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Abstract

Many formal translations between time dependent models have been proposed over
the years. While some of them produce timed bisimilar models, others preserve only
reachability or (weak) trace equivalence. We suggest a general framework for argu-
ing when a translation preserves Timed Computation Tree Logic (TCTL) or its safety
fragment. The framework works at the level of timed transition systems, making it
independent of the modeling formalisms and applicable to many of the translations
published in the literature. Finally, we present a novel translation from extended
Timed-Arc Petri Nets to Networks of Timed Automata and using the framework
argue that it preserves the full TCTL. The translation has been implemented in the
verification tool TAPAAL.

*Partially supported by Institute for Theoretical Computer Science (ITI), project No. 1M0545.



1 Introduction

Time dependent formal models like Timed Automata (TA) [1], Time Petri Nets
(TPN) [14] and Timed-Arc Petri Nets (TAPN) [6] have received significant attention in
the theory of embedded systems. While originally developed by different communities
of researchers, there has recently been devoted considerable effort towards establish-
ing formal relationships among the different models. To this end, several translations
have been developed (see e.g. [5, 6, 8, 9, 10, 11, 13, 16] or [15, 18] for a more com-
plete overview) and some of them have been implemented in verification tools like
Romeo [12], TAPAAL [9] or the TIOA Toolkit [2].

Many of these translations utilize similar tricks that allow for the simulation of one
system by another. Typically, a single step in one formalism is simulated by a sequence
of steps in the other. We identify a general class of translations that preserve Timed
Computation Tree Logic (TCTL) (see e.g. [15]), a logic suitable for practical specification
of many useful temporal properties. Our main goal is to provide a framework directly
applicable to e.g. tool developers. The theory was motivated by the translations pre-
sented in [9] and [10]. Unlike much work on TCTL where only infinite alternating runs
are considered [15] or the details are simply not discussed [7, 10], we consider also fi-
nite maximal runs that appear in the presence of stuck computations or time invariants
(strict or nonstrict) and treat the semantics in its full generality as used in some state-
of-the-art verification tools like UPPAAL [3]. This is particularly important for liveness
properties. While some translations in the literature preserve some variant of timed
bisimilarity [8, 10, 11, 13], other translations preserve only reachability or trace equiva-
lence [4, 9]. Our framework allows us to argue that several such translations preserve
the full TCTL or at least its safety fragment. In this report we focus only on the inter-
leaving semantics.

To illustrate the applicability of the framework, we propose a novel, full TCTL-
preserving translation from extended timed-arc Petri nets to UPPAAL networks of
timed automata. Earlier translations either caused exponential blow-up in the size [8,
16, 17], preserved only safety properties [9], or where not suitable for implementation in
tools due to an inefficient use of clocks and communication primitives [17]. The transla-
tion from TAPN to UPPAAL timed automata presented in this report is the first to run
in polynomial time while preserving the full TCTL. We implemented the translation in

the tool TAPAAL [9] and the initial experiments confirm its efficiency also in practice.



2 Preliminaries

We let N, Ny, R and R, denote the sets of natural numbers, non-negative integers,
real numbers and non-negative real numbers, respectively. A timed transition system
(TTS) is a quadruple T = (S,—, AP, u) where S is a set of states (or processes), —
C S x SUS x Rsp x S is a transition relation, AP is a set of atomic propositions, and
n: S — 247 is a function assigning sets of true atomic propositions to states.

We write s — s’ whenever (s,s’) €— and call them discrete transitions, and s BN
whenever (s,d,s’) €— and call them delay transitions. We require that the TTS we
consider satisfy the following standard axioms for delay transitions (see e.g. [5]). For
all d,d’ € Rypand s,s’,s” € S:

. e oo d 4’ d+d’
1. Time Additivity: if s — s’and s’ — s” thens — s”,
. e oo dbd d , ad' ,
2. Time Continuity: if s — s” then s — s’ — s” for some s/,
0
3. Zero delay: s — s for each state s, and
. .. o d d
4. Time Determinism: if s — s’ and s — s” then s’ =s".

By s[d] we denote the state s’ (if it exists) such that s 4 (time determinism
ensures the uniqueness of s[d]). We write s — if s — s’ for some s’ € S and s —~
otherwise. Similarly for 4 Arun P =So o, soldo] — s7 R s1ldi] — s> A2y s
a (finite or infinite) alternating sequence of time delays and discrete actions.

The set of time intervals 7 is defined by the abstract syntax
I:=la,a] [ [a,b] | [a,b) | (a,b] | (a,b) | [a,00) | (a,o00)

where a € Ny,b € Nand a < b.

We shall now introduce the syntax and semantics of Timed Computation Tree Logic
(TCTL). The presentation is inspired by [15]. Let AP be a set of atomic propositions. The
set of TCTL formulae ®(AP) over AP is given by

eu=p|l~@ @1 N2 | E(@iUr@2) | Al@ Ur @2) | E(@1 Rr@2) | A(@1 Ry @2)

where p € AP and I € Z. Formulae without any occurrence of the operators
A1 U @) and E(¢@; Ry @2) form the safety fragment of TCTL.
The intuition of the until and release TCTL operators (formalized later on) is as fol-

lows: E(@q Uj @;) is true if there exists a maximal run such that ¢, eventually holds
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51 25 s1[2.5] s3 s3[1.3]

1.3

S0 soll] S2 2 s2(2] S4

time

Figure 1: An illustration of the concrete run p = s LN solll — s 23, s112.5] —

S$? 2, $2[2] — s3 13 s3(1.3] — s4....

within the interval I, and until it does, ¢; continuously holds; E(¢@; Ry ¢,) is true if
there exists a maximal run such that either ¢, always holds within the interval I or ¢;
occurred previously. As we aim to apply our framework to concrete case studies with
possible tool support, we need to handle maximal runs in their full generality. Hence
we have to consider all possibilities in which a run can be “stuck”. In this case, we
annotate the last transition of such a run with one of the three special ending symbols
(denoted 4 in the definition below).

A maximal run p is either

(i) aninfinite alternating sequence of the form p = sg o, Soldo]l — 7 A, s1ldq] —

d
Sy —2 s5[dy] — ..., or

(ii) a finite alternating sequence of the form p = s, o, soldo] — s A s1ldi] —

v — Sn %, where 8 € {0, dS, d5} for some d,, € R s.t.

- if 8 = co then s, 4, snld] forall d € R>,,
- if § = dS then s, ﬁdL) forall d > d,, and s, An, snldnl s.t. spldn] —~, and

- if 6 = d then s, 7% for all d > d,,, and there exists d,, 0 < d < d,,, such
that forall d, d; < d < d,, we have s,, 4, snld] and s, [d] —5.

By MaxRuns(T, s) we denote the set of maximal runs in a TTS T starting at s.
Intuitively, the three conditions in case (ii) describe all possible ways in which a finite
run can terminate. First, a run can end in a state where time diverges. The other two
cases define a run which ends in a state from which no discrete transition is allowed
after some time delay, but time cannot diverge either (typically caused by the presence
of invariants in the model). These cases differ in whether the bound on the maximal

time delay can be reached or not.



51 d; sildq] s3 d; s3lds]

sqldl
do d2
— e x s,[d”]

so soldol s2 s2ld'] s,[d,] S4

I ] ]
i T T

time

Figure 2: An illustration of a run p = s o, Soldo] — s A, s1ldi] — s2 2,

Sz[dz] — .. ..

Figure 1 illustrates part of the maximal run p = sg LN Soll] — s 23, s1[2.5] —
S 2, $2[2] — s3 13, s3[1.3] — s4 — .... Note that actions take zero time units
and that, although not shown in this example, time delays can be zero so it is possible
to do multiple actions in succession without any time progression in between. Further,
there is no special meaning as to whether the arrow for an action goes up or down, this
is simply to keep the figure small.

Let us now introduce some notation for a given maximal run p = s, o, soldo] —
S1 i s1ldi] — s2 A2y First, r(i, d) denotes the total time elapsed from the begin-
ning of the run up to some delay d € R, after the i'th discrete transition. Formally,
r(i,d) = (Z};g dj) +d. Second, we define a predicate valid, : N x R>o x T — {true, false}
such that valid, (i, d,I) checks whether the total time for reaching the state s;[d] in p
belongs to the time interval I, formally
(d <diAr(i,d) el ifdi €Rso
r(i,d) el ifdi =00

valid,(i,d,1) =
d<doAr(i,d) el ifdi=ds

\d<dn/\r(i,d)el ifdy =dg .

