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Abstract

This paper addresses the verification of non-blockingness for modular discrete-event systems,
i.e., discrete-event systems that are composed from component models. For such systems,
the explicit construction of a monolithic representation turns out intractable for relevant
applications, since such a construction in general is of exponential cost w.r.t. the number
of components. One well established approach to circumvent the need for a monolithic
representation for the verification task at hand is to alternate (a) the substitution of individual
components by abstractions and (b) the composition of only a small number of strategically
chosen components at a time. When successful, one ends up with a single moderately sized
automaton which does not represent the overall behaviour in any detail but which does block
if and only if the original modular system fails to be non-conflicting. This approach is referred
to as compositional verification and originates from the field of process algebra with more
recent adaptations to finite automata models. The main contribution of the present study
is the development of a number of abstraction rules valid for compositional verification of
non-conflictingness in the presence of global event priorities, i.e., where high priority events
from one component possibly preempt events with lower priority of all components.

Keywords Discrete-event systems - Compositional verification - Event priorities -
Modular systems

1 Introduction

Considering discrete-event systems that are representable as finite automata, a well studied
liveness property is non-blockingness, i.e., the ability of the system to attain an accepted con-
figuration from any reachable state. For example, in the context of supervisory control theory
(Ramadge and Wonham 1987), where marked states are used to represent task-completion,
non-blockingness is a desired closed-loop property.
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For a moderately sized single automaton, non-blockingness can be verified by a straightfor-
ward enumeration-based reachability analysis. In principle, this approach is also applicable
to modular systems consisting of a number of component models since the overall behaviour
can again be represented as a single automaton. The construction of such a monolithic rep-
resentation for the purpose of verification, however, does not scale well with the number of
components, and, for relevant applications tends to turn out infeasible. The situation for off-
line analysis contrasts that for implementing the overall behaviour by computer software and
hardware, e.g. by a programmable logic controller (PLC) in an industrial automation context:
the latter does not require a monolithic representation; see e.g. Moor (2022). This motivates
the interest in methods for the verification of non-blockingness for modular discrete-event
systems that likewise circumvent an explicit monolithic representation.

One well established approach to address this situation is referred to as compositional
verification. Inspired by the testing theory (Nicola and Hennessy 1984), compositional
non-blockingness verification attempts to abstract each component model while preserving
non-blockingness when composed with any arbitrary other test-automaton. This of course
includes the special case of the test-automaton to match the composition of the remain-
ing component models. Such an abstraction is called conflict equivalent. Specifically for
automata representations of component models and their synchronous composition, various
qualifying abstraction rules have been proposed in the literature; see e.g. Flordal and Malik
(2009); Su et al. (2010); Ware and Malik (2012); Pilbrow and Malik (2015); Mohajerani et al.
(2016). Once abstraction rules have been applied to the component models, one strategically
chooses a small number of components and substitutes them with their actual synchronous
composition. While this increases the state count, it also potentially decreases the number
of shared events. In turn, a subsequent substitution via conflict equivalent abstractions is
expected to again decrease the state count. The two forms of substitutions are then alternated
until only one automaton is left. The latter automaton is tested for non-blockingness. By using
only conflict-preserving abstractions, the result carries over to the original modular system.
Clearly, one does not expect to beat computational complexity and the overall procedure
may need to be aborted due to exceeding available computational resources. However, the
literature cited above demonstrates by a number of practical case studies the applicability to
relevant large scale systems with an impressive computational performance.

In the present paper, we consider the situation where, besides the synchronous composition
of all automata, the global behaviour of the system is additionally affected by event priorities
(Luttgen 1998; Cleaveland et al. 2007). In this scenario, each event is associated with an
integer attribute to represent its priority. At any global state, events with higher priority
preempt those with lower priority; i.e., events become disabled whenever events with higher
priority are enabled. In particular, this includes the case where the preempting event is private
to some other module. Our main technical contribution are a number of abstraction rules which
turn out conflict equivalent and, hence, can be used for compositional verification with event
priorities.

We envisage two main use cases for our findings. First, consider the verification of a control
algorithm that is implemented by a PLC. A common approach here is to preprocess the PLC
code to obtain a more formal representation. Inspecting the semantics of sequential function
charts (SFCs) as specified in IEC 61131-3, we observe distinguished classes of events with
different priorities to preempt each other, e.g. reading from line levels, execution of activity
code, reconfiguration of tokens, writing to line levels; see also (Blech and Ould Biha 2011)
for formal SFC semantics. For a second use case, consider the scenario where a modular
discrete-event system has been synthesised by formal methods to enforce a language inclusion
specification next to a non-blocking closed loop. Here, we may after the fact want to introduce
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priorities to achieve a consistent and repeatable behaviour, which relates to the command
selection problem in Malik (2003). When introducing priorities after synthesis one needs
to verify whether the non-blockingness from the original design is maintaned. This is of
particular interest when implementing a modular supervisor by converting the component
models to executable PLC code using a code generator which explicitly or implicitly assigns
priorities; see e.g. Moor (2022); Fabian and Hellgren (1998); Qamsane et al. (2016); Verbakel
et al. (2022).

This paper is an extended version of our earlier conference contribution (Tang and Moor
2022) in that we now (i) include relevant technical lemmata to formally establish our main
results and (ii) generalise the acceptance condition of automata to a multitasking setup, i.e.,
instead of having one set of accepted configurations (Flordal and Malik 2009), we now
consider multiple sets of accepted configurations, all of which required to be reachable from
any reachable state (Hering de Queiroz et al. 2005; Schmidt et al. 2007). The organisation
is as follows. In Section 2, we formally introduce event priorities and derive a suitable
form of synchronous composition by shaping the overall behaviour. This discussion leads
to an adapted notion of conflict equivalence w.r.t. prioritised events. In Section 3, we derive
conflict-preserving abstractions as our main technical contribution. For this, we essentially
adapt the abstraction rules proposed by the literature to account for prioritised events; see
also Flordal and Malik (2009); Su et al. (2010); Ware and Malik (2012); Pilbrow and Malik
(2015). Specifically, we derive a partial variant of the shaping operator which preserves
conflicts; we discuss how to treat silent live-locks; we make use of a prioritised variant of
weak bisimulation Littgen (1998) which in turn leads to the redundant silent step rule; and
we propose a prioritised variant of incoming equivalence which in turn leads to the active
event rule, the silent continuation rule, the only silent incoming/outgoing rules and finally
adapt the certain conflicts rule. In Section 4, we evaluate our results by a scalable example
of concatenated conveyor belts.

