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On Semantics for Testing in Time Petri Nets
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Abstract

Dense-Time Petri Nets (TPNs) are now a well-established model to describe and study real time (quanti-
tative) and functional (qualitative) properties of safety-critical, computer-controlled systems. Testing
equivalences, used to compare systems’ behaviors (processes) and reduce the structure of systems, are
defined in terms of tests that processes may or must pass. The intention of the paper is to establish
the interrelations between various semantics for must-testing equivalences with extended tests, in the
framework of TPNs. This allows for studying in detail the timing behavior in addition to the degree of
relative concurrency of processes generated when systems are functioning.

1. Introduction

Dense-Time Petri Nets (TPNs) are suitable for qualitative and quantitative modelling and verify-
ing of safety-critical, computer-controlled, real-time systems. Several semantics (behaviors) are
explored in the literature for TPNs, that can be classified according to interleaving — partial order
dichotomy. The classical interleaving behavior of the TPN is described by runs — sequences of
changes in states by time elapsings and/or transition firings. The semantics allows for analyzing
some safety and liveness properties of systems, however concurrency between net transitions
is reduced to non-deterministic choice between sequences of transitions firings in any possible
order. Step semantics of TPNs generalizes the interleaving approach by allowing several con-
current transitions (forming a step) to fire simultaneously. Partial order semantics of TPNs is
most often represented by means of the so-called causal net processes which include events
and conditions related by causal dependence (the absence of causality means concurrency)
and equipped with timing information. Causal tree semantics summarizes the interleaving
and partial order approaches by representing the behavior of the TPN in the form of a tree
with nodes corresponding to runs, and edges labeled by actions with their times and causal
predecessors.

Testing equivalences [1] are explicitly based on a framework of extracting information about
the systems’ behaviors (processes) by testing them. Two processes are considered equivalent if
there is no test that can distinguish them. In the realm of untimed models, interleaving testing
was thoroughly investigated and well-understood in the setting of models of transition systems
(see [2, 3] among many others). Interleaving, step and partial order testing equivalences for
elementary net systems (safe Petri nets without loops) were studied in [4]. There, the authors
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indicated the location of the testings among other behavioral equivalences from linear time -
branching time spectrum, providing their hierarchies for the model under consideration with
and without invisible actions. Partial order and non-deterministic semantics for different classes
of Petri nets are often represented by means of various models of event structures. In the
framework of the models, testing equivalences within interleaving — partial order dichotomy
were developed and compared in the papers [5, 6, 7]. Moreover, in [7] special attention was paid
to the relationships between partial order and causal tree semantics in the context of testing
equivalences. To the best of authors’ knowledge, causal tree semantics in the framework of
Petri nets has not been studied yet.

As safety-critical applications often require verification of real time characteristics, testing
equivalences are expanded in concurrent models with time. In the papers [8, 9, 10, 11], alternative
characterizations of timed testing are provided for timed generalizations of interleaving models.
In [12], the testing relations along with their alternative characterization and discretization
were proposed in the framework of Petri nets with time intervals associated to arcs from places
to transitions. At the same time, to the best of our knowledge, there are only few mentions
of a fusion of timing and partial order semantics, in testing scenario. In this regard, the work
[13] is a welcome exception, where time-sensitive testing is investigated within linear time —
branching time spectrum, in the setting of event structure models with time characteristics.
Also, our origin is the paper [14] the main result of which is the coincidence of poset and causal
tree testing equivalences, with the tests as direct extensions of the experiments, in the setting
of TPNs. In this paper, we expand the results of [14] to step, poset and causal tree semantics
with extended tests', and demonstrate the discriminating/matching power of the semantics in
the framework of testing equivalences on contact-free TPNs. The results obtained can be useful
in formal verification of systems since partial order semantics allows for reducing the number
of systems’ states to be analyzed.

2. Syntax and Different Semantics of TPNs

In this section, some terminology concerning the model of Petri nets with timing constraints
(time intervals on the firings of transitions) and its concurrent semantics in terms of interleav-
ing/step firing sequences, causal net processes and causal trees are defined.

2.1. Syntax and Interleaving/Step Semantics of TPNs

We start with recalling the definitions of the structure and interleaving/step behavior of time
Petri nets [15, 16]. We use Act as an alphabet of actions and Act" as a set of multisets over
Act. Let the domain T of time values be the set of rational numbers. We denote by |71, 72| the
closed interval between two time values 71, 7 € T. Infinity is allowed at the upper bounds of
intervals. Let Interv be the set of all such intervals.