Figure 2 illustrates a run p = s o, soldo] — s7 Bl s1ldi] — sy 2y s>ldy] —
... and three points (marked with x). Note that although time delays appear identical
in the figure they can be of different length (even zero). Let us now give some example
of the application of the valid, (i, d, I) function. We see that valid, (1, d, I) is false because
s1[d] lies outside the interval I. Similarly, valid,(2,d",I) is false because s,[d"] is not a
part of the run (since d” > d,). Finally, valid,(2,d’,I) is true because s,[d’] is a part of

the run and within 1.



Next, we define a function history, : N x Ryo — 2"z s.t. history (i, d) returns
the set of pairs (j,d’) that constitute all states s;[d’] in p preceding si[d], formally
history ,(1,d) ={(5,d") [0 <j<i A 0<d' < d}U{(i,d)[0<d <d}

Now we can define the satisfaction relation s = ¢ for a state s € S in a TTS
T=(S,—, AP, u) and a TCTL formula .

sEg iff p € p(s)

sE—o iff s £ o

sE Q1A @2 iff s=@rand s = @2
sEE(pr U @3) iff 3p € MaxRuns(T,s) .

F>0.3d € Roo. [oalidy(i,d, 1) Asi[d] = @2 A
v(j,d') e history (i, d) . s; [d'] &= ¢
sEE(p1Ri92) iff 3p € MaxRuns(T,s) .
Vi>0.Vd € Ryp.valid,(1,d,1) =
sild] = 02V 3(3,d') € history, (i, d) . 5;[d"] = o1

The operators A(@; U; @2) and A(@; Ry @;) are defined analogously by replacing the
quantification 3p € MaxRuns(T, s) with Vp € MaxRuns(T, s).

Figure 3 illustrates the satisfaction of an until formula and Figure 4 illustrates the
satisfaction of a release formula. The x-axis indicates elapsed time (which is why dis-
crete actions are drawn as vertical lines: they take zero time units). The figure illustrates
where the two subformulae ¢; and ¢, must hold.

In particular, notice that there are four possible ways for a release formula to be
satisfied. First, ¢; may have occurred in the past (outside the interval), which releases
@,, effectively ensuring that ¢, need not hold in the interval I at all. Second, ¢, may
not be released, which means that it must hold continuously within the entire interval I.
Third, ¢, can hold continuously in the interval I, until some point in the interval where
@1 /\ @2 holds, thereby releasing ¢,. Finally, ¢, can hold continuously in the interval I
until the run deadlocks.

As expected, the until and release operators are dual.

Lemma 2.1. Let T = (S,—, AP,u) bea TTS and s € S. Then s = A(@1 Ry @2) iff s =
—E(—@1 U —@z), and s = A1 Uy @2) iff s = ~E(—@1 Ri ~@2).



*—>
: s(’) S2 : sh sS4
R e e >
: @1 P2
; } }
time
~
I
Figure 3: Illustration of a run satisfying an until formula.
|
1 S1 sf $3 s3
so = E(@1R1@2) oﬁ—j .—>i
|
So +—>I I '—>I —>
A
| ©1
|
|
|
: S1 s% S3 Sé
so FE(@1R1@2) | .—)I .—)Ll
So Q—)I‘
: 5(’) ¢777572 77777777 i§ Sa
l ©2
|
|
|
| S1 s s3 s3
so = E(@1R1@2) | >
i ] 1 ] 1
So *—T—— > *—>
| Ny 52 y s
I €----- >
P2
1 ©1 A @2
|
|
: i
| S1 Sq
so = E R — >
o FE(@1R192) | I s}
So Q—)I *—>¢
| 54 52 |
| «--=--- >
| ©2
|
} } }
time
-~
1

Figure 4: Illustration of runs satisfying a release formula.



Proof. We first argue for the release operator.
(Release =): Assume thats = A(@; R; @2). We will show thats = —E(—¢@; U; —~¢3). As-
sume by contradiction that s = E(—¢; U; —~¢,). This means that there exists a maximal
run p starting from s such that there exists ani > 0 and a d € R>( such that valid, (i, d, 1)
is true, s;[d] = —¢, and for all (j,d’) € historyp(i, d) it holds that s;[d'] = —¢;.
This is a contradiction to the assumption that s = A(¢; Ry ¢,) which by definition
means that for all maximal runs p’ starting from s, alli > 0 and all d € R, it holds that
valid,/ (1, d, I) implies that either s;[d] = ¢, or there exists a (j,d’) € historyp,(i, d) such
that s;[d’] = ;. Thus, it follows that s = A(¢@; Ry ¢2) implies s = —E(—¢; U; —¢>).
(Release «): Assume that s = —E(—¢; U; —@>). This means that for all maximal runs p
starting from s, all i > 0 and all d € Ry, it holds that either valid, (i, d, I) is not true or
si[d] £ —@; or there exist a (j,d’) € historyp(i, d) such that s;[d’] £ —¢@;. By removing
the double negations we see that this matches exactly the definition of s = A(¢@; Ry ¢2)
which says that for all maximal runs p starting from s, alli > 0 and all d € R, it holds
that if valid, (i, d, I) is true, then either s;[d] = @, or there exists a (j, d’) € hz’storyp(i, d)
such that s;[d’] = ¢;. Thus, we have ~E(—¢; U; —~¢,) implies s = A(@ Ry @2).

Now we shall argue for the until operator.
(Until =): Assume that s = A(@; U; @2). We will show that s = —E(—¢@; R{ —¢3).
Assume by contradiction that s = E(—@; R; —¢,), this means that there exists a maximal
run p starting from s s.t. for alli > 0 and for all d € Ry if valid, (i, d, I) is true, then
it holds that s;[d] &= —¢; or there exist a (j,d’) € historyp(i, d) s.t. s;[d’] = —¢;. This
is a contradiction to the assumption that s = A(@; U; ¢,), which by definition means
that for every maximal run p’ starting from s there exists and i > 0 and a d € R
such that valid,. (i, d, I) is true, si[d] = ¢, and for all (j,d’) € historyp,(i, d) it holds that
s;j[d'] = @1. Then it follows that s = —~E(—¢@; R; —~¢,) and thus s = A(@; U; ¢,) implies
s = E(—@1 Ri—o2)
(Until <): Assume by contraposition that s = A(¢@; U; @2). By definition this means
that there exists a maximal run p starting from s s.t. foralli > 0 and all d € R
either valid, (1, d, I) is not true or s;[d] = —@, or there exist a (j,d’) € historyp(i, d) s.t.
sj[d'] = —@. This matches exactly the definition of s = E(—¢@; R; —~¢,) which says
that there exists a maximal run p starting from s s.t. foralli > 0 and all d € R if
valid, (i, d,I) is true then either s;[d] = —¢, or there exists (j,d’) € historyp(i, d) s.t.
sjld'] = —@; . Thus we have that s = —~E(—¢@; Ry —~¢,) implies s = A(¢; U; @,). O]



3 Framework Description

In this section, we shall present a general framework for arguing when a simulation of
one time dependent system by another preserves satisfiability of TCTL formulae. We
define the notion of one-by-many correspondence, a relation between two TTSs A and
B. If A is in one-by-many correspondence with B then every transition in A can be
simulated by a sequence of transitions in B. Further, every TCTL formula ¢ can be
algorithmically translated into a formulate tr(¢) s.t. A = @ iff B = tr(¢@). In the rest
of this section, we shall use A and B to refer to the original and the translated system,

respectively.

3.1 One-By-Many Correspondence

As the system B is simulating a single transition of A by a sequence of transitions, the
systems A and B are comparable only in the states before and after this sequence was
performed. We say that B is stable in such states and introduce a fresh atomic proposition
called stable to explicitly identify this situation. States that do not satisfy the proposition
stable are called intermediate states. We now define three conditions that B should possess
in order to apply to our framework. The third condition is optional and necessary only

for the preservation of liveness TCTL properties. A TTS (S, —, AP, u) s.t. stable € AP is

o delay-implies-stable if for any s € S, it holds that s 4, for some d > 0 implies
s = stable,

o delay-preserves-stable if for any s € S such that s = stable, if s 4, s[d] then s[d] =
stable for all d € R, and

o cventually-stable if for any sy € S such that s, = stable and for any infinite sequence
of discrete transitions p = so — s; — s, — s3 — sS4 — ... or any finite
nonempty sequence of discrete transitions p = so — s7 — -+ — s, - there
exists an index i > 1 such that s; = stable. We call such a sequence a maximal

discrete sequence.

