

where the occurrences of x represent individual variables. The counterparts of
standard executions in T are standard R-paths.

Definition 2.3 An infinite sequence
p=(P°,C%, ... (Pk.Ch, . ..ew” (5)

is a standard R-path if P° is the process term used to define 7 = T(PY),
CY = 0, (Pk,C*YR(P*1 C*k*1) for all k < w and the corresponding execution
(1) is standard. Given R-paths p; and py and channels ¢q,...,¢, € D, we write
P1 ~er,emik P2 if By ~q 1 Eo for the corresponding executions Ey and Es, and a
such that {c1,...,¢n} = Cg, (a,0) = Cg,(a,0).

Definition 2.4 Given a standard R-path (5), a valuation v of the individual vari-
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ables into D, k < w and a formula ¢, T,v, p, k |= ¢ is defined by the clauses

T,v,p, k=L

T,v,p.k = P(z1,...,2)5p)) iff Pk is [v(x1) /215, V(@ )pm(p)) /2 Py | P

T,v,p, k= C(x1,22) iff O% = {v(z1)(v(x2))}

T,v,p,k =T iff C* =0

T,v,p,kl=@=1 iff either 7, v, p, k I~ ¢, or T,v,p, k =1

T,v,p, k= 3xe ift T,v[z— d],p,k = ¢ for some d € D

T,v,p, k=S¢ iff k>0and T,v,p,k—1F¢p

T,v,0,k = Qp it T,u,p,k+1FE¢

T,v,p,k = (pSY) iff there exists an n < k s.t. T,v,p,k —n =
and T,v,p,k—jE@for j=0,...,n—1

T,v,p,k = (eU) iff there exists an n < w s.t. T,v,p,k+n E Y
and T,v,p,k+jE@forj=0,...,n—1

T,v,p,k E Jp iff there exists a standard R-path p/

s.t. p'[0..k] = p[0..k] and T,v,p', k = ¢
T,v,p,k = Kay e it T v, p k= ¢ for all standard

R-paths pl s.t. p ~o(z1),...,0(zm),k pl

Here p[0..k] stands for the finite prefix of p of length k& + 1. As expected,
FV(Key. o am@) = FV(e)U{z1,...,2m}

We use T, =, A, V and &< as abbreviations in the usual way; |, ©p, Hp, Cp, Op,
(W) and (pVi)) abbreviate the formulas ST, (TSp), =©—¢, (TUyp), =O-g,
(pUe) v Op and (¢St) V By, respectively.

Example 2.5 Let P’ = p(c)|q(c) where

p(x) =zx.p(x) + (vy)Ty.p(y), 9(x) = x(y).if © =y then 0 else ¢(y).

A knower who can initially tap c is in a position to detect the termination of the right
operand of | in the process as soon as a tapped channel’s name becomes transmitted
along that same channel:

’T(PO), PO, v,0 = VaVw(C(z,w) = YO(32p(2)|0 = K, (Izp(2)]0)),

where the atomic formula p(z)|0 is underlined for better readability. To achieve this,
the knower must follow the communication along the new channels y introduced
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at each step. (Each of these channels is used once to announce the name of its
successor, and then ”forgotten” by the process.)

3 From EPCTL" on finite control m-processes to QCTL"
on trees

Consider standard annotated executions (1) with process terms of the form (2) and
the representation (3) of transitions in such executions again. The representation
(3) applies if we allow some of nj,...,ny to be the auxiliary symbol * ¢ D too,
provided that n; =  only if y; € n(Q")Un(Q"). To facilitate the presentation, in the
sequel we use (3) with ny,...,ny ranging over D U {x} and put o = [...,*/y;,...]
instead of y; & domo.