Definition 1. « A(labeled over Act) time Petrinet is a pair TN = (N, D), where N' = (P,
T, F, My, L) is a (labeled over Act) underlying Petri net (with a finite set P of places, a

"Testing equivalence with extended tests checks, after the executions of the experiments, the tests that are
continuations of the experiments with steps/posets of actions, not with single actions.



finite set T' of transitions such that PN'T = () and P U T # (), a flow relation FF C
(P xT)U(T x P), an initial marking ) # My C P, a labeling function L : T — Act) and
D : T — Interv is a static timing function associating with each transition a time interval.
For a transition t € T, the boundaries of the interval D(t) € Interv are called the earliest
firing time E ft and latest firing time L ft oft. Foro € PUT, let*z = {y | (y,z) € F}
and z® = {y | (x,y) € F'} be the preset and postset of x, respectively. For X C PUT,
define* X = J,cx *v and X® =, 2°.

A marking M of TN is any subset of P. A transitiont € T is enabled at a marking
M if*t C M. Let En(M) be the set of transitions enabled at M. A non-empty subset
() #U C T is astep enabled at a marking M, if (Vt € U o t € En(M)) and (Vt # 1t €
U: (Ctut)n (Ut =0)

A state of TN is a pair (M, I), where M is a marking and I : En(M) — T is a dynamic
timing function. The initial state of TN is a pair Sy = (Mo, Iy), where My is the initial
marking and Iy(t) = 0, for allt € En(My).

A step U enabled at a marking M can fire from a state S = (M, I) after a delay time
0 e Tif(Eft(t) <I(t)+0) forallt € U,and (I(t')+0 < Lft(t')), forallt’ € En(M).

The firing of a step U that can fire from a state S = (M, I) after a delay time 0 leads to the

new state S’ = (M', I') (denoted S @A) S’) given by:

(@) M -% A,
Ity +0, ift' € En(M\ *t),

(b)y Vi e T - I'(t') =< 0, ift' € En(M')\ En(M \ *t),
undefined, otherwise.

Then, we write S 48 S if A = L(U) = Sy L(t) € ActY, ie. A is a multiset

over the set {a € Act | a = L(t) andt € U}. We use the notation S 7 S’ iff

o= (U1, 01) ... (Up, 0) and § = §° 4 g1 gh=1 Wel) gk _ 1 4> 0). In this
case, o is a step firing sequence of TN from S (to S’), and S’ is a reachable state of TN
from S. Whenever | U; |= 1 for all 1 < i < k, we call o an interleaving firing sequence
of TN Let FS(;)(TN') be the set of all step (interleaving) firing sequences of TN from
So, and RS(TN') be the set of all reachable states of TN from Sy. Foro = (Uy,6,) ...
(Uk, Hk) S ./T“SS(Z)(TN), L(O’) = (Al, 91) c. (Ak, Qk) lﬁPAZ = L(Ul)for alll <1 < k.

We call TN T-restricted iff *t # () # t®, for all transitionst € T'; contact-free iff whenever
astep U can fire from the state S = (M, I) after some delay time 0, then (M \*U)NU*® = 0),
forall S € RS(TN). In what follows, we shall consider only T-restricted and contact-free
time Petri nets.

Example 1. A (labeled over Act = {a,b,c}) time Petri net TN is shown in Figure 1. Here,
the places are represented by circles, and transitions — by bars; the names are depicted near the
net elements, the flow relation is drawn by the arcs, the initial marking is represented as the set
of the places with tokens (bold points), and the values of the labeling and timing functions are
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Figure 1: The TPN TN.

printed next to the transitions. It is not difficult to check that t1, to and t4 are transitions enabled
at the initial marking Mo = {p1,p2}, and, moreover, {t1,t4} and {t2,t4} are steps enabled
at My. The steps can fire from the initial state Sy = (Mo, Ip) after time delay 61 = 1, where

i 0, ift c {tl,t27t4}, B
Iy(t) = { wnde fined, otherwise The sequence 0 = ({t1,t4},0.5) (t3,1) (t2,2)

(t5,2) is a step firing sequence ofﬁ/’ from Sy. Also, we have L(c) = (2'a,0.5) (b,1) (a,2)
(¢,2). Furthermore, it is easy to see that TN is really T-restricted and contact-free.