We write s ~» s’ if there is an alternating sequence s = so — s; L> S1 — S2 L
Sy — .- 9, Sn—1 — Sn = s’ such that s |= stable, s’ |= stable, and s; = stable for
1<j<n-—1.



{stable, q}

t [
s 7 t t t
; {stable,p, q} 2 ) ¥

T T 0 (stable,q)
. 44 S B gy 44t

{p,al {p,al p,q) y 0 {stable,p, q}
C) t e
o {stable,p, q} t )
Uy
{stable,q} —» Uy uz
o 0
C: o 44 W
| | 0 Q {stable,p, q}
{stable,p,q}  {stable,p,q} b TR o

Figure 5: Three TTSs such that so 2. to and sp = u,.

Remark 3.1. For technical convenience, we introduced zero delays in the definition of ~ in
order to preserve the alternating nature of the sequence. Note that this is not restrictive as for

0
any s € S we always have s — s.

Definition 3.2. Let A = (S, —5a, APa,ua) and B = (T, —g, APg, ug) be two TTSs s.t.
stable € APg and B is delay-implies-stable and delay-preserves-stable TTS. A relation
R C S x T is a one-by-many correspondence if there exists a function tr, : AP — APp

such that whenever s R t then
1. t = stable,
2. sEpifftEtry(p) forall p € APa,
3. ifs —s'thent ~t'and s' R t/,
4. if s - s[d] then t - t[d] and s[d] R t[d] for all d € Rso,
5. ift ~ t' thens — s’ and s' Rt' and
6. if t - t[d] then s - s[d] and s[d] R [d] for all d € Rso.

If B is moreover an eventually-stable TTS, then we say that R is a complete one-by-many
correspondence. We write s 2 t (resp. s 2. t) if there exists a relation R which is a one-by-

many correspondence (resp. a complete one-by-many correspondence) such that s R t.
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Example 3.3. Consider the TTSs A, B and C in Figure 5 where the sets of propositions for A,
B and C are APao = {p,q} and APg = APc = {p,q,stable}. Then {(sold],told]) | 0 <
d <4.4}U{(s1,t1), (s2,t4), (s3,16), (52, 17)} is a complete one-by-many correspondence which
implies that sy 2. to and {(sold],uold]) | 0 < d < 4.4} U {(s1,u1), (s2,u4q), (s3,u7)} is
a one-by-many correspondence which implies that so = uo. Notice that the system C is not
eventually-stable since the two maximal discrete sequences w; — Us — Ug — Ug —
Ug — Ug — - -+ and uy — Uy, — u3 do not contain any stable states except for u,.

<
Consider now the maximal run p = s a4 ST — S O, in the system A. This run
<
witnesses that so = E(—qR3 5 q). Similarly, the maximal run p’ = 1t 24 t ~ 1y o,

witnesses that to = E((—q /A stable) Ri3 51 (q V —stable)). H
Before we can prove the main theorem, we need to introduce some notation.

Definition 3.4. Let A = (S, »a, APa,ua) and B = (T, =g, APg, ug) be two TTSs, where
stable € APg. For two finite alternating runs p in A and p’ in B of the form

we write p =2 p’ if si[d] 2 ti[d] foralli <nandall d < d;.
Now we define when two maximal runs are related w.r.t. 2.

Definition 3.5. Let A = (S, 5 a, APa,ua) and B = (T, =g, APg, ug) be two TTSs, where

stable € APg. For two maximal runs p in A and p' in B we write p 2 p’ if
e p is an infinite maximal run
0 =0 % soldo] — 81 -5 s1[d1] — 82 2 s5[da] — ...,
p’ is an infinite maximal run
P’ =to % toldo] ~ t1 =5 ty[di] ~ tr 5 talda] ..,

and si[d] 2 ti[d] foralli > 0andall d < d;, or

e p is a finite maximal run of the form
0 =50 % soldo] — s1 -5 s7[d1] — 52 2 s5[da] — ... — s —3,
p’ is a finite maximal run of the form
5

0 =to 2% to[do] ~ t1 5 t[di] ~ t2 2B toldy] ~o ... — ty —,

for some § € {00, ds, AT} such that,

) noy n

11



— sild] 2 ti[d] foralli <mandall d < d;,
— spld] 2 tuld] forall d € R if d = oo,

— spld]l 2 t,[d] forall d < d, if 6 = d5 and
- spld] 2 tyld]l forall d < d if 6 = d5.

For the rest of this part let us fix two TTS A = (S,—a, APa,ua) and B =
(T, =8, APg, ug) such that stable € APp and B has the properties delay-implies-stable

and delay-preserves-stable.

Lemma 3.6. Let so € Sand ty € T be such that sy = to. Then there exists a finite run

=50 =% soldo] — 51 -5 sqdq] — -+ — 51 = s [dy]

in A if and only if there exists a finite run
! do di dn
p'=to — toldo] ~ t1 — tildi] - vty = ta[da]
in B such that p =2 p’.

Proof. (=): Assume that there exists a run p = sp o, Soldo] — s A, s1ldy] —
cer— S An, snldn] in A. By induction on i and using condition 3 and 4 of Definition
3.2 we can construct a run p’ = t, o, toldo] ~ t; iR tildq] ~ -~y An, t,ldn] in
B.

(&): Assume that there exists a run p’ = t; o, toldo] ~ t; SN ti[dq] ~ oo e
th An, tn[dn] in B. By induction on i and using condition 5 and 6 of Definition 3.2 we
can construct a run p = sg o, Soldo] — s7 A s1ldy] — -+ — s An, Snldn] in
A. O

Notice that Lemma 3.6 deals only with finite runs and moreover requires that the run
in B ends in a stable state (see definition of ~~ and the property of TTS delay-preserves-
stable in the main text). However, there may still exist finite runs in B for which there is
no related run in A. The next lemma considers maximal runs and it is a consequence of

the definition of complete one-by-many correspondence.

Lemma 3.7. Let sg € Sand ty € T be such that sog =, to. Then there exists a maximal run
p € MaxRuns(A, so) if and only if there exists a maximal run p’ € MaxRuns(B, to) such that
p=cp

12



Proof. (=): We shall prove this lemma in two steps, first for infinite maximal runs and

then for finite maximal runs. Let
do d; dz
P = So —)So[do] — $7 —)S1[d1] — S2 —)Sz[dz] — ..,

be any infinite maximal run in A. Since sy 2. to, we have by induction on the index i of
states and using condition 3 and 4 of Definition 3.2 that there exists an infinite maximal

run p’ in B of the form
/ do dq d>
p' =to — toldo] ~ t1 — tyldy] ~ t; — talda] ~ ...

where s;[d] 2. t;[d] foralli > 0and all d < d;. Thus, p 2. p’.
Now let

a d d 5
P =So —o)So[do] — 81 %S][d]] HSz—z)Sz[dz] — ... — Spn —,
be a finite maximal run in A where § € {c0, dS, d=).

Since sy 2. to, we shall construct a finite maximal run in B of the form
, do d, d> s
p:t0—>to[do]wt]—>t1[d1]Wtz%tz[dz]w...wtn—).

Using Lemma 3.6 and noticing that the lemma also works with runs ending with a
discrete action, it follows that from the prefix of p up to and including s,, (referred to as
Pprefix), we can construct the prefix of p’ up to and including t,, (referred to as p,,,q,) such
that ppi = p;/:reﬁx'

We shall now handle the final part of p’ according to the value of ¢ in p.

d = oo In this case, s, 4, snld] for all d € R>y. It follows from condition 4 of Definition
3.2 that t,, 4, tn[d] such that s, [d] 2. t,[d] forall d € R>,. Hence p 2, p’.

d =< Inthis case, s 7dL> foralld > d,, and s, An, snldn] such that s, [d,] . It follows
from condition 6 of Definition 3.2 that t, 7dL> for d > d,,. Since s, An, Snldn], it
follows from condition 4 of Definition 3.2 that t,, An, t,[d] such that s, [d,] =,
tn[dn]. Since sn[dn] -, it follows from condition 5 of 3.2 that t,[d.] /. By the
delay-implies-stable and eventually-stable properties of B, it follows that t,,[d] — iff
t.[d] ~ and thus, t,[d.]—>. Hence p =, p’.