We fix P°, P, D, {y1,...,yn} = U n(Q) and A for the rest of the section.
QeP
Given these, an annotated execution E of the form (1) can be written as

0 T T k T
UQQ ——o Bl " —>o.kBk JkQ —>Uk+13k+1 s (6)

where Q% € P, B¥*! € A and oy, are substitutions as above which satisfy o1 Q% =
0rQ", and the additional condition rancy, \ {*} = n(0xQ") U n(oB*) = n(P*) U
n(C*) for all k. Then obviously Lg(n) = {k < w : n € ranoy}. In the sequel
we additionally require that if oy, (yi,) = o, (yi,) # * in the form (6) of E, then
i1 = 12, for all k1, ko € Lg(ok, (vi,)), that is, a name n should occupy the same slot
y throughout its lifetime in F.

Up to a permutation of D, (6) is determined by the sequences Q*, k < w, and
Bf 1<k <w, and, for each j = 1,..., N, the steps k at which

ok-1(yj) # or(y;)- (7)

To realise that, observe that in standard executions (7) is equivalent to k =
min Lg(ok(y;)) and to k — 1 = max Lg(ok—1(y;)), provided that oy(y;) # *
and oj_1(y;) # *, respectively. Consequently, up to permutations of names,
the standard executions starting from a given P? can be described by means

of the finite Kripke frame F = (W,R,wo) with state space WP x A x
P(y1,-..,yn}), initial state wgdéf(PO,(Z),n(Po» and transition relation R such
that (P, B")Y')R(P",B"Y") iff Y = (n(P") Un(B"))A(n(P") Un(B’)) and
either P’ —p» P” is a derivable transition, or P’ = P’ B” = () and P’
is either deadlocked or terminated. Here n((Z))déf@, n({y;, (ij)})déf{yjl,ij} and

AAB™ A \ BU B\ A, as expected. The component Y of (P, B,Y) € W is meant
to denote the names from among yi,...,yn, which disappear or (re)appear upon
incoming transitions, respectively.

We use F to model-check the tree of all standard executions starting from P° for
EPCTL* properties. Instead of immediately interpreting EPCTL* formulas on F,
we use a propositional LTL formula £ which describes the set of paths of F'. To this
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end introduce a finite vocabulary L = {q1, ..., ¢k} and a valuation V : W — P(L).
No connection between the values of the variables from L and the structure of the
states of F' is assumed. We only require V' to satisfy V(w') # V(w”) whenever

w' # w”, which can be achieved iff K > log, |W|. Given a state w € W, let

~def
W= /\qu(w) @ N /\qeL\V(w) —q. We put

E=mn \ D@=0 \/ w) (8)

weW w'€R(w)

Now the validity of an arbitrary QCTL* formula ¢ in M is equivalent to |=gcrz+
VE = ¢. By chj, busy;, comm;, j,k = 1,...,N, and tau, we denote boolean
combinations of q1, ..., qx which, up to equivalence, are determined by the following
conditions, where M = (W, R, wo, V) and w = (Q, B,Y):

M,w=ch; iff y; €Y M, w = busy; iff y; € n(Q)Un(B)
M,w=tau iff B=10 M,w = commj, ;, iff B={yj (yj)}

The intended meaning of ch; is to indicate that the occupation of y; was changed
upon the incoming transition, i.e., either £ = 0, or o;_1(y;) # ox(y;) in the rep-
resentation (6) of executions; busy,; means that y; currently holds a name and not
*; tau means that the incoming transition was 7, and comm;, ;, means that the
incoming transition was o (y;, ) (0% (yj,))-

Given P € P and a sequence of indices ji, ..., jimp) € {1,..., N}, Pji e,
denotes some boolean combination of ¢i,...,qx such that M,(Q,B,Y) E
lea---vj\fn(P)\ iff Q is [yjl/zl, ce ’yj\_fn(P)|/Z|fﬂ(P)\]P where ARREEE, Z|fn(P)\ is the fixed
ordering of fn(P) previously associated with P.