2 Preliminaries

We introduce some basic notation in order to address discrete-event systems with priori-
tised events. We then discuss synchronous composition for modular systems up to the point
where we are in the position to formally characterise conflict-preserving abstractions. The
identification of such abstractions then becomes the technical problem to be addressed in the
subsequent section.

2.1 Basic notation

Events and strings Consider a universe of symbols 2 also referred to as events, which are
the basic elements to represent discrete-event dynamics. All events throughout this paper
are considered elements of . A string s is either a finite sequence of events or the empty
string € ¢ L. The concatenation of two strings s and ¢ is denoted s?, specifically, we have
€s = s = se for any string s. For two strings s and r, s is considered a prefix of r if there
exists some string ¢ such that st = r; this is denoted s < r. The Kleene closure of a set of
events A C 4l is denoted A* and amounts to the set of all strings constructed from events in
A, including the empty string €. By convention we have #* = {¢} and we write AT to exclude
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the empty string; i.e., AT := A* — {€}. Except that we beforehand declare the universe of all
symbols 2, our notation so far is in line with the textbook (Cassandras and Lafortune 2008).

Priorities We assign a priority to each event from 2. This is a means of refining execution
semantics. When confronting a choice of executing one of multiple enabled transition labeled
with events of different priority, preference is given to the highest priority. Technically, we
refer to the priority assignment function

prio: 4 — N (H

as a global entity and priorities are read as ordinal numbers, i.e., 1 € N is considered the first
priority, 2 € N the second priority, etc. As a greater ordinal number denotes a lower priority,
1 is the unique highest priority. Thus, when writing e.g. prio(c) < prio(p), we indicate that
the priority of o is higher than that of p. For convenience, the following notations are used
for any event set A C &l:

e events with priority higher (or not lower) than n € N within A
A" :={a € A|prio(e) <n};
A=" :={a € A|prio(a) <n};
e events with priority higher (or not lower) than prio(«) for & € 4 within A
A<Y — A<prio(oz);
ASe .— AfpriO(a);
e the lowest priority value within A

l0(A) = { rlnax{prlo(oz)|aeA} :lfﬁig

Silent events For modular systems, a dedicated representation of behaviour which is internal to
an individual module and, hence, irrelevant for synchronisation with the remaining modules,
is of a particular interest. Technically, we represent such internal behaviour by distinguished
silent events T € T C 4. The remaining events ¢ € 4l — Y are considered regular. We use
the terminology alphabet to refer to any finite set X of regular events, i.e., ¥ C 4 — T.
Only regular events are shown explicitly to the external environment for the purpose of
synchronisation. Regarding the priority assignment, it suffices to let T be such that each
priority value n € N is bijectively mapped to one event in Y. We hence use the symbolic
representation 7(,) for the unique silent event with priority n € N and we then have

Y ={tw|n eN} (@)

Most prominently, our set-up guarantees that each regular event has a unique counterpart
silent event with the same priority. Formally, the hiding map hide : ({{ —Y) — 7T is defined
by

hide(o) = T(prio(0)) 3)
for each 0 € U — Y. This construct is also utilised in Littgen (1998) and constitutes an
extension of the more common single distinguished silent event T = {t} when no priorities
are to be considered; see e.g. Milner (1989); Flordal and Malik (2009). In this regard, we

utilise natural projection p : 4* — (4 — Y)* to remove all silent events from any string
s € Y* Cassandras and Lafortune (2008). Formally, p is iteratively defined by

p(e) =e; “
| ps) ifsedae;
Pls@) = { p(s)a ifs e aecs—T. )
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2.2 Finite automata

Throughout this paper, we consider discrete-event systems represented by non-deterministic
automata, defined as follows.

Definition 2.2.1 A finite automaton is atuple G = (Q, , —, Q°, M) where

Q is the finite state set;

X is the alphabet;

— C Q X (X2 UTY) x Q is the transition relation;
Q° C Q is the set of initial states;

M C 2% is the marking set.

Recall that, by convention, ¥ C 4l — 7T, i.e. the alphabet consists of regular events only.

Our definition diverges in two aspects when compared e.g. to the textbook (Cassandras and
Lafortune 2008). First, we formally declare the alphabet X to consist of regular events only
while the transition relation also accounts for silent events. This is cosmetic and simplifies the
subsequent formal discussion of conflict-preserving abstractions. Second, rather than to have
a set of marked states as an acceptance condition we have a set M of sets of terminal events
Q C X. In order to discuss the intended semantics of this construct, we need to introduce
adequate notions of reachability and co-reachability. For notational convenience, we write
xS y for (x, o, y) € — and this infix notation is iteratively extended to string-valued labels;
namely, (i) for all x € Q let x 5 x and (ii) forall x, z € Q, s € A* and @ € 2 such that
x > yand y % 7 for some ye Qletx 2% Z. Moreover, we write x —> as a short form for

xi>yforsomeye 0.

Definition 2.2.2 Given an automaton G = (Q, X, —, 0°, M), let A = T U X. A state
x € Q is reachable if there exists s € A* such that Q° S x. Astate x € Q is co-reachable

if for all @ € M, there exists t € A* and w € Q such that x —>. The automaton G is
non-blocking if all its reachable states are co-reachable.