& =d; In this case, sy, 7‘19 for all d > d,, and there exists a d; < d,, such that for all d,
d, < d < d,, we have that s, 4, snld] and s, [d] . It follows from condition 6

13



of Definition 3.2 that t,, 7‘19 for d > d,,. Since delays are similar in the two runs,
it follows from condition 4 of Definition 3.2 that t,, 4, t,,[d] such that s,,[d] =.
t.[d] and from condition 5 of Definition 3.2 that t,[d] / for all d; < d < d,.
Moreover, by the delay-implies-stable and eventually-stable properties of B, it follows
that t,,[d] — iff t,,[d] ~», hence t,,[d] - forall d; < d < d,. Hence p =, p’.

(<): We shall also prove this direction in two steps, first for infinite maximal runs and
then for finite maximal runs. Assume that there exists an infinite maximal run in B of
the form

p' =to *di>to[do] — 1y 4, tildi] — t2 Az, toldy] — -

where intermediate states are also indexed.

Letj; <j2 <j3 < ...Dbe all the indices such that t;, = stable for all i > 0. Since B is
an eventually-stable TTS there are infinitely many stable states in p’. Moreover, since B is
a delay-implies-stable TTS, it follows that if t; [~ stable then d; = O for all i > 0. Finally,
because B is also a delay-preserves-stable TTS, it follows that whenever t; = stable then
ti[di] = stable for all i > 0. These properties in turn imply that we can write p’ in the
form

/ do dj, dj,
p =ty — to[do] ~ tjl — tjl [d]'1] ~ tjz — tjz[djz] Radh

Now, following the similar strategy as in the (=) case, we can construct a infinite
maximal run p € MaxRuns(A, so) such that p =2, p’.

Now assume that there exists a finite maximal run in B of the form
, do d; d, 5
p:to—%to[do]——)h——)t][d1]——)tz——)tz[dz]——)---——)tn——)

where intermediate states are also indexed and & = {00, d7, d=}.
Letj; <j2 <j3 < ... < jx be all the indices such that t;, = stable for all 0 < i < k.
Since B is an eventually-stable TTS, we know that j,. = n. Further, because B is a delay-

implies-stable and delay-preserves-stable TTS, we can write p’ in the form

/ d() d)‘] 6
p' =to — toldol ~ tj;, — tj,[dj, ]~ -ty — .

Now, following the similar strategy as in the (=) case, we can construct a finite maximal

run p € MaxRuns(A, sg) which also ends with %, such that p=.p. O

Now we translate TCTL formulae. Let AP 5 and APy be sets of atomic propositions

such that stable € APg and let tr, : APx — APg be a function translating atomic
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propositions. We define tr: ®(APA) — O(APg) as follows:

tr(p) = trp(p)
tr(=¢q) = ~tr(eq)
tr(o1 A @2) =tr(er) Atr(gz)
tr(E(@; U @2)) = E((tr(@q) V —stable) Uy (tr(@2) /\ stable))
tr(A(@1 U @2)) = A((tr(gq) V —stable) Uy (tr(@y) /\ stable))
tr(E(@1 Rr @2)) = E((tr(@) A stable) Ry (tr(¢y) V —stable))
tr(A(@1 R @2)) = A((tr(@q1) Astable) Ry (tr(¢2) V —stable))

We are now ready to state the main result of this section.

Theorem 3.8. Let A = (S, —a, APa, ua) and B = (T, —g, APs, ug) be two TTSs such that
stable € APg and let so € Sand to € T. If so 2. to then for any TCTL formula @, so = @ if
and only if to = tr(e). If so = to then the claim holds only for any formula ¢ from the safety
fragment of TCTL.

Proof. We shall prove this theorem by structural induction on ¢. By Lemma 2.1 it is

sufficient to handle the operators p, —~@, @1 A @2, E(@; U; @2) and E(@; Ry @3).
e =y, ¢="0¢;,and ¢ = @1 /\ @, follow trivially from the induction hypothesis.

e @ =E(pi1U;g,):

(=) : Assume that sg =a E(@; U;@2). Thus there exists a maximal run p €
MaxRuns(A, so) that witnesses @. This implies that there exists a prefix of p of

the form

d d
ppreﬁx = SO —0) SO[dO] — S] —]> S] [d]] —_ e — STL—]

T g [dno 1] — sp —5 spld],

such that wvalid,(n,d,I), sn,[d] FEa @2 and si[d] Ea @ for all (k,d') €

history ,(n, d). By Lemma 3.6 there exists a run p,,;, in B of the form

d d
Pprefic = to — toldo] ~ t1 —= tildi] ~ -+~ tn

(jm;; thos [dnfl] ~ i) tn[d],

such that py.c = p;areﬁx‘
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We want to show that to =g E((tr(¢;) V —stable) Uy (tr(¢y) /\ stable)). Be-
cause sp[d] 2. t,[d] and s,[d] =a @2, we have by the induction hypothe-
sis that t,[d] Ep tr(¢2) and from condition 1 of Definition 3.2 we have that
tn[d] =g stable. Let j be the index corresponding to the occurrence of t,, in the
alternating sequence which unfolds the ~ steps. Because time delays are equiv-
alent in the two runs, it follows that valid, (j,d,I) and moreover, for any pair
(k,d") € history ,(j, d) either,

- t,[d’] is an intermediate state and thus t, [d’] =g —stable, or

— tx[d'] is a stable state. From the construction of p,,;, it follows that there ex-
ists a pair (k/,d’) € historyp(n, d) such that sy/[d'] 2. ti[d’]. By the induction
hypothesis and the fact that sy [d'] =a @1, it follows that ti [d'] =g tr(@q).

This means that t [d'] =g tr(@;) V —stable.

Thus any maximal run p’ € MaxRuns(B,ty) that extends p}’qreﬁx witnesses tr(@),
meaning that to =g E((tr(¢@q) V —stable) Uy (tr(@,) /A stable)).

(&) : Assume ty g E((tr(@q) V —stable) U; (tr(@;) /A stable)). Thus there exists a
maximal run p’ in B that witnesses tr(¢). By the fact that B is a delay-implies-stable

and delay-preserves-stable TTS there exists a prefix of p’ of the form

d d
p;ﬂreﬁx =to Ho to[do] ~ 1 H] £ [dl] R T

dn—>7] tho1 [dn71] ~ i) tn[d]a

such that valid,. (j, d, 1), tn[d] =g tr(@2) A stable and t¢[d'] =g tr(@q) V —stable for
all (k,d’) € history o (3, d) where j is the index corresponding to the occurrence of

t,, in the alternating sequence which unfolds the ~~ steps as before.

By Lemma 3.6 there exists a run p,.s, in A of the form

d d
ppreﬁx = So —0) SO[dO] — S] —]> S] [d]] —_—) e — Snf]

e st ldn 1] — sn —5 snld],

such that Pprefix Zc p;;reﬁx'

We want to show that sy =a E(@; U; @2). Because s, [d] 2. tn[d] and t,.[d] =3
tr(@,) A stable, we have by the induction hypothesis that s, [d] =a @,. Since time

delays are equivalent in the two runs, it follows that valid, (1, d, I). Further, for any
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pair (k/,d’) € historyp(n, d), it follows that there exists a (k,d’) € historyp,()', d)
such that sy/[d'] 2. t«[d']. By the induction hypothesis, it follows that sy/[d] F=a
@1 because t[d'] =g tr(@;) and ti[d’] =g stable.

It then follows that any maximal run p € MaxRuns(A, so) starting with p,.s, wit-

nesses @, thus so E=a E(@71 U @2).

e ¢ =E(p1Rrg2):

(=) : Assume that sg =4 E(@1 Ry @, ). By assumption, there exists a maximal run

(infinite or finite)
dO d, d>
p =59 — soldo] — s1 — s1[d1] — 52 — sp[da] — - -

in A that witnesses ¢. This means that for alli > 0 and all d € R, if valid, (1, d,I)
is true then either s;[d] E=a @ or there exists a (k,d’) € historyp(i, d) s.t. sy [d] E=a

P1.