Next we describe a translation t(.) of EPCTL* into QCTL* on tree Kripke
models. Tree models allow the values of bound propositional variables to vary
unrestrictedly along paths, whereas repeated occurrences of states along paths in
non-tree models constrain the values of quantified variables at the respective posi-
tions to be the same too. By abuse of notation, we write M = (W, R, wp, V) for
the result of the unravelling of the finite Kripke model M described above into a
tree one too. QCTL* extends propositional CTL* by formulas of the form Jqp.
M, p, k = 3qp holds iff there exists a V' : W — P(L) such that V'(p) = V(p) for
p # qand (W, R,wo, V'), p, k = .

The QCTL* translation t(¢) of an EPCTL* sentence ¢ satisfies =gorr+ VE =
t(¢) where € is as in (8) iff ¢ is true about all the executions starting with a fixed
PY. As mentioned above, & allows the appearance of names in F to be determined
up to a permutation on D. Since we assume ¢ to be a sentence, this is sufficient.

To handle quantification over names in EPCTL* we augment the description
of the possible executions E which can be derived from £ with a description of
the identities between the names which appear in E and the values of the (bound)
variables of . Without loss of generality we assume that no individual variable in
 is bound by more than one occurrence of 3. Let z1,...,zps be all the individual
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variables of ¢. To describe the occurrences of v(z;) in an execution E for the

relevant v, we take the form (6) of E' and introduce the propositional variables p;;,

j =1,...,N. The intended meaning of p;; at step k is v(x;) = ox(y;). As it

becomes clear below, this enables translating P(xy,,...,y,) into  \/ F; A
J1seesJm

1:~-~:jm

Dt i N - Pl -

The translation of a formula of the form Jx;¢ includes a formula of the form
Ip1g-.. Ipng(Vi A t(9)), in which V; constrains p;; to mark some possible extent
Lg(v(z;)) = Le(ok(y;)) of v(z;) in the executions E which correspond to the paths
in 7 and in the corresponding QCTL* model M. The case of p;; being satisfied
nowhere along the given path corresponds to the name v(z;) appearing nowhere in
E. Let

Fji=pji Abusy; A N =pjan N\ —pjr
3'#3 U#l
F;; means that x; evaluates to o(y;) at time k, and j is the only one with this
property, and no other individual variable evaluates to oy (y;) at time k. The latter
condition is included to simplify the handling of atomic formulas built using =. To

express that z; evaluates to none of the names o (y;), we use the formula G; =
N

A —pj;. Using F;; and G}, we write

=1

H;; = (GlWChj NFjp N O(Fj,l A —ch;Wch; A 0G))).
The satisfaction of Hj; at step 0 means that either Lg(v(z;)) = 0, or there exists
a k such that oy(y;) # = for some k and v(x;) = op(y;) for ¥ € Lp(v(z;)) =
N
Lg(ok(y;)). Now we can put V; = ©(IAV \/ Hj;). The clauses for the translation,

Jj=1
except that for epistemic formulas, are as follows:

t(L) =1

t(zy, = a,) = Lifl # 1

t(x; = ) =T

t(P(zyy, - 2,) = Vo <le,---,jm A 7\ pmh)

J1sensdm i=1

t(C(zyy,2,) = jl\/jg(commjm A Pjvis A Piala)

t(T) = tau

t(Xy) = Xt(p) for X € {O,©,3}

t((¢Xv)) = (t(p)Xt(y)) for X € {U,S,=}

tGup) = Vo t(z/ze) V Iprg .. Ipna (Vi A t(e)
2€FV (3z1)

To facilitate translating formulas of the form x;, = xy,, the clause for t(3z;p)
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provides that the values of the free variables of dx;¢ are excluded from the range
of x; by treating the cases of v(z;) being one of these values separately.

The translation of formulas of the form K, . ¢ requires us to write a descrip-
tion of Cg(a,k), k < w, for an arbitrary execution E and a knower a such that
Cg(a,0) = {v(x1),...,v(xm)} in our propositional temporal language. We do this
by introducing the propositional variables oj, j = 1,..., N. Just like the variables
pji, 0j have only bound occurrences in the translations of EPCTL* sentences. As-
suming that the considered execution E is written in the form (6), the intended
meaning of o; in the translation of K, ... at step k is ox(y;) € Cg(a,k). Next
we construct an LTL formula to express that o;, j = 1,..., N, behave according
to the defining properties of Cg(a, k), k < w, with respect to the adopted way of
propositional description of executions E.