Example 1 Consider the automaton G = (Q, X, —, Q°, M) given in Fig. 1 with ¥ =
{o, p, w}. Clearly, both states are reachable. Two alternative marking sets M are dis-
cussed: with M = {{o, v}, {p, w}}, then G is non-blocking; on the other hand, with
M = {{o, v}, {p}}, G turns out blocking since p cannot be executed any more once state I
is attained.

The definition of non-blockingness in the current paper is a variation of the so-called
coloured marking proposed in the context of multitasking supervisory control (Hering de

1, I
-0 ——>0>
w
Y
a,p

Fig.1 An example for non-blockingness
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Queiroz et al. 2005; Schmidt et al. 2007). For each 2 € M, we require the possibility of
executing some w € 2. Thus, for the case in Example 1, if we have M = {{o, w}, {p, ®}},
then any state being able to execute w is clearly co-reachable since w appears in both event
sets in M. For the special case of M = {{w}}, where w € ¥ C 2 — Y, we have a unique
termination event w which matches the more common setting used e.g. in Flordal and Malik
(2009). Note that by definition any terminal event in M is required to be regular (non silent).

In support of the subsequent discussion, we introduce some more convenient notation

referring to a given automaton G = (Q, X, —, Q°, M).

Let Ag := X U Y denote the alphabet of G plus all silent events. The subscript (-)¢g is
omitted when G is clear from the context.

We write X = ¥ with X,Y C Q,s € A*, whenever there exist x € X and y € Y so
that x = y.

We write X 7Sé Y with X, Y C Q, s € A*, to indicate that (x,s,y) ¢ — forall x € X
andyeY.

e We use short forms X - and G - for X — Q and Q° N 0, respectively.
e A trace is a sequence of alternating states and events, i.e.

o o Q,
xo—l>x1—2>~-—k>xk. (6)

The abstract transition relation = C Q x X* x Q is defined for x,y € Q,s € T*
with x = y if and only if there exists s’ € A* such that p(s') = s and x > y.

Regarding reachability, Definition 2.2.2, note that when substituting Q) by g and
when quantifying over strings from X* as opposed to A*, we obtain the same reachable
states. Likewise for co-reachability.

. .. . . . . . s s
When concatenating transitions, we may omit the intermediate state, i.e., we write x —=>

y if and only if there exists z such that x ENIEN y.
The set of active events in state x € Q is given by

Gx):={aecAlx>). @)

The set of active events in state x € Q with priority higher (or not lower) than n € N
are denoted

G"(x) == {a € G(x) | prio(a) < n};

G="(x) := {o € G(x) | prio(a) < n}.
The silent active events in state x € Q (with priority higher or not lower than n € N)
are denoted

Gant(x) :=Gx)NY;

G(x) =G"(x)NY;

G () :=G="(x)NT;
The regular active events in state x € Q (with priority higher or not lower than n € N)
are denoted

Grglr(x) =Gx) =T,

Gr<g{’r(x) =G"(x)-T;

G () i= G="(x) = Y

To formally address the effect of event priorities to the behaviour associated with an

automaton, we introduce the following shaping operator. Effectively, it removes all transi-
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tions that will be preempted by a transition labeled with a higher-priority event. Although this
appears a trivial exercise for a single automaton, it becomes more involved when considering
modular systems.

Definition 2.2.3 Given an automaton G = (Q, X, —, Q°, M), the shaping operator S(-) is
defined as such that S(G) := (Q, X, -5, 0°, M) where

x 55 yifand only if x = y and G<%(x) = 0. )
Throughout this paper, we concisely write (-)<* witha € {las an abreviation for ( - )<Prio(),

Note that after shaping an automaton, some states may become unreachable and that such
can be removed.! Specifically, a blocking automaton can become non-blocking after shaping
and vice-versa.

Example 2 Consider again the automaton G = (Q, X, —, Q°, M) given in Fig. | and recall
that G is blocking for the marking M = {{o, w}, {p}}. If either p or o are assigned a higher
priority than w, i.e. if prio(p) < prio(w) or prio(c) < prio(w), then state II becomes
unreachable and, hence, S(G) turns out non-blocking.

2.3 Synchronous composition and non-conflictingness

Turning to modular systems consisting of multiple modules each represented by an automa-
ton, the overall behaviour is commonly defined by the synchronisation of shared events. L.e.,
any individual module at any time can only take a transition labeled with an event shared
with some other modules if all modules that share this event take a respective transition
simultaneously. The below definition for the synchronous composition of two modules is a
variation of Cassandras and Lafortune (2008) that takes into account our specific setting with
distinguished silent events Y, which on purpose and in contrast to regular events are not
subject to synchronisation; see also Milner (1989).

Definition 2.3.1 Given two automata G; = (Q;, X;, —>, 7sM;), i € {1,2}, their syn-
chronous composition is defined by G; | G2 = G = (Q, %, —, 0° M) where
Q=01x02,X2:=X1UX,—>CO0x(ZUT)xQ,0°:=07x 05, M:=M UM,
with (x1, x2) % (v1, y2) if and only if either of the below conditions hold:

@ €T NIy, x1 > yand x2 =5 y; or ©)
@€ (S, —%)UT, x1 > y;and y» = x2; or (10)
@€ (Sr— DU, yi =x1; and xa —» y). (1)

A transition (x|, x2) — (y1, y2) is driven by G1 if x| —1 y1; likewise, it is driven by G, if
X2 iz 2. The events X1 N X are referred to as shared events, all other events are private
events.

Up to trivial renaming of states, the synchronous composition is associative and com-
mutative; see Milner (1989). Given a modular system consisting of k modules represented
by the automata G, ..., G, for the purpose of the present paper the overall behaviour is
given by S(G1 || --- || Gk); i.e., event preemption by prioritisation is meant to have a global

1 Throughout this paper, we will always assume that unreachable states are removed after shaping.
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effect on the overall behaviour. Specifically, the shaping operator S does not distribute over
synchronous compositions. The terminology of a modular system to be non-conflicting is
then introduced as a synonym for the associated overall behaviour to be non-nonblocking.