By Lemma 3.7 it follows that there exists a maximal run
/ do dq d,
p' =1ty — toldo] ~ t1 — t1[d4] ~ t; — to[do] ~ - - 1)

in B such that p 2, p’ (see Definition 3.5).

We want to show that to =g E((tr(¢q) Astable) Ry (tr(@>) V —stable)). For alli > 0
and all d € R, if valid,/ (1, d,I) is true then either

— t;[d] is an intermediate state and then t;[d] =g —stable, or

— t;[d] is a stable state. This means that t;[d] has a distinguished index in Equa-
tion 1. Let h be the index of t;[d] in Equation 1. It follows from the construc-

tion of p’ that sy,[d] 2. tr[d]. There are two cases to consider.

* either sp[d] =a @2 and then by the induction hypothesis it follows that
tnld] s tr(@2), or

x there exists (£/,d’) € historyp(h, d) such that s¢/[d'] =aA @;. From the
construction of p’ it follows that there exists a pair (£, d’) € history o (i,d)
such that s¢/[d'] 2. t¢[d']. By the induction hypothesis, it follows that
te[d’] &g tr(gq) Astable.

This in turn means that ty =g E((tr(@1) /A stable) Ry (tr(@2) V —stable)).
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(&) : Assume that to =5 E((tr(¢q) A stable) Ry (tr(¢2) V —stable)). Hence there
exists a maximal run (infinite or finite) in B that witnesses tr(¢) and since B is a
delay-implies-stable, delay-preserves-stable and eventually-stable TTS, the run has the

following form:

p' =to Lo, toldo] ~ 1y 4, ti[dq] ~ t2 A2, talda] ~> -

This means that for alli > 0 and all d € Ry if valid,. (i, d, ) is true then either
ti[d] =g tr(@2) V —stable or there exists a (k,d’) € historyp,(i, d) s.t. t[d'] =3
tr(@q) /A stable.

By Lemma 3.7 it follows that there exists a maximal run
d d d
p =50 —> Soldo] — 81 — s1ldi] — 52 —> s2[da] — - -

in A such that p 2. p’.

We want to show that sy =a E(@1 Ry ¢2). Foralli > 0 and all d € R, we have

that si[d] 2. ti[d] and whenever valid, (i, d,I) is true then

— either ti[d] g tr(¢:) and then by the induction hypothesis we have that
sild] Fa @2, or

— there exists some ({’,d’) € history p,(j, d) where j is the index corresponding
to the occurrence of t; in the alternating sequence which unfolds the ~~ steps,
such that t,/[d'] Eg tr(¢@q) /\ stable. From the construction of p, it follows
that there exists a pair ({,d’) € historyp(i, d) such that s;[d'] 2, t;/[d']. By the
induction hypothesis, it follows that s¢[d'] =a ;.

This in turn means that s =4 E(@1 Ry @2).

Observe that for the case of E(¢; U; ;) (dually for the case A(@; R; ¢@2)), we used

Lemma 3.6 which requires only a one-by-many correspondence. On the other hand, to

prove the case of E(@; Ry ¢,) (dually, A(¢@; U; @,)) we used the eventually-stable prop-

erty and Lemma 3.7, which requires a complete one-by-many correspondence. Hence,

if the relation is only a one-by-many correspondence then the theorem works only for

the safety fragment. O

Example 3.9. The reason we need a complete one-by-many correspondence to preserve

the full TCTL can be illustrated by considering systems A and C in Figure 5 where
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{(s0,u0), (s1,u1), (s2,u4), (s3,us)} is a one-by-many correspondence between states in A
and C. In this particular example, so Ea A(p Uz s q) but uy Fp tr(A(pUs s q)) =
A((pV —stable) Uz 5) (q /\ stable)). Both of the following maximal runs

4.4 0 0=
pP=uUpy—uU; —m Uy —m Uy —m U3 —

4.4 0 0 0 0
p':uo—)m —U; — U5 — Ug — Ug — Ug — Ug — Ug — - -

in C are counter examples to tr(A(p Uz 51 q)). O

3.2 Overall Methodology

We finish this section by recalling the steps needed in order to apply the framework to a
particular translation between two time-dependent systems. Assume that we designed
an algorithm that for a given system A constructs a system B together with the notion

of stable states in the system B.

1. Show that B is a delay-implies-stable and delay-preserves-stable TTS (and optionally
an eventually-stable TTS).

2. Define a proposition translation function tr,, : APx — APg.
3. Define a relation R and show that it fulfills conditions 1-6 of Definition 3.2.

Theorem 3.8 now allows us to conclude that the translation preserves the full TCTL (or

its safety fragment if R is only a one-by-many correspondence).

4 Translation from Bounded TAPN to NTA

This section describes a translation from extended timed-arc Petri nets to networks of

timed automata (NTA). We start with the definitions of the models.

4.1 Extended Timed-Arc Petri Nets

We shall now define timed-arc Petri nets with invariants, inhibitor arcs and transport
arcs. Recall the set of time intervals Z defined in Section 2. The predicates r € I for
I € 7 and r € R, are defined in the expected way. By Zy,, we denote the subset of 7 of

intervals containing 0 and call them invariant intervals.
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Definition 4.1. A timed-arc Petri net with invariants, inhibitor arcs and transport arcs
(TAPN) isa tuple N = (P, T) F, C, Ftarc» Ctarc Finhib» Cinhib, L) where

e P isa finite set of places,

T is a finite set of transitions such that PNT =),

e FC (P xT)U(T x P) is aset of normal arcs,

c : Flpx1 — 7 assigns time intervals to arcs from places to transitions,

Fiare € (P x T X P) is a set of transport arcs that satisfy for all (p,t,p’) € Fiae and all
reP:(pt,r) €EFe=p =1, (nt,p) EFe=p=7,(p,t) ¢ Fand (t,p") ¢ F,

Ctarc * Frare — T is a function assigning time intervals to transport arcs,

Fimniv € P x T is a set of inhibitor arcs satisfying for all (p,t) € Fiip and all p’ € P:
(pat) ¢ Fand (pvtvp/) g th’w

Cinnib © Finniv — Z assigns time intervals to inhibitor arcs, and

t: P — Ty is a function assigning invariants to places.

The preset of t € Tis definedas*t ={p € P| (p,t) €e FVIp' € P.(p,t,p’) € Frare)
and the postset of tist* ={p € P| (t,p) e FV Ip' € P.(p’, t,p) € Frarc)

A marking on a TAPN N is a function M : P — B(Rx(), where B(R>) is the set of
tinite multisets of non-negative real numbers s.t. for every place p € P and every token
x € M(p) it holds that x € i(p). The set of all markings on N is denoted by M(N). Note
that in TAPN each token has its own age. A marked TAPN is a pair (N, M) where N is
a TAPN and M, is an initial marking on N with all tokens of age 0. A transitiont € T is

enabled in marking M if

o forall p € *ts.t. (p,t) € F there is a token x of an age in the time interval on the

arc fromptot: Vp € *ts.t. (p,t) € F.Ix € M(p) . x € ¢(p,t),

o forallp € *ts.t. (p,t,p’) € Fuye the age of the token x in p satisfies the invariant at
ptVp € *tst (p,t,p) € Fuare . Ix € M(P) . X € Crarc(p, t,p) Ax € LP),

e forallp € Pst. (p,t) € Fiup there is no token with age in the interval on the

inhibitor arc: Vp € Ps.t. (p,t) € Fiupip . —~3Ix € M(P) . X € Cimnin(p, t).
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Definition 4.2 (Firing Rule). If t is enabled in a marking M then it can be fired producing a
marking M defined as M'(p) = (M(p) \ C¢ (p)) U C{ (p) for all p € P where

o for every p € P such that (p,t) € F
C; (p) = {x} where x € M(p) and x € c(p, 1),

o for every p € P such that (t,p) € F
C{ (p) = {0}, and

o for every p,p’ € P such that (p,t,p’) € Fiar
Ci (p) ={x} = C{ (p’) where x € M(p), X € Ciae(p,t,p’) and x € Up'), and

e in all other cases we set the above sets to .

Note that there may be multiple choices for C¢ (p) and C{ (p) and the minus and union operators

are interpreted over multisets.

Definition 4.3 (Time Delay). A time delay d € R is allowed in a marking M if (x 4+ d) €
Lp) forallp € Pandall x € M(p), i.e. by delaying d time units no tokens violate the invariants
on places. By delaying d time units we reach a marking M’ defined as M'(p) = {x +d | x €
M(p)} forallp € P.