2.2. Causal Net Process Semantics of TPNs

In this subsection, the concept of causality-based net processes is presented in the context of
TPNss.

We start with the definition of time causal nets, whose events and conditions are related by
causal dependence and concurrency (absence of causality), and whose timing function associates
with the events their occurrence times.

Definition 2. A (labeled over Act) time causal net is a finite, acyclicnet TN = (B, E,G,l,T)
with a set B of conditions; a set E of events; a flow relation G C (B x E)U (E x B) such that
| *b |< 1 >| b |, forallb € B, and *B = E = B®; a labeling functionl : E — Act, and a
timing function T : E — T such thate GT ¢’ = 7(e) < 7(€).

For a time causal net TN = (B, E, G, 1, 7) and e, ¢’ € E, define:
« TN*={be B|b* =10};
. <= GT, == G* (causality);

« Predec(e) = {¢/ € E | ¢ < e} (causal predecessors of e), Farlier(e) = {€ €
E | 7(¢) < 7(e)} (time predecessors of ¢), and Cut(e) = (Earlier(e)® U *TN) \
*Earlier(e);

« E'is a downward-closed subset of E iff E' C E and Predec(e’) C E',foralle’ € FE';a
timely sound subset of E iff E' C E and Farlier(e') C F’,forall e’ € F';

ce — e < —(le<¢€)V (¢ <e)) (concurrency); ) # V C Eisastepiff e — ¢
and 7(e) = 7(¢/) foralle # ¢’ € V. Let 7(V) = 7(e) for some e € V (time of V);



« asequence p = Vi ... Vj (k > 0)of steps of T'N is an s-linearization of TN iff | J, ;.. Vi =
E and () <;<p>1 Vi = 0 (i.e. every event of T'N appears in the sequence exactly once),
and forall 1 < i < j < kitholds: | J;«;-; V] is a downward-closed and timely sound sub-
set of Ulgmg ; Vi (i.e. both causal and time order are preserved: forall 1 <7 < j <k,
=((e < e) VvV (r(el) < 7(e))), foralle € V;, ¢’ € V;). Whenever | V; | = 1 for all
1 <1 <k, pis an i-linearization;

« n(TN) = (Ern, 27Ny N(Ern X Ern),lrn, Trn) is a time poset”. For time posets
n=(E,X,l,7)andny = (E', <, I',7'), n is a pos-extension of ) iff E' is a downward-

) —2 "

closed and timely sound subset of E, <'=<NE' x E',I' =1 |g,and 7/ = 7 |p.

We are now ready to define the concept of causal net based processes of TPNs, proposed in
[15].
Definition 3. Given a time Petri net TN = ((P, T, F, My, L), D) and a time causal net
TN = (B7E7G7l)7—)’

« a mapping ¢ : BUFE — P UT is ahomomorphism from T'N to TN iff the following
hold:

¢(B) C P,p(E) CT;

the restriction of  to *e is a bijection between *e and ®*p(e), and the restriction of ¢
to e® is a bijection between e® and p(e)®, foralle € E;

the restriction of  to *T' N is a bijection between *I'N and My;
l(e) = L(p(e)), foralle € E.

e apairm = (T'N, ) is a time process of a time Petri net TN iff TN is a time causal net
and o is a homomorphism from TN to TN’;

« atime process™ = (T'N, @) of TN is correct iff for all e € E it holds:

(a) 7(e) = TOE(*e, p(e)) + Eft(p(e)),

(b) vt € En(p(Cut(e))) o 7(e) < TOE (Cut(e),t) + Lft(t).
Here, for a subset B' C By and a transitiont € En(p(B’)), the time of enabling (TOE)
of t, i.e. the latest global time moment when tokens appear in all input places of t, is
defined as follows: TOE,(B’,t) = max ({TTN('b) | b€ Bft} \*TN}U {O}) where
By ={be B'| prn(b) € °t}.
Let CP(TN') denote the set of correct time processes of TN .

We now present for the time Petri net the relationships between its correct time processes
and its interleaving/step firing sequences from the initial state.

Proposition 1. [15, 16] Let TN be a time Petri net. Then,

?A (labeled over Act) time poset (partially ordered set)is a tuple n = (X, =<, A, T) consisting of a finite set X
of elements; a reflexive, antisymmetric and transitive relation =<; a labeling function ! : X — Act; and a timing
function 7 : X — T such thatz <X 2’ = 7(x) < 7(2').