Definition 2.3.2 A family (G;)1<i<k of automata is non-conflicting w.r.t. prioritised events
if and only if S(G1 || G2 || - - - || G) is non-blocking.

Non-conflictingness of a modular system neither implies nor is implied by non-
blockingness of each individual module. Thus, the conventional way to check non-
conflictingness is to explicitly construct a monolithic representation and then to test for
non-blockingness. This approach greatly suffers from the fact that the overall state count
grows exponentially with the number of modules. This problem can be decently addressed
by compositional verification, in which we seek for abstractions of individual modules such
that non-conflictingness is preserved. Given a modular system

S(GL 1Gall -1l Gk),s (12)
=G =H
let’s choose G := G as the automaton we are about to abstract, and denote H the remain-
ing part consisting of the synchronous composition of all modules except for G. Since
synchronous composition is commutative and associative, our choice of G := G is not
restrictive and we can repeat the subsequent argument for the abstraction of any other mod-
ule. An abstraction G’ of G qualifies for our purposes if

S(G' || H) is non-blocking — S(G || H) is non-blocking. (13)

An elementary abstraction that suits our needs is referred to as hiding, and technically
amounts to relabelling transitions with specific regular events by their silent counterpart of
the same priority.

Definition 2.3.3 Let G = (Q, X, —, Q°, M) be an automaton. Hiding A C X in G results

in an automaton G/aA = (Q, X, —>a, Q°, M) where x i>A y if and only if either of the
following conditions is satisfied:

ae(T—A)UY andx > y; (14)
acY and IoeA.x > y A prio(o) = prio(«) . (15)

When synchronising an automaton G with the remaining part H, we can hide all private
events in G which are not utilised in the marking set while preserving any conflicts. Formally,
we make the following observation.

Observation2.3.4 LetG = (Q¢, X, —~¢, Q. Mg)and H = (Qn, Xy, —u, Q. My)
be two automata. Let A C X — Xy be such that for all Qg € Mg, AN Qg = 0. Then
G’ := G/ a satisfies Eq. 13.

For practical purposes, a qualifying abstraction scheme only makes sense, if it avoids an
explicit reference to the remaining part H; i.e., there shall be no need to compute a monolithic
representation of H in order to compute the abstraction G’. This is indeed true for hiding
as defined above. To this end, the literature proposes the notion of conflict equivalence.
There, non-blockingness is required to be preserved for the composition not only with one
specific remaining part H but with any automaton 7, the latter then being referred to as fest
automaton; see e.g. Malik et al. (2004). For the situation of prioritised events, one obtains
the following formal definition.
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Definition 2.3.5 Two automata G’ and G are conflict equivalent w.r.t. prioritised events,
denoted G’ ~S G, if for any automaton 7', it holds that

S(G' || T) is non-blocking — S(G || T) is non-blocking.

Clearly, conflict-equivalence w.r.t. prioritised events implies Eq. 13. Moreover, the above
definition avoids any reference to a specific remaining part H. Since the shaping operator
does not distribute over synchronous composition, abstraction schemes from the literature
that are known to be conflict equivalent may in general fail to also be conflict equivalent w.r.t.
prioritised events. For the remainder of this paper, we use conflict equivalence concisely for
conflict equivalence w.r.t. prioritised events. In particular, an abstraction G’ of G is a conflict-
preserving abstraction of G if G' ~° G.

3 Conflict-preserving abstractions

It has been demonstrated by example that given an automaton there in general is no unique
state minimal conflict-preserving abstraction; see Flordal and Malik (2006) 2. Hence the
interest in a variety of individual rules that yield conflict-preserving abstractions and that
can be utilised in an iterative fashion, e.g., until fixpoint is obtained. As our main technical
contribution, we adapt the known abstraction rules from the literature to account for event
priorities; see also Flordal and Malik (2009); Su et al. (2010); Ware and Malik (2012); Pilbrow
and Malik (2015).

3.1 Partial shaping and quotient automata

When shaping an individual module locally before the overall synchronous composition is
constructed, we miss out in that a shared high-priority event in one module may be deactivated
by some other module. Specifically, G’ := S(G) in general fails to be a conflict-preserving
abstraction of G. However, we may restrict the shaping operator to only affect transitions for
which we know by G that they will be preempted by a local silent event.

Definition 3.1.1 Given an automaton G = (Q, X, —, Q°, M), the Y-shaping operator
Sy (+) is defined by Sy (G) := (Q, X, —ST, Q°) where

x 557 yifand only if x = y and G52 (x) = @. (16)

sint

An automaton G is said to be Y-shaped it G = Sy (G).

Technically, for any T € YT and ¢ € A so that x 5 and x 3 for some state x with
prio(t) < prio(x), the latter transition will never be executed once full shaping will even-
tually be applied. This leads to the following observation, which renders G’ := Sy(G) a
conflict-preserving abstraction of G.

Observation 3.1.2 For any two automata G and T, it holds that

SG | T) =SSy (G) I T). a7

2 Allthough the cited literature does not account for event priorities, the case carries through to our setting
here in that we may design the same priority uniformly to all events.
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Remark 1 If the alphabet X of the remaining part in H is known, partial shaping can be
applied more aggressively by also accounting for regular events which are private to G. ; i.e.
using G=*(x)N (YU (X — X)) = @#in Eq. 16. We refer to this variant as private shaping
St (+). Similar to hiding, this yields an abstraction that satisfies Eq. 13 but technically fails
to be conflict-preserving because it refers to X .

In the absense of event priorities, an enabled silent event in the module G does not affect
the transitions which the remaining part H can possibly take. This contrasts our setting in
which a high-priority event in G, whether silent or not, preempts any event of lower priority
in H. Specifically, if G can indefinitely generate silent events of a certain priority, it may trap
the overall system into a live-lock. Technically, we consider the following situation.