A TAPN N = (P, T, F, ¢, Fuare, Ctarc, Finniv, Cinniv, L) generates a TTS T(N) = (M(N), —,
AP, u) where states are markings on N, M — M’ if by firing some transition t in
marking M we reach the marking M’, and M B VERT: by delaying d time units in
marking M we get to marking M’. The set of atomic propositions AP and the labeling
function p are defined as AP def {p=xn)|pePneNyand x € {<,<,=,>,>}}
and p(M) € {(p = n) | IM(p)| = nand € {<, <,=, >, >} The idea here is that the
proposition (p 1 n) is true in a marking M if and only if the number of tokens in the

place p satisfies the constraint with respect to n.

4.2 Networks of Timed Automata

We shall now introduce networks of timed automata in the UPPAAL style [3]. UPPAAL
timed automata can perform handshake and broadcast communication and manipulate
finite data structures. We define only those features that are needed for our translation,
namely broadcast communication and integer variables (used only for counting). These
features are only a syntactic sugar and the expressive power is identical to the timed

automata model by Alur and Dill [1].
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Let C = {cy,c2,...} be a finite set of real-valued clocks. A clock constraint (or guard)
is a boolean expression defined by the abstract syntax: g;, g, == true | c >xn | g1 A gz
where c € C,n € Ny and < € {<, <, ==, >, >}. For invariant clock constraints, we require
1 € {<, <}. The set of all clock constraints and invariant clock constraints over C are
denoted by G(C) and Gy (C), respectively.

A (clock) valuation is a function v : C — R, that for every clock ¢ € C returns the
value of c. Let d € R>(. We define the valuation (v + d) after delaying d time units by
(v+d)(c) =v(c) + dforevery c € C. Let r C C. We define the valuation v[r] after the
clocks in r are reset by v[r](c) = 0if c € rand v[r](c) = v(c) if c € C \ 1. The satisfaction
relation v |= g (i.e. when a valuation satisfies a guard g) is defined in the natural way.

We will now define the concept of integer variables. Let X be a finite set of integer
variables. The set VE(X) of arithmetic expressions over X is given by the abstract syntax
expr :==m | x++ | x—— wherem € Z and x € X. The set VG(X) of variable
guards is a boolean combination of the predicates expr > expr where expr € VE(X) and
X e {<, <, ==,>,>}

Variable assignments are expressions of the form x := expr where x € X and expr €
VE(X). The set of all variables assignments over X is denoted by VA(X). A set A C
VA(X) of variable assignments is called non-conflicting if for every x € X whenever
(x :=expr,) € Aand (x := expr,) € A then expr, = expr,.

Finally, we will define a variable valuation as a total mapping z : X — Z that for a
variable x € X returns its current value. This mapping is naturally extended to all vari-
able expressions in VE(X). The satisfaction relation z = ¢ is true if the variable guard
¢ € VG(X) evaluates to true under the valuation z. Let A be a finite non-conflicting set
of variable assignments and let z be a variable valuation. We define z[A] as a variable
valuation updated with the assignments from A by z[A](x) = z(expr) if (x :=expr) € A
and z[A](x) = z(x) otherwise.

We can now define the notion of a timed automaton.

Definition 4.4 (Timed Automaton). A timed automaton is a tuple (L, {y, Act, C, X, —,
Ic, Ix) where Lis a finite set of locations and {, € L is the initial location, Act is a finite set
of actions, C is a finite set of clocks, X is a finite set of integer variables, —C L x G(C) x
VG(X) x Act x 2€ x 2YAX) x L is a finite set of edges s.t. whenever (£, g, b, a,r, A,{') €—
then A is finite and non-conflicting set of variables assignments, Ic : L — G, (C) is a function
assigning clock invariants to locations, and Ix : L — VG(X) is a function assigning variable

invariants to locations.

22



We write ¢ 2% ¢/ instead of (¢,g,d,a,r,A,{') €e—, where { is a source loca-
tion, g is a clock guard, ¢ is a variable guard, a is an action, r is a set of clocks to be
reset, A is a finite non-conflicting set of variable assignments and {' is a target location.

We can now define a network (parallel composition) of timed automata commu-
nicating via broadcast. Let Broad be a finite set of broadcast channel names and let T
denote the internal action T performed by a single component. The set of actions is
Act = {ai,ad | a € Broad} U {t}. The intuition is that ai indicates initiation of broad-
casting on a channel a and all automata where the action a$ is enabled must participate

in the broadcast communication.

Definition 4.5 (Network of Timed Automata). Let A;,Az,..., Ay for some n € N be
timed automata over a fixed set of actions Act, clocks C and integer variables X such that A; =
(Li, Act, C, X, —, 15, I, €) forall 1 < i < n. A network of timed automata (NTA) is a
parallel composition Ay || Az || ... || An.

A configuration of an NTA is a tuple ({1,{5,...,{n,z,v) where {; € L forall 1 <i<m,
z is a variable valuation over X and v is a clock valuation over C such that for every 1,
1 <1i<mn,itholds that z = I} ({;) and v = I ({;). The set of all configurations of a given
NTA A is denoted by Conf(A)

We can now define the precise semantics of networks of timed automata as TTSs.
Let A=A || Az ... | An, where A; = (Li,Act, C, X, —, 15, 1%, £}) be an NTA. The
TTS generated by A is T(A) = (Conf(A),—, AP, u) such that the transition relation
consists of

o Ordinary transitions: (&y,..., 0, ..., by, 2,v) — (b, ..., 0, ... €y, 2", V') if there is

an edge {; Mn ¢! in the i'th automaton such that v |= g,zE ¢ v =],

2/ =z[A],V E L (¢ /\/\]#I] ;)and z/ = I (¢ /\/\]7é11] i),
e Broadcast synchronization transitions: ({1,...,4y,z,v) — (£3,...,0,,2', V') if there
is a € Broad and

. . . iHPi, i) iv'Ai . . 27
— thereexistsan i, 1 < 1 < n, st w)i ¢! is an edge in the i'th
automaton where v = g; and z = ¢,

s ad T A . .
— let 7 be the setof all j, 1 < j #1i < n, st ¢ 93,$5,4515 A j 4 in the j’th
automaton where v |= g; and z = ¢;,

. jd,ad Ty, A
— for all j € J we set £, A; and r; according to the edge (; w)j t

(note that there may be multiple edges to choose from),
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—forallj¢ J,1 <j#i<n,weletl; ={, Ay =0andr; =0,

-z = (. (G ((ZADADAD - TA DA ]) - A1 ]) [AL] such that
z' | Aoy I (8,
— v/ = v[R] where R = [ J{_; T« such that v/ = A _, I&({;), and

e Delay transitions: ({,...,4,2z,V) <4 (€1,...,h,z,v+d)ifd € Rypst. v+ d =
/\?:] I‘L(el)

We let AP & {# > m) | £ € U';Liym € Npand < € {<,<,=,>,>}}, and

w: Conf(A) — 247 is defined such that a proposition (#{ > m) is true in a given
configuration if and only if the number of parallel components that are currently in the
location { satisfies the constraint with respect to m.

The initial configuration is (£}, €3, ..., {5, zo,vo) where vo(c) = O for all c € C. We

require that z, satisfies the variable invariants of all initial locations.

Remark 4.6. Note that during a broadcast, the assignments on the edge of the sender are eval-
uated first, followed by the assignments of the receivers that are evaluated in the order from A4
to A...

4.3 The Translation

We will now present the translation from k-bounded TAPN (where the maximum num-
ber of tokens in every reachable marking is at most k) to NTA. For each token in the
net, we create a parallel component in the network of timed automata. Since we cannot
dynamically instantiate new timed automata, we need to have a constant number of
tokens in the net at all times. As we assume that the net is k-bounded, it is enough to
construct k automata to simulate each token. In each of these automaton there is a loca-
tion corresponding to each place in the net. Whenever a TA is in one of these locations,
it simulates a token in the corresponding place. Moreover, each automaton has a local
clock which represents the age of the token. All automata simulating the tokens have
the same structure, the only difference being their initial location, which corresponds
to the tokens’ initial position in the net. Because there may not always be exactly k to-
kens present during the execution of the net, we add a new location £cpciry Where the
automata representing currently unused tokens are waiting.