Consider an individual variable x; such that v(z;) € Cg(a,0) and let k£ < w.
Then the satisfaction of

Iy =F;; = (OjSChj A Oj) Noj N\ O(OjWChj)

at step kK means that if k € Lg(v(z;)) and v(z;) = ok (y;), then a taps communication
over channel o (y;) throughout its extent Lg(ox(y;)) = Le(v(x;)). We put

N
Ip= N\ A\oILjfor LC{1,...,M}.
j=1leL

The satisfaction of I;, at step 0 means that a taps communication over the channels
denoted by x;, | € L, throughout their extents.

To express the definition (4) of Cg(a,k 4 1) in terms of Cg(a, k), we use the
formula

C= D/\(Ooh & (= OchpAop) \/\/oj/\commj,h). 9)

h J

The satisfaction of C' at step 0, means that communicating a channel name oy (yp)
over an observed channel oy (y;) at an arbitrary step k£ makes communication over
o (yn) observable from step k + 1 on and for the rest of the extent of oy (yp), that
is, until eventually a step k' > k is reached such that o (yp) # ox(yn), which is
indicated by chy,. Let O, be the formula S(IA I A C). Op states that o; holds at
step k iff ok (y;) € Ce(a, k) for all k < w and j € L.

Expressing Ky, ... z,, furthermore requires reference to executions E’ which ex-
hibit the same sequence of observable actions as the actual execution E. To this end
we introduce an extra copy L' = {¢},...,¢%} of the vocabulary L of our Kripke
model M, whose paths we described using the formula £. We write x' for the
boolean combination [g;/¢; : i = 1,..., K]x, x = tau, busy;, commj, ;,, ch;. Similarly
we assume additional sets p}l, 0;-, j=1,...,N, 1l =1,...,M, of the variables p;;
and oj, to describe the extents of the values of individual variables and channel
observability in E’, and write I7, C’, etc. for the variants of Ir,, C, etc., written in
the primed vocabulary.
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Let the substitutions involved in writing E’ in the form (6) be o, k < w.
According to our encoding, observing the same actions in E and E’ means that if
o; and comm; 5, hold at some step k, then oj; and comm’, ,, hold for some j',h’
such that oy (y;) = o, (yjr) and o (yn) = o). (yw). To express the latter identities,
we introduce the atomic propositions e;;/, j, 5/ = 1,..., N. The intended meaning
of e;j at step k is that oy(y;) = 0}.(y;7) # *, that is, k € Lg(n) N Lg/(n) where
n = o(y;) = op.(yy)-

The valuation of e j:, 7,7" = 1,..., N, along a path describes correctly a possible
overlap of the extents Lg(n) and Lg/(n) of some name n in a pair of executions E
and E’, iff it has the properties which are expressed by the following LTL formulas

ejj = busy; Abusyly A N\ —eny AN e

Chj A (/\ R —|Ch;~/WCh;-/> V
h

/
€j = O €55 A —\Ch]‘ A —|Ch]-/W /
chl A | A —ejn A —chjWch;

h

chj A e (/\ =epjr A ﬂCh}VCh}) Vv
h

chly NS </h\ =ejpn A —|cthchj>

!
€;.5' = €j.5' VAN —‘Chj A\ —|chj,V

At step k, the first formula states that oy (y;) = 0}.(y;7) # * can hold for at most one
pair j,j’. The second and the third formulas state that o4 (y;) = 0},(y;/) = n at step
k implies oy (y;) = 0}, (yj) for all ¥ € Lg(n) N Lg/(n), o (y;) # o4 (yp) for all h
and ¥’ € Lg(n)\Lg/(n), and o}, (y;) # o (yp) for all hand k' € Lgr(n)\Lg(n). Let
Nj j+ be the conjunction of these formulas. We denote the formula S(IAVO A Nj ;1)