Definition 3.1.3 Given a Y-shaped automaton G = (Q, X, —, Q°, M), an n-live-lock in G
is a non-empty set of states X € Q where for all x € X

(L1) x 5 y with 7 € Y implies that y € X;

(L2) for all x, y € X there exists a trace x SN X1 2 X3 SN Xk 2 y, where x; € X,
o; € Y, foralli =1, 2, ... k; and

(L3) lo(UyexGan (x")) = n.

We concisely write a-live-lock to denote prio(«)-live-lock where o € 2.

By (L1), X is invariant w.r.t. silent transitions; i.e., once in a state x € X, G can only exit
X by a transition labeled with a regular event. By (L2), each pair of states in X is strongly
connected w.r.t. silent transitions; i.e., when in a state x € X, any state y € X can be reached
by taking only silent transitions. By (L3), in a state x € X, all its active silent events have
at least priority n. Thus, as intended, G may indefinitely trap H by preempting events with
lower priority than 7.

Example 3 Let G, G’ and H be three automata as given in Fig. 2. In particular, {I, II} is a
2-live-lock in G. When G and H are synchronised, the only transition in H, which is labelled
by 7(3), can never be executed. On the other hand, {I', II'} does not form any live-lock in G’
due to the invalidation of (L1). By reaching IIl', the trapping effect is released which allows
H to proceed.

Note that (L1) in conjunction with (L2) implies maximality in the sense that for two n-live-
locks X and Y with XNY # () we musthave X = Y. Specifically, the computational detection
of live-locks can be easily accomplished by seeking for Strongly Connected Components
(SCCs) in a suitably preprocessed transition structure; see Aho et al. (1974).

A common technique for the reduction of the state count on an automation is to take the so
called quotient w.r.t. an equivalence relation ~ € Q x Q on the state set Q. This effectively
merges sets of states form one equivalence class into one single state each; see also Flordal
and Malik (2009).

G | T 1I
—~O0==>0 B i
@ Lo, b
G 1 oty I g, I
—>O<—?O—>O

Fig.2 The trapping effect of a 2-live-lock
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Definition 3.1.4 Givenan G = (Q, ¥, —, Q°, M) and an equivalence relation ~ C Q x Q,
denote the equivalence classes [x] := {x" € Q| (x, x/) € ~}. The quotient automaton G ¢~
of G w.r.t. ~ is defined by G¢~:= (Q/~, A, —=*, Q°, M) where Q/~ :={[x]|x € O},

0° = {[x°]|x° € Q°},and —*:= {[x] > [y]|x > y ).

Clearly, if one seeks for a conflict-preserving abstraction, one will need to imply further
requirements on ~, and we will do so in the following section. At this point, we want to show-
case a potential issue when it comes to n-live-locks. Specifically, when two equivalent states
x ~ y originally have a silent transition x 5 y, the quotient automaton G/~ will contain
a self-loop [x] 5 [x]. Thus, taking quotients will potentially introduce n-live-locks. This
situation can be conveniently fixed by post-processing the quotient automaton accordingly.

Definition 3.1.5 Given a Y-shaped automaton G = (Q, X, —, Q°, M) and an equivalence
relation ~C Q x Q, the shaped quotient automaton G~ of G w.r.t. ~ is defined as the
ordinary quotient automaton G~ := (Q/~, A, ->", 0°, M) except that we now consider
the transition relation

ST= {13 xS y)

—{[x] BN [x]|t € Y and there exists no t-live-lock X C [x]in G }.
(18)

Example 4 Consider the automaton G given in Fig. 3. The state set {I, II} is a 2-live-lock and
merging it should result in a 7(2)-self-loop in order to preserve situations, in which G traps
some test automaton 7. By the ordinary quotient automaton G¢~, we would additionally
obtain a 7(1)-self-loop. Namely, G ¢~ will trap certain test cases, which the original automaton
G would not trap. This is undesired. Likewise, the state set {III, IV} is not a live-lock, and
merging those two states shall not result in a silent self loop. In contrary, the trapping power
of the original automaton is preserved in its shaped quotient automaton G g~.

In the remainder of this article, since we are only interested in the shaped quotient of an
automaton, we will consistently utilise notations G/~ and —~ to denote G§~ and —",
respectively. In addition, we concisely utilise the terminology quotient for shaped quotient.
We now consider several useful properties of quotient automata.

Lemma 3.1.6 Given a Y -shaped automaton G = (Q, X, —, Q°, M) and an equivalence
relation ~ C Q x Q, denote the shaped quotient G/~ = (Q/~, A, —_, Q°, M). Then

(i) for any transition [x] ﬁ>~ [y], there exist x' € [x] and y' € [y] so that x’ % y'; and
(ii) if G/~3h([x]) = @ for some x € Q and n € N, then there exists x' € [x] so that

G3h(x")y=0.

sint

G~ 1]

—-0

G 1 T(]) II o 11T T 1V UT(I)» T UT(I)
@ Gi~ 1] (1]
—_— 5 O

-0 T

Y

T [8]

Fig.3 Shaped quotient automaton
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Proof Claim (i) is an immediate consequence of —_C {[x] 2z [y]]x % v }. Regarding

(ii), consider x € Q with G/~3" ([x]) = ¥. Specifically, we have by Eq. 18 that x’ Sy
with x’ € [x] and T € Y=" implies y’ € [x]. For a proof by contradiction, assume that

G5l (x") # @ for all x” € [x]. Then, for each x’ € [x], there exists a transition x’ N y
with y' € [x] and t € Y=". This implies the existence of a silent SCC within [x] with

priorities all above n, i.e., a subset X C [x] which qualifies for an m-live-lock, m < n.