(i) foranym = (TN,¢) € CP(TN) with an s(i)-linearization p = Vi ...V}, of TN, there
is a unique step (interleaving) firing sequence F'S;(p) = (¢(V1), 7(V1) — 0) ... (¢(Vi),
T(Vk> — T(kal)) S .7:88(1)(7-./\/_),

(ii) for any step (interleaving) firing sequence 0 € FS;)(TN), there is a unique (up to
an isomorphism?) correct time process 1, = (T'N,p) € CP(TN) with a unique s(i)-
linearization p, of TN such that FS;_(p,) = 0.

For correct time processes m = (T'N, ), ©’ = (T'N',¢') € CP(TN), we say that 7 is a
pos-extension of 7’ in TN iff n(T'N) is pos-extension of n(TN'), B € B,G' = GN (B’ x
E'UFE x B/), and gOl = ’B’UE“

We expand the above results to pos-extensions of correct time processes of TPNs.

Lemma 1. Given a time Petrinet TN, 0 € FS;)(TN), andm € CP(TN) such that o =
F'S;(p), where p is an s(i)-linearization of T N,

(i) if T is a pos-extension of w in TN, then there is 00’ € FSy;)(TN) such that oo’ =
FSx(pp’), where pp is an s(i)-linearization of T Nz;

(ii) ifoo’ € FSyu)(TN), there ist € CP(TN) such that 7 is a pos-extension of m in TN
and oo’ = FSz(pp'), where pp is an s(i)-linearization of T'N5.

2.3. Causal Tree Semantics of TPNs

Causal trees [17] are synchronisation trees which carry in their labels additional information
about causes of actions thus providing us with an interleaving description of concurrent pro-
cesses, which faithfully expresses causality. Time causal trees are generalizations of causal
trees by adding timing. In the time causal tree of the TPN, the nodes are the interleaving firing
sequences of the TPN, and an edge exists between two nodes if the second one is a direct
extension of the first one. The causes in the edge labels are calculated based on the causality
relations in the correct time processes of the TPN corresponding to the nodes (the interleaving
firing sequences).

Definition 4. The time causal tree of the TPN TN, TCT(TN), is a tree (FS;(TN), Ed, ¢),
where FS;(TN) is the set of nodes with the root ¢; Ed = {(0,0(t,0)) | 0,0(t,0) € FS(TN)}
is the set of edges; ¢ is the labeling function such that ¢(e) = € and ¢(o,0(t,0)) = (L7 (t), 0,
K), witho = FSz,(ps = €1...¢€n),0(t,0) = FSx_ ., (Po(t,0) = €1 .. €ne), K = {n—1+1]|
€L =TNr, » e}. Let path(o) be the path starting from the root and finishing in the node o of

TCT(TNY.

Time processes 7 = (TN, @) and 7' = (TN’ ') € CP(TN) are isomorphic (denoted 7 ~ 7') iff there exists
a bijective mapping 3 : BUE — B’ U E’ such that (i) 3(B) = B'and 3(E) = E'; (i)t Gy < B(z) G’ B(y),
forallz,y € B U F; (iii) [(e) = I'(B(e)), for all e € E; (iv) T(e) = 7'(8(e)), for all e € E; (v) o(z) = ¢'(B(x)),
forallz € BUE.

*We assume path(e) = e. Notice that in TCT(TN), for any node o € FS;(TN), there is a path starting
from the root and finishing in o.



Example 2. Consider the time Petri net TN (see Figure 1) and its interleaving firing sequence
o = (t1,0.5) (t4,0) (t3,1) (t2,2) (t5,2) € FS;(TN). It is easy to get that ¢(path(c)) =
(a,0.5,0) (a,05,0) (b, 1,{2}) (a,2,{1}) (.2, {1,3}).

We finally establish some relationships between correct time processes and labeled paths in
the time causal trees of two time Petri nets.

Proposition 2. Let TN, TN be time Petri nets. Then,

(i) foranym € CP(TN) and ' € CP(TN") with an isomorphism f : n(TN;) — n(T N,),
d(path(FSx(p))) = ¢'(path(F S (f(p)))), for any i-linearization p of T Ny;

(ii) foranyo € FS;(TN) and o’ € FS;(TN") such that ¢(path(c)) = ¢ (path(c’)), there
is an isomorphism f : (T Ny, ) — 1n(T Ny_,) such that f(ps) = py'.