7,4
by N.
Using the variables e; j we can express that E and E’ have the same observable
communication by the formulas

0j = Nejn =), o= Nlewy = on) (10)
h h
¢jj0 = (Pis € Py (11)
0; A comm;p = \/ (ejjt A enn A comm’y ) (12)
j/7h/
ol A comm’, ;= \/(ej,j/ A epp A comm;ip). (13)
j7h

The formulas (10) state that Cg(a,k) = Cg(a,k) for the reference step k. The
formula (11) states that the account of the valuation of individual variables given by
pj, and p;,,l is consistent with the identities between in E and E’ as described using
e; ;- The formulas (12) and (13) state that the actions on observable channels in the
two executions are identical. We denote the conjunction of (10)-(13) by S; j7 4 n. We

denote B A Sjjrnw by S. The satisfaction of S at step k& means that £~ E’
J.3' b,k
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holds, provided that executions F and E’ correspond to the satisfying path, that
is, provided that busy,, chj, tau, commj, ;,, busy;-,, ch;-,, tau and comm;i’jé correctly
describe E and E’, respectively, p;;, p;,yl and e; j correctly describe the identities
between the names involved in F and E’, and the values of the individual variables
x;, and, finally, o; and 0;», correctly describe the observability of channels. This
condition is expressed by the conjunction

NANEN N VuhOp A EAN N VIAOL
Tn€FV () T €FV(p)
The subscripts written with ¢ and 7, and also [ as the main symbol above range
over {1,...,N} and {1,..., M}, respectively.
Now we are ready to write a translation clause for Ky, 4. ¢. (The initially

observable channels are chosen to be values of the first m individual variables
Z1,..., Ty, for the sake of simplicity.) Kz, . ... ¢ translates into

Vg ... Vg

NASANEAN N VLA
xn€FV (p)

Of1,..my NOYy = t(0)

VP YD PN PN

Vo ...YonVo) ... Vol

Vel,l e .VeLN i .VeNyl . .VGNJV

The quantifier prefix of t(Ky,, . ,,¢) provides fresh sets of variables ¢i,..., ¢} to
enable the description of E’, p;-/’l/ to describe the identities between the values
of the individual variables and the names involved in E’, o; and 0;., to mark the
observability of channels in E and E’, respectively, and a set of variables e; j to
express whatever identities hold between the names occurring in £ and E’ during
their various extents. The conditions on these variables which actually force their
truth values to give a consistent account of E’, the way individual variables refer to
names in F’, the observability of channels in both executions, the identities between
names occurring in £ and E’, and the fact that £ ~, E’ for a knower a who can

initially observe the channels v(z1),...,v(z,;,) are expressed in the conjunction on
the left of = in the matrix of the formula by &', AV, O m3, Of{l’_“’m},
zn€FV (p)

N, and S, respectively. On the whole, the translation states that if a cannot
tell apart some E’ from the actual execution E, then the encoding of E’ satisfies
t(¢) as well, which is the defining condition for the satisfaction of K, . ,.¢. The
free propositional variables of t(Ky, .. 4, %) are qi,...,qk, and p;;, j = 1,..., N,
x; € FV (), which describe the actual execution E and the identities between the
names occurring in F and the values of the (free) variables of ¢, provided that their
truth values satisfy £ and the relevant V;, respectively.
The correctness of our translation can be formuated as follows:

Theorem 3.1 Given a m-process P and an EPCTL* sentence ¢ in the respective
predicate vocabulary, T(P°),v, (P°,0) = ¢ iff Eqorrs € = t(e).
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The proof can be obtained by following the detailed explanation of the meaning
of the formulas used to define the various clauses for t(.) above.