By Eq. 18, [x] Z, [x] is not removed from — ~, and this establishes a contradiction to
G/~gn(xDh =0 o

sint

Conventions Various statements and their proofs in the remainder of this chapter involve an
automaton G to be abstracted and an arbitrary test-automaton 7. In such cases, we take the
following conventions for brevity:

e Given G and an equivalence relation ~ € Q x Q, we always denote by G/~ the shaped
quotient given in Definition 3.1.5.

e States in G are always indicated with a subscript (-)g, €.g. xg, x&, YG, - - ., wWhile states
in T are always indicated with a subscript (-)7.

e Subscripts (-)g and (-)7 are omitted for transitions in G and T since they can be read
from the states of the transition, e.g. xg % yG must be a transition in G.

e Since T is arbitrary and its marking set can also contain private regular events, we may
aggressively assume that none of the transitions in 7 is silent. In addition, the notation
of X7\ := X7 — X denotes the private event set of T where X and X7 are the
alphabets of G and T, respectively. Notations

Tt (x7) == {7 € TG |xr > )3

Tomi(x1) == {1 € Tpri(x7) | prio(z) < n}

are utilised to denote active private events (with priority higher than n) in state xr,
respectively. Furthermore, a trace is considered asynchronous if all event labels within
this trace are from T U X7\g.

3.2 Prioritised weak bisimulation

In the absence of event priorities, taking quotient automata w.r.t. weak bisimulations (also
known as observation equivalences) is a well studied method of abstraction. Historically,
the concept originates from process algebra, where we specifically refer to the Calculus of
Communicating Systems (CCS) (Milner 1989). It has been shown by Malik et al. (2004)
that weak bisimulations yield conflict quivalent abstractions. To account for event priorities,
we mimic the same line of thought, however, now referring to the variant process algebra
CCS®! (Littgen 1998). The latter refers to operational semantics with event priorities and
proposes the notion of prioritised weak bisimulation (PWB). Our conjecture here is that
quotient automata w.r.t. PWB are conflict equivalent w.r.t. prioritised events. In this section,
we provide a self-contained proof of this conjecture. As in Littgen (1998), we distinguish
three classes of transitions.

Definition 3.2.1 Givena Y-shaped automaton G = (Q, X, —, Q°, M), define the following
extended transition relations:

(T1) EgQxA><Q:xﬁyifxiyandGrzfr(x)gA;
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(T2) :>C 0 x{e} x Q: x:>y1fx TT. T y,k>0and 1) - -1 € (YI)*;
n

(T3) :>§Qx{e}xQ:x:>y1fx—>—>---ey,kanndrl---tke(Tf”)*.

For brevity, we use —>, = and : with « € A to refer to N and
A A A:prio(e)  A:prio(e)

———, respectively.
prio(«)

Transition relations (T1) and (T2) are in general harder to preempt — when being syn-
chronised with another automaton, we wish that preemption caused by shared high-priority
events shall not take place before the target state is reached. Thus, in (T1) and (T2), the set

of active regular high-priority events is restricted in respective states. Also note that x A:€> y
n
implies x :€> y for any A C 4l Furthermore, although (T1) in general can not be extended to

string-valued labels, we still stipulate that x A—> X, X A=> x and x = x hold for any state
n n n

x, any event set A and any priority value n. It is worth mentioning that in these cases, there
is in fact no restriction on the active event set in x. In addition, by writing => we intend

to describe a sequence of 7(1) events. The execution of such a sequence cannot be disturbed
through preemption.
We are now in the position to formally define prioritised weak bisimulation (PWB).

Definition 3.2.2 Let G = (Q, X, —, 0°, M) be an Y-shaped automaton. A symmetric
relation ~ C Q x Q is a prioritised weak bisimulation on G (PWB) if for any x, x’ € Q so
that x =~ x’, the following hold:

(P1) If G5k (x) = @ for some n > 0, then there exists y’ so that x ~ y/, G5h(y) = 0,

rglr(y) C A and x’ :> vy’ where A = Grglr(x);

P2) If x % v, then there exists ¥’ so that y ~ y’ and x’ => P@) => Yy where A =
A >:1

Gt (x).

In support of proving our conjecture, we make the following technical observation.

Proposition3.2.3 Let G = (Q¢, X6, —~c, Q. Mg) an Y-shaped automaton with a
PWB ~ C Qg x Qg on G. The following two statements hold for any automaton
T =(Qr, 21, —>71, QF, M7), any xg, y6 € Qg, any a € A and any xr, yr € Qr:

(C1) if ([xg], x1) 58 (Iygl, yr) in S(G /=~ || T), then for all x/G € [xg], there exists some
Vi € [yg] so that (xg. x1) 23S (y6., yr) in S(G | T

(C2) if (x. x1) =5 (y6, y1) in S(G || T), then ([xg1, x1) LIS ([ygl, yr) inS(G/~ |
T).

Proof (C1): There are two cases:

(Case 1) If ([xgl, x1) %8 ([ygl, yr) is driven by G /=, then from (P2), for all xé; € [xgl,

there exists some xg € Q¢g, y¢ € Q¢ and yG € [yg] so that xG :> XG %
G ):=1> Y Where A = Grfg‘l"r(xg) Note that A © G/~ ([xG]). ThlS enables a

sequence of transitions (x;, X7) A:E>‘S (Xg, xT) pA—a>3 06, yr) E:EIVS g y1)
o3 o .
inS@G || T).
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(Case 2) Otherwise, ([xg], x7) 58 ([yg], yr) is not driven by G/~. This implies that
[xg] = [ygl, @ € T and G/~37([xg]) = ¥. Then from (Pl) for all xG €

[xG], there exists yG € [yg] = [xg] so that Gslm(yG) rglr(yG) C A
and xG A=> yG where A = Gfg‘l’;(x(;). This enables a sequence of transitions
o

(G, x1) =5 (05, x1) =5 (V5. yr) in S(G || T)

(C2): There are two cases:

(Case 1) Let(xg, xT) 58 (yG, yr)bedrivenby G. Inthis case,if x¢ & yg anda € T, then
we have a transition (xg, X7) 58 (vg, yr) = (xGg, x7) in S(G || T). Otherwise,
suppose ([xg], xT) %/‘S ([yg], yr) in S(G || T) and we prove by contradiction.