In addition to these “token” automata we create a single control automaton. The pur-

pose is to simulate the firing of transitions and to move tokens around via broadcasts
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Figure 6: A simple TAPN and the translated NTA.

initiated by the control automaton. This automaton has a location £y, which acts as a
mutex in the sense that the control automaton moves out of this location once the simu-
lation of a transition begins and returns back once the simulation of the transition ends.
Moreover, each time the automaton is in £y, the token automata in the composed NTA
correspond to a marking in the TAPN. We will first show how the translation works on

two examples.

Example 4.7. Figure 6 shows a simple TAPN with a single transition and four tokens of different
ages. The translated NTA consists of five automata, one control automaton (topmost automaton)
and four token automata, one for each token. Notice that in this example we have refrained from
drawing the eapaciry location as it is not used.

The translated NTA works as follows. First, the control automaton broadcasts on the channel
tust. Any token automaton with its clock in the interval [0,4] is forced to participate in the
broadcast; in our case three token automata will participate. We use integer variables to count
the number of token automata that took part in the broadcast. Because the preset of t has size
one, we only need one counter variable count,. Once the token automata synchronized in the
broadcast, they move to the intermediate locations {(t5°) and during the update each increments
county by one; in our case the value of count, will become three. This means that the invariant
on L(t) in the control automaton is satisfied. In other words, we know that there are enough

tokens with appropriate ages in the input places for t to fire. Notice that if there were not enough
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tokens in some of the input places, then the invariant on {(t) was not satisfied and the broadcast

could not take place at all. This is one of the crucial aspects to realize in order to see why this

ecapacity Q

Figure 7: A TAPN and the translated NTA.

translation preserves liveness properties.

Now the value of count; is three and the control automaton may not broadcast on the tg,
channel yet since the guard ensures that this is only possible when exactly one token automaton
remains in its intermediate place. Therefore, we are forced to move two of the token automata
back to po via the t-transitions. This is possible only as long as count, is strictly greater than
one. Hence exactly one token automaton has to remain in its intermediate place before the control
automaton can broadcast on the tg, channel and finalize the simulation of firing t. Note that

due to the invariant ¢ == 0 in the control automaton, no time delay is possible during the

simulation of the transit

ion.
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After demonstrating the basic idea of the broadcast translation, let us discuss a

slightly more elaborate example using all of the features of the TAPN model.

Example 4.8. Consider the TAPN model in Figure 7 that uses transport arcs (the pair of arcs
with filled tips from py to pa) for moving tokens while preserving their ages, an inhibitor arc (the
arc with the circle tip) and an invariant in place p4. The NTA created by our algorithm is below
the net. As before, the template is repeated three times, once for each token, the only difference
being the initial location (p1, p, and ps, respectively) and the name of the clock (cy, ¢, and c3,
respectively).

We see that the control automaton has a test-fire loop for every transition in the TAPN model.
There are some special constructions worth mentioning. First of all, consider the inhibitor arc
from p3 to t. This arc is encoded using a self-loop participating in the t,. broadcast transition.
We use a counter variable to count the number of automata that take this edge. We simply encode
the requirement that there is no token in the interval [0, 2] by adding the invariant count; ==
on the location {(t).

A second observation is the guard on the edge from py to L(t]}). It is evident that this does
not match the interval [1,5] located on the arc from p; to t in the TAPN model. The guard
1 < c¢i < 3isin fact the intersection of the interval [1,5] and the invariant < 3 on the place pa.
This is because the age of the token consumed in p; will be preserved once moved to p4 and by
intersecting the intervals we avoid possible deadlocks. One may think that it is enough to add
the invariant < 3 on the intermediate place, however, this may result in incorrect behavior. If
there were two tokens in py with ages 4 and 2, the broadcast on t.s would be blocked. This is
because invariants block the entire broadcast transition even if only a single automaton with a
satisfied guard cannot participate due to the violation of the invariant in its target location.

For our specific example, we need at least one token of age [1,3] in py, at least one token of
age [0,4] in p, and zero tokens of age [0, 2] in p3 in order for t to be enabled, which is precisely
encoded in the invariant on {(t). The reader may also notice that different transitions share
counter variables. The variable count; is used in the simulation of both t and t' but they are
used in a non-conflicting way, in the sense that we are never simulating t and t’ at the same
time. We also see that during the simulation of t' we do not take the invariant of the target
location into account since the arc from t' to p4 is a normal arc and produces a token of age zero

which always satisfies any invariant.

We shall now proceed to present the translation algorithm. For every transition t we

assume an a priori fixed set Pairing(t), motivated by [9], where
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Algorithm 1. Translation from k-bounded TAPN to NTA.

Input: A k-bounded TAPN N = (P, T, F, ¢, Frarc, Ctarc, Finniv, Cinniv, ) with a marking Mo
Output: NTA Py = AlA A2l ... |Axst. A= (L, Act,C,X,—,I¢c,Ix,¥{p)and

A‘i. = (LivACt>C>X74)iin(.:)I§()ei(.))
begin
fori:=1tokdoL;:=PU {mecity}
L:= {estahle}'» Act := {ttestiy trestS, tﬁr‘ei) tﬁnﬂg ‘ te T} u {T}
C:={c,c1,c2,...,¢cx}; X:={count; | 1 <1< NumVars(N)}
forallt € T do
j := 0; varlnvy := true; varGuard, := true
while |Pairing(t)| > 0 do
j :=j + 1; Remove some (p, I, p’, type) from Pairing(t)
fori:=1tokdo

Li =L U{L(?,)}
g, true, tisd, 0, count; + +

Add p i E(tg,) s.t. g :==c € Lif type = normalelse g :=c € INt(p’)
P true, true, tﬁmi, R, 0 , .
Add Z(tp/) —————————; p’s.t. R={cy}if type = normal else R = 0
true, count; >1, t, 0, count; — —
Add €(tD,) ’ ——ip
varlnvy := varlnvy N county > 1; varGuardy := varGuardy /\ count; == 1

forall p € P where (p,t) € Fiyip do

. . ) CiE€Cimip (P, 1), true, tisS, O, count; ++
j:=j+ 1, fori:=Ttokdo Add p b et ) i p

varlnvy := varlnvy A\ count; == 0; varGuardy := varGuardy /\ count; == 0

true, true, tystl, {c), 0 true, varGuardy , tﬁ,ei, 0, {count; :=0[1<i<j}

L:=Lu{(t)}; Add Leapre €(t) and €(¢) Cstaple

fori:=1tokdo
ci <a ifpePandi(p)=1[0,da]

IL(p):={ci<b ifpePandi(p)=1[0,b) I (p) :=trueforp € L;
true ifpeli{\P

Ix(p):=

true if p = Ly varlnvy  ifp =4L(t)fort €T
Ic(p):=

c <0 ifp e L\ {Lpret true FL\{(t) | teT)
i:=0; forall p € P do forall Token € M (p) do B}) =pyii=1i41
fori:=|My|+ 1tokdo E}) = Leapacity

Lo = Lstaple
end

Pairing(t) ={(p, L, p’, tarc) | (p,t,p') € Frre N1 = Crarc(p, t,p’)} U
{(p1, 11, pj,normal), ..., (Pm, Lm, Piy, normal) |
p1,...,pd={plp,t) €FL{py, ...} ={p I (t,p) €T}
m =max({,{'),I; =c(p;,t)if 1 <i<{lelsel; =[0,00),

Pi = ecapacity ifl<i < m,p{ - ecupacity if ' <1 < m}

The set Pairing(t) simply pairs input and output places of t in order to fix the
paths on which tokens will travel when firing t. It also records the time interval

on the input arc and the type of the arc (normal for normal arcs and farc for trans-
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port arcs). As an example, a possible pairing for the transition t in Figure 7 is
Pairing(t) = {(p1,[1,5],pa, tarc), (p2, [0,4], Lcapacity, normal)}. We also let NumVars(N) def
maxiet ([Pairing(t)] + {(p,t) | (p,t) € Fimip}l) denote the maximum number of integer
variables needed in the translation. The translation is given in Algorithm 1. Note that it

works in polynomial time.

4.4 Translation Correctness

For notational convenience, we shall in this section sometimes label discrete transitions
with the names of the transitions by which they were performed.To prove the correct-
ness of this translation, we will follow the methodology described in Section 3.2. We
let (N, M) be a marked k-bounded TAPN and let P14 be the NTA constructed by Algo-
rithm 1 with initial configuration s,.