4 Unsolvability of model-checking with external com-
munication

Model-checking is not recursively enumerable for finite control m-processes with ex-
ternal communication even for the LTL subset of EPCTL*, without the epistemic
modality. To prove this, we define a class of behaviours in which the environment
e acts as unbounded storage by an LTL formula. Let I and O be binary predicate
symbols which denote input from and output to e, respectively, just like the predi-
cate symbol C about internal communication. We intend to state that whenever e
receives two names x and y in a row along a dedicated channel cons, it "registers”
the pair (x,y) under some name z and, from that step onwards, whenever given z
along the dedicated channels car (cdr), e sends back z (y) along reply. A formula
constraining e to behave this way can be written as follows. The formula

silence = vx( /\ce{cons,car,cdr,reply} _'I(C) $’) A _‘O(Ca 37)) .
states that the latest action was not communication with e. Let

Osp = (silenceUyp) and ©4p = (silenceSyp);
R = Bsilence V €3z (reply, x).

R states that the latest communication with e, if any, was a reply. Then

©s(O(cons,y) N ©©4(0O(cons, x) N SR)) =
F204(I(reply, z) A OVEE(O(car, 2) AN OCs(I(reply, t) =t = x)))

states that e is bound to return x whenever asked to retrieve the first member of
the pair (z,y) previously registered as z. Similar formulas can be written to express
retrieving y, and registering pairs. We leave it to the reader to realise that, with
e assumed to behave this way, a finite control process Pj; can be constructed to
simulate the working of any given Turing machine M, with the parts of M’s tape
on the left and on the right of M’s current position represented as two lists built
of pairs, which can be stored by e in the above fashion. This entails that the non-
halting problem for Turing machines M reduces to the model-checking problem for
processes of the form Pp; against the conjunction of the formulas which describe
the working of e as storage and a formula which states the non-termination of M.
The same plan can be used to show that the problem of model-checking finite-
control processes which communicate with a finite memory environment for predi-
cate LTL properties, that is, the problem of whether there exists a finite-control E
such that the runs of P | E for a given P have a given property written in the LTL
subset of our EPCTL*, is recursively enumerable but still undecidable, as long as E
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is unrestricted. This can be realised by choosing P to range over the processes Py
which simulate Turing machines M as above, and the property in question to be
M terminates and E behaves as storage in the above way until M terminates. By
restricting M to be deterministic, Pys|E can be chosen to have just one run. For
terminating M, the unique run of Py, | E will satisfy the above property for any
FE which is big enough to serve as storage throughout the terminating run of the
simulated M.

Concluding remarks

We have examined model checking of finite control m-calculus processes against for-
mulas in an epistemic extension of predicate CTL* with perfect recall. Since model
checking is undecidable for open w-calculus processes even for LTL, we instead
address closed process terms and tapping internal communication across a distin-
guished set of channels. This constrains the storage capacity of processes sufficiently
to render model checking decidable.

Model checking the m-calculus has been considered by several authors, but so
far only in branching time settings. Dam [5] obtained a first decidability result for
a predicate extension of modal p-calculus. This result has been improved upon in
[7,17]. The latter work has been adapted to the stochastic m-calculus [13]. Recent
applications of m-calculus and its dialects to security protocol verification mostly
appeal to Dolev-Yao type knowledge extraction. An exception is [3], where the use
of epistemic reasoning in the context of m-calculus is suggested. An epistemically
flavoured extension of modal logic applied to CCS, a precursor of the m-calculus, is
proposed in [11].

We leave three main questions open for future investigation. First, we have
not explored the practical implications of the closed system modelling approach
suggested in this paper, and whether it can offer new approaches to specification
and verification, for instance along the lines suggested by [3]. Second, the model
checking algorithm presented here is non-elementary and needs to be improved in
order to become practically useful. It remains to be seen if existing approaches to
model checking of epistemic logics [10,15] can be extended. Third, it is of interest
to extend the results presented here to capture also strategic ability, for instance
along the lines of ATL [2].
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