In this case, there must exist some &’ € A so that ([xg], x7) 2.8 in SG/~=|T)

and prio(e’) < prio(a). Clearly, ([xg], x7) 2,8 cannot be driven by T from
(xG, xT) %8 (v, yr)- There are two further sub-cases:

(i) @’ € Y. Note thatin this case, o’ cannot appear as a self-loop over [xg]in G/~. If so,
then [xg] contains some o'-live-lock in G. Note that G i (xG) = ¥ must hold from
the Y-shapedness. Then from (P1), [xg] cannot contain such «’-live-locks. Thus,
there exists some xé; € [xg] and zg € Qg — [xg] so that x’G LN zG. From (P2),
it implies the existence of some t € Ggne(xg) so that prio(z) < prio(«’), which
contradicts (xg, x7) 58 (vG, yr).

(i) If ' € X, then similar to (i), either o/ € G(xg) or some T € G=¥(xg). Both
contradict (xg, X7) L8 (yG, yT)-

(Case 2) Otherwise, (xg, x7) 58 (v, yr) is not driven by G. This case can be reasoned
from (i) and (ii) as in Case 1 of C2 directly. ]

By performing a simple induction on the result of the above proposition, we establish that
quotients w.r.t. PWS are indeed conflict equivalent w.r.t. prioritised events.

Theorem3.2.4 Let G = (Q¢, Zg, —>¢, Qg Mc) be an Y -shaped automata with an PWB
~ C Q x Q. It then holds that G ~° (G /~).

Proof Let T = (Qr1, X7, —71, Q%, Mr) be any automaton. Suppose S(G || T) is non-
blocking, we shall attempt to prove that S(G/~ || T) must be non-blocking (The proof for

the conversed case is similar). Pick any yc € Q¢ so that ([xg], x7) =S (Iyg], yr) for
some s € ¥*, x5 € O, xp € 07 and yr € Qr. Note that [xg] € QG must hold. By
Proposition 3.2.3.(C1), it follows from induction on concatenated transitions of any trace
in ([xZ], x7) =35 ([ygl, yr) that there exists yg € [yg] so that (x&, x3) =8 g y1)
inSG | T),ie.S(G | T) = =55 (yG yr). Moreover, since S(G || T) is non-blocking,
(yG, yr) LS in S(G || T) for some t € ¥* must hold. Again from Proposition 3.2.3.(C2),

we can conclude through induction that ([yé;], yr) = (vgl, yr) 185 in S(G/~ || T). The
proof is indeed closed since yg is arbitrarily picked. O

From Definition 3.2.2, we note that PWB is defined as such that if a regular event o is to
execute at some state, then an equivalent state must be able to execute o either directly or after
a delay of several silent steps with priority not lower than o. The reason of this restriction
can be seen from the following example. For brevity of examples in the remainder, we take
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Fig.4 Silent step with priority lower than its delayed regular event may not be mergable

the convention that, if not explicitly specified, the marking set of any automaton is {{w}} with
prio(w) = 1.

Example 5 Consider the automaton G given in Fig. 4. It follows from (P1) directly that
I % II. If I and II are merged through some equivalence relation ~ which generates G/~, a
counterexample 7' can be constructed as given in Fig. 4 to witness that G ~° (G/~), since
S(G || T) is blocking while S(G/~ || T) is not.

Consider the automaton G given in Fig. 4 again. The failure of the abstraction is in fact
caused by the reachable state (I,1) in S(G || T), since 7(2) in i will not be preempted by
the shared event o', whose priority is higher than 7(3). However, this preemption indeed will
happen in ([I], 1) in S(G/~ || T) due to the state merging. In this regard, our idea to ensure
conflict equivalence is to add further restriction on the automaton so that such “bad” states will
always be unreachable. As for G in Fig. 4, consider adding a new state IV with a new transition

3 .
v 2L Furthermore, let IV be the only new initial state. For such an automaton G’ as
given in Fig. 5, merging I and II does yield a conflict-preserving abstraction. The intuition
behind this modification is that, in order to visit IT under synchronisation, IV must be visited

G 1V G'/~ [IV]
— 0 —
T3) m> T3)
T g,
O——>0—"—>0> O—"—>0%
I II I @ (1] [III] @

Fig.5 Redundant silent step rule
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T3 .
at first. However, when (IV, x7) s (I, x7) is executed for some x7, the next step must be

@I, x7) ﬂs (II, x7) since I cannot execute any synchronised event and x7 cannot execute
any private event with priority higher than 3 either. This observation motivates the definition
of redundant silent step and it is shown in the following that merging a redundant silent step,
which is referred to as the redundant silent step rule, is a conflict-preserving abstraction.

Definition 3.2.5 LetG = (Q, X, —, 0°, M) be a Y-shaped automaton. A transition x A
with x, x’ € Q and T € Y is a redundant silent step if this is the only transition outgoing
from x, x ¢ Q° and y % x for any y € Q implies @ € Y and prio(a) > prio(r). An
equivalence ~C Q x Q on G is induced by the transition x - x' if x ~ x’ and for all
y € Q — {x, x}, [y] is a singleton class.

From Definition 3.2.5, we note that a silent self-loop can never be a redundant silent step.
In addition, the definition of redundant silent step does not specifically handle the existence
of live-locks. The reason is that the active event set of the target state of a redundant silent
step can be completely preserved in the quotient automaton. This is stated by the following
lemma.