3. Testing Equivalences

Interleaving testing equivalence deals with the experiments on the TPN — sequences of actions
with their times — and the behaviors which are tested for after the experiments — sets of actions
with their times. So, it checks whether actions with times, given as a test, can be executed after
a sequence of actions with times, specified as an experiment. Here, both the experiments and
tests represent interleaving semantics.

Definition 5. Given time Petri nets TN and TN,

« for a sequence w € (Act x T)* and a set W C (Act x T), TN after w MUST™ W
iff for all firing sequences o € FS;(TN) such that L(0) = w, there exists an element
(a,0) € W and a firing sequence o (t,0) € FS;(TN) such that L(o(t,0)) = w(a, 0);

« TN and TN’ are interleaving testing equivalent (denoted TN~ TN”) iff for all

int

sequences w € (Act x T)* and for all sets W C (Act x T), it holds:

TN after w MUST? W <= TN’ after w MUST!" V.

In step testing, the experiments on the TPN are sequences of multisets over sets of actions
with their times and the tests checked after the experiments are sets of multisets over sets of
actions with their times. So, it checks whether multisets over sets of actions with times, given
as a test, can be executed after a sequence of multisets over sets of actions with times, specified
as an experiment. Thereby, both the experiments and tests respect step semantics.

Definition 6. Given time Petri nets TN and TN,

- for a sequence w € (Act™ x T)* and a set W C (Act x T), TA after w MUST‘;ig

W iff for all firing sequences o € FSs(TN') such that L(c) = w, there exists an element
(A,0) € W and a firing sequence 0(U, 0) € FSs(TN) such that L(o(U,0)) = w(A, 0);
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« TN and TN’ are step testing equivalent (denoted TN ~*tP TN”) iff for all sequences

step
w € (Act x T)* and for all sets W C (Act™ x T), it holds:

TN after w MUSTS? W <= TN after w MUST" .

step step .
The idea of partial order testing is that the experiments on the TPN are time posets and the
tests, that are examined after the experiments, are sets of pos-extensions of the experiments.
This contrasts with partial order based testing investigated in the paper in [14], where the tests

contain sets of time posets extending the experiments by single actions with their times. From
now on, we denote pos-extensions of a time poset TP by TPrp.

Definition 7. Given time Petri nets TN and TN,

« for a time poset TP and a set TP C TPrp, TN after TP MUSThos TP iff for all
time processes 1 = (T'N, ) € CP(TN) and for all isomorphisms f : n(TN) — TP,
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Figure 4: The ~}-equivalent TPNs T N5 and TN, for x € {int, step, pos}.

there exists a time poset TP' € TP, a time processw’ = (T'N',¢’) € CP(TN), and an
isomorphism ' : n(T'N') — TP’, such that 7’ is a pos-extension of ™ and f C f;

« TN and TN are poset testing equivalent (denoted TN ~bos TN”) iff for all time posets
TP and for all sets TP C TPrp, it holds:

TN after TP MUSTPTP <= TN’ after TP MUSTPTP.

pos pos
Theorem 1. Given time Petri nets TN and TN,

TN ~B2 TN = TN ~4P TN = TN ~t TN

step int

The implications in the theorem above do not hold in the opposite directions, as demonstrated
in the example below.

Example 3. The time Petri nets TN'1 and T N2, shown in Figure 2, are ~i" —equivalent but

int
they are neither ~3,ch— nor ~pos—equivalent. First, check that TN’y and TNy are not ~3ch—
equivalent. It is easy to see that TN after w = (1'a + 1'b,1) MUSTiiig W = 0, because

in FSs(TN1) there is no firing sequence o such that L(c) = w. However, this is not the
case in TN, since in FSs(TN2) there exists a firing sequence o such that L(o) = w and it
is impossible to find any element (A,0) of W so as to locate in FS;(TN2) a firing sequence
o (U, 0) such that L(c(U,0)) = w(A, 0). Hence, it hods that —=(TN 3 after w = (1'a + 1'b, 1)
MUSTiiEﬁ W = 0). Second, verify that TN’y and TNy are not ~bos—equivalent. Define
a poset TP = ({x1,x2}, =, A, 7) (with <= {(x1,21), (x2,22)}, A(z1) = a, A(x2) = b,
7(z1) = 7(x2) = 1). Forany time processm; = (T'N1, p1) € CP(TN 1), there is no isomorphism
f1: n(TNy) — TP. So, it is true that TN1 after TP MUST)o; TP = (. However, this is
not the case in TNy because there is a time process mo = (T'Na, p2) € CP(TN3), with Ep,
containing two concurrent events labeled by a and b, both with time value 1, and an isomorphism
fa: n(T'Ny) — T'P, and we cannot find any pos-extension of T'P in TP. Hence, it hods that
~(TN after TP MUST? TP = ().