We define the stable proposition as (#{ym. = 1). Recall that (#{smp. = 1) is true
whenever there is one TA in the {,, location. Thus (£, £7,4>,...,4, z,v) = (#same = 1)
if and only if € = Lyapie.

We will first show that Pry possesses the three properties required by a complete

one-by-many correspondence. Recall that T(Pry4) is the TTS generated by Py4.
Lemma 4.9. T(Pr,) is a delay-implies-stable TTS.

Proof. Since all locations in the control automaton except £, have the invariant c <0,

it follows that only 0 delays are possible in intermediate states. O
Lemma 4.10. T(Py4) is a delay-preserves-stable TTS.

Proof. Since time delays do not change the current location of any automaton, it follows
that any time delay from a stable configuration will result in another stable configura-
tion. Thus, T(Pg4) is a delay-preserves-stable TTS.

O

Lemma 4.11. T(Pg4) is an eventually-stable TTS.

Proof. We must show that for any (finite or infinite) maximal discrete sequence of length
atleast 1

P=So—>81 —> S —» S3 —> - -

where sg = (#sa0. = 1), there exists an i > 1 such that s; = (#sp. = 1).
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Because s is stable, it follows that the control automaton is in location £y, in so. We
will show that by construction any maximal discrete sequence starting in sy contains a
prefix of the form

ttes tﬁre
So — 8] — 83 — s — Sp_1 — Sp

such that n <k 4 1 (we assume that the input net is k-bounded) and s,, = (#sap1e = 1).

If any discrete transition is enabled in sy then by construction, it is a broadcast tran-
sition on some channel t,.;. Assume that s, ety s1. In s there are only two possibilities
for discrete transitions, which are mutually exclusive and by construction one of them
is always possible (due to the use of integer guards and invariants). Either there is a 1-
transition enabled in some token TA in case there are more than one token TA currently
in the same intermediate location (%(tg,) or a broadcast on the t4, channel is enabled
when there is exactly one token TA in each of the required {(t},) locations.

In the first case, the only possibility is to keep taking t-transitions, which move the
extra token TA back to their original locations. This must continue until some configura-
tion s,,_; is reached where there are no more t-transitions enabled. By construction, this
will eventually happen. It follows that t4,. will be the only enabled discrete transition in
sn—1. In the worst case, all k TA participated in the t; broadcast synchronization and
only a single TA is required to synchronize on the tg, broadcast channel. Thus, we must
move k — 1 TA back to their original locations.

In the second case, only the t4,, broadcast synchronization is enabled and we have by
construction of Pr4 that the invariants on the target location of all t4,, broadcast receivers
will be satisfied. Since synchronizing on the tg, channel brings the control automaton
back to s, it follows that s, = (#lsae = 1). Hence, T(Pra) is an eventually-stable
TTS. O

We now define the proposition translation function tr,. A TAPN proposition (p <
n) is translated into (#p >an).

Let us now define a correspondence relation R between markings and configura-
tions. Let M = {(p1,11),(p2,12),...,(Pn,Tn)} be a marking of N such that n < k,
where (pi,7i) is a token located in the place p; with age r; € Rso. Further, let
s =({,0,0,...,0,z,V) be a configuration of Pr4. We define R such that (M, s) € R iff
there exists an injection h : {1,2,...,n} — {1,2,... k} such that { = (s, {ni) = Pi
and v(cn(y)) = 7 for all i where 1 <1 <, {; = {egpuciry for all j € {1,2,...,k} \ range(h)
and count; = 0 for all 1 < i < NumVars(N). Intuitively, if (M,s) € R then for every
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token in M there is a TA where its location and clock valuation matches the token data
and vice versa.

We shall now prove that R is a complete one-by-many correspondence.
Theorem 4.12. The relation R is a complete one-by-many correspondence.

Proof. Let (N, M,) be a marked k-bounded TAPN and P74 be the NTA generated by
Algorithm 1. We will show that R satisfies all requirements of Definition 3.2 and thus
is a complete one-by-many correspondence. From Lemma 4.9, Lemma 4.10 and Lemma
4.11 it follows that T(Pra) is a delay-implies-stable, delay-preserves-stable and eventually-
stable TTS.

Let M be a marking and let s be a configuration, such that MR s. We shall now
prove that R satisfies conditions 1-6 of Definition 3.2 on page 10.

1. s = (#0. = 1) follows from the definition of R.
2. From the definition of R it follows that M = p iff s = tr,, ().

3. Assume M — M’. This means that there exists a transition t such that M —— M".
We must show that s ~» s’ such that M’ R s’. We will start by showing that t.; is
enabled in s. Since t,. is a broadcast channel, the first requirement is that the t;.;
sender has to be enabled. There are no guards on the sender transition, so only the
invariant on {(t) may block the t; sender. The second requirement is that every
possible receiver (i.e. any receiver whose guard is satisfied) must participate in the
broadcast synchronization. Due to the construction of Py, there are no invariants
on the intermediate places {(t7,). Thus, any receiver with a satisfied guard can
participate in the broadcast synchronization. By the fact that MR s, it follows
that enough TA will participate in the broadcast synchronization to satisfy the

invariant on {(#). Thus, s —<5.

Since s = (#ls. = 1) and s et we have by Lemma 4.11 that

t
S—H8 —3Sy— - — 8y =5

such that s; B~ (#lsape = 1) for 1 <1 < n and s, = (#lsae = 1). By construction,

this sequence has the form

thest tﬁ”’
S —9 8] —3 Sy — - —Sn_] — S
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4.,6.

where n < k + 1. Thus, since M %5 M’ we can use the sequence above and
Lemma 4.9 to get the sequence s ~» s’. Observe that if [*t| > [t°*| then [*t] — [t°|
token TA will be moved to {cpuciry after simulating t from s and if |*t| < [t*| then
[t*| — |*t|] token TA will be moved out of {epciry after simulating t from s. Since
MR s, we get M’ R s’ by matching the changes in M when firing t to the changes

in s when executing the sequence above.

Time delays can only be restricted by invariants. By Lemma 4.9 and the fact that
the invariant on place p in N is carried over to location p in Prs, we have that it is
always possible to do the same time delays in M and s. By Lemma 4.10, it follows

clearly thatif M —4, M’ then s —% s’ and M’ R s’ and vice versa.

. Assume s ~» s’. This implies that

0 0 0
SHS]—)81H82—>82H“'H8n,1—>8n,1—)Sn:S/

such that s; £ (#lse = 1) for 1 < i <mand s, = (#le = 1). By construction
of P14, we have that n < k 4 1 and that this sequence must be of the form (leaving
out 0 delays)

trest tﬁre
S — 8] — Sy — - — Sp_] — Sq.

threst

Since s — s; we know that the invariant on £(¢) is satisfiable. By the construction
of P4, this in turn means that there are enough token automata that can synchro-
nize on t,y in such a way that for each input place p € °t there is at least one
automaton whose current location is p and the clocks of these automata satisfy
the guards on the t,. transitions. Further, for each place p’ such that there is an
inhibitor arc from p’ to t, there is no automaton in location p’ with a clock satisfy-
ing the guard on t,.. This is exactly what is needed to fire t from M, and because
M7Rs,then M M.

If any token TA moves out of {cpiry when s ~ s’ then additional tokens will be
produced when firing transition t from M and if any token TA moves into Lepacity
when s ~~ s’ then t will consume more tokens than it produces when fired from

M. Since MR s, we clearly get M' R s’.
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5 Conclusion

We have introduced a general framework for arguing when a translation between two
timed transition systems preserves TCTL model checking. The framework generalizes
earlier translations like [9] and [10] that dealt with concrete models. Apart from [9, 10],
the framework is applicable also to other translations like [8, 11, 13, 17]. We have further
described a novel reduction from bounded timed-arc Petri nets with transport/inhibitor
arcs and invariants on places to networks of timed automata in the UPPAAL style to
which the framework is applicable. Compared to earlier translations, we considered
a more general class of nets and showed that also liveness TCTL properties are pre-
served. The translation works in polynomial time and it has been implemented in the
verification tool TAPAAL [9].

Acknowledgements. We would like to thank Alexandre David and Kenneth Y. Jor-
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