Lemma3.2.6 Let G = (Q, X, —, Q°, M) be a Y-shaped automaton and the equivalence
~ C Q x Q is induced by the redundant silent step x — x'. It holds that G(x') = G /~([x])

Proof 1t suffices to consider the case that [x] L>N [x]in G/~ for some t’ € Y. In this case,
[x] contains a t’-live-lock from G which is formed either by {x, x’} or solely by {x'} (solely
by {x} is clearly impossible). The case of solely by {x’} is rather trivial, while when {x, x'}

is a 7/-live-lock, we must have x' — x since from the definition of redundant silent step,
prio(t’) > prio(t) must hold. O

Consider a redundant silent step xg 5 X ina T-shaped automaton G with some regular
event o so that prio(o) < prio(r),o ¢ G(xg) and o € G(x/G), we can assert that xg and
Xx(; are never equivalent w.r.t. any PWB. Intuitively, this invalidates the property given in
Proposition 3.2.3 if it is assumed that the resulting quotient automaton and the original one

are “equivalent”. More precisely, for some state x7 in a test automaton 7, if x7 %> for some
1’ € Ep\g where prio(r’) < prio(r), we must have (xg, x7) 55 in S(G || T), while
([xg], x1) 5s may not hold in S(G/~ || T) when o € T(x7) and prio(c) < prio(t’).
Interestingly, such (xg, x7) is never reachable in S(G || T).

Proposition3.2.7 Let G = (Qg, X6, —~ G, Q. Mg) be a Y-shaped automaton and the

equivalence ~< Qg x Qg is induced by the redundant silent step Xg 5 Xg. Let
T =(Qr, 21, —71, QF, MT) be any automaton. For all X7 € Q7 so that Tpfvrt(ir) #
(XG, x1) is not reachable in S(G || T).

Proof We prove by contradiction. Pick any Xxr € Qr so that Tpfvrt (x7) # . Note that
(¥G, XT) can never be initial. Thus, to reach (xg, X7), one shall first reach some (yg, yr)

/

where y¢ € Qg, yr € Qr so that yg 5 XG with some t/ € Y. From Definition 3.2.5,

it is clear that prio(z’) > prio(z). This implies that (yg, X7) L)(S (g, x7). With this
observation, we continue the proof by attempting to construct a trace from (yg, yr) to
(¥G, XT), which must fail. Consider the following cases:
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(Case 1) Tpﬁ(yT) # (. Let yr — yr for some y7 € Q7 and v € Tpfvft(yT). Clearly,

prio(z”) < prio(t’), and we concatenate (yg, yr) 1,8 (yG, yr) (without losing
generality, we can assume that 757 (yr) = 9). If Tpfvrt (yr) # 9 always holds for

such concatenation, then the construction is trapped in Case 1 and X can never be
=T (jr) = ¥, which leads to Case 2.

visited. Otherwise, let Tprvt
(Case 2) Tpfvft(yr) = . From (yg, yr), since only private events can be executed, con-

sider the possibility of concatenating (yg, yr) 5s (xg,yr) in S(G || T), since
executing a private transition in 7 indeed rolls the construction back to the begin-
ning of either Case 1 or 2. However, if (yg, y7) 58 (X¥G, yr), it implies that the
next transition which can be concatenated must be (xg, yr) Ls ()2/6, yr) since
prio(t) < prio(t’) and executing any shared event with priority higher than t in
(XxG, yr) is not possible. Recall that yr # Xxr due to Tpfvzt()ET) # 0, i.e. for any

zr € Q7 sothat (xg, z7) isreachable in S(G || T), Tpf\,rt(ZT) = ( must hold. This
indeed closes the proof. O

When merging a redundant silent step, states characterised in Proposition 3.2.7 are exactly
the “bad” states which potentially invalidate conflict equivalence. With this observation, the
following proposition is derived which is similar to Proposition 3.2.3.

Proposition3.2.8 Let G = (Qc, X6, —~> G, Qg M) be a Y-shaped automaton and the

equivalence ~ C Qg X Qg is induced by the redundant silent step xg 5 Y. Let T =
(Or, =1, =1, Q%, Mr) be any automaton.

(i) For any transition ([xg], xT) 58 (Iyg], yr) in S(G/~ || T), at least one of the
following two statements is true for any xg;, € [xg]:

a) There exists y; € [yg] so that (xg, XT) gs g, yr)inS(G | T), or
b) (x&, x7) is not reachable in S(G || T).

(ii) For any transition (xG, XT) L8 (yG,yr) in S(G || T), at least one of the following
two statements is true:

(a) .
a) (Ixgl,x1) 255 (lygl, yr) in S(G/~ || T), or
b) (xg, xr) is not reachable in S(G || T).

Proof Ad(i).If [xg]is asingleton, then statement a) holds trivially. Thus, we let [xg] = [Xg].
In this case, note that if ([xg], x7) 58 ([ygl, yr) is not driven by G, then statement a) must
be true as well since either (g, x7) — (Xg, yr) or (kg, x1) =S (Xg, xT) 58 (XG, ¥1)
holds in S(G || T) from Lemma 3.2.6. Thus, let ([xg], x7) 58 ([ygl, yr) be driven by G.
This implies o € G()E’G) due to Lemma 3.2.6 and we pick x’G € [xg]. There are two cases:

(Case 1) x;; = Xx. We shall note that G (k) = G/~([X;]) from Lemma 3.2.6. Thus, in
this case, statement a) must hold.

(Case 2) x/G = X¢g. We directly suppose that statement a) is not true, i.e. (xg, X7) s

(yg»y1) in S(G || T) for any y;; € [yg]. This implies that 757 (x7) # @, since

prvt
otherwise, we must be able to execute (xg, x7) Ls ()E’G, x7), which leads to Case
1. Note that Tpfvfl (x1) # ¥ implies T=T (x7) = (). Thus, in this case, statement b)

prvt
must hold from Proposition 3.2.7.
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Ad (ii). Note that statement a) must hold if [xs] is a singleton. In addition, statement a) holds
for xg = )Eé; as well from Lemma 3.2.6. Let xg = xg. If (xg, x1) 58 (yG, yr) is driven
by G, then yg = )