pos



The time Petri nets TNs and TN 4, shown in Figure 3, are ~3cb —equivalent but not ~ho3—
equivalent. Let’s make sure of the latter. Define posets TP = ({1}, 2, A\, 7) (with <= {(x1,x1)},
Mz1) = b, 7(21) = 0) and TP = ({x1, 29, 23,24}, 2/, N, 77) (with '= {(zj,2;) | 1 <
i < 4} U {(x2,z3)}, N(z1) = N(x2) = b, N(x3) = N(x4) = a, 7'(x1) = 7'(22) = 0,
and 7'(xz3) = 7'(x4) = 2.9. It is easy to see that TP’ is a pos-extension of TP. For any
time process 11 = (T'N1,¢1) € CP(TN3), with Epy, consisting of an event with label b
and time value 0, and any isomorphism f1: n(T'N1) — TP, we can find a pos-extension
m = (T'N1,¢) € CP(TN1), with Exy; consisting of two concurrent events, both with label b
and time value 0, and two concurrent events, both with label a and time value 2.9, and, moreover,
one of the two events labeled by a is causally preceded by the added event labeled by b, and an
isomorphism f{: n(T'Nj) — TP’ such that fi C f{. But this is not the case in TN 4.

The time Petri nets TN's and T Ng, depicted in Figure 4, are ~*—equivalent, for x € {int, step,
pos}. O

At last, the definition of testing equivalence based on the causal trees of TPNs is developed.
In doing so the experiments are considered as sequences over the alphabet (Act x T x 2V)
(corresponding to labeled paths from the roots in the causal trees) and the tests are specified as
sets of non-empty sequences over the same alphabet (corresponding to sets of extensions of the
labeled paths in the causal trees). In the paper [14], the tests directly extend the experiments by
single elements, not by sequences of elements, from the set (Act x T x 2).

Definition 8. Given time Petri nets TN and TN’ with their time causal trees TCT(TN') and
TCT(TN"), respectively,

« for a sequencew € (Act x T x 2V)* and a set W C (Act x T x 2Y)F, we say TCT(TN')
after w MUSTS W iff for all paths u in TCT(TN) from its root to a node n such
that ¢(u) = w, there exists w' € W and a path v’ starting from the node n, such that

p(u') = w';

« TN and TN’ are causal tree testing equivalent (TN ~t TN”) iff for all sequences
w € (Act x T x 2M)* and sets W C (Act x T x 2N)*, it holds:

TCT(TN) after w MUSTS'W <= TCT(TN') after w MUSTS'W.

We finally expand the main result of [14] by establishing the coincidence of poset and causal
tree testing equivalences with extended tests, in the setting of TPNs.

Theorem 2. Given time Petri nets TN and TN,

TN ~PE TN = TN~ TN

4. Concluding Remarks

We have specified and studied several testing equivalences based on concurrent semantics, in
the setting of contact-free time Petri nets. In doing so, we dealt with various conceptions of the



behavior of the time Petri net: interleaving/step firing sequences, time processes, from causal
nets of which partial orders are derived, and time causal tree, constructed from interleaving
firing sequences and partial orders. We have demonstrated that interleaving testing equivalence
(with the experiments as labeled interleaving firing sequences and with the tests as experiments
extensions by single actions with their times) is coarser than step testing (with the experiments
as labeled step firing sequences and the tests as sequences extensions by steps of concurrent
actions with their times), which, in turn, is coarser than poset testing (with time posets as
experiments and their pos-extensions as tests). As the main result, the latter equivalence has
been established to coincide with causal tree testing (based on labeled paths and their extensions
in time causal trees of TPNs).

As for future work, we plan to investigate the equivalences and semantics under consideration
in the framework of Petri nets with weak timing policy [18]. Also, it would be interesting to
see whether open intervals in the specification of TPNs influence the results obtained here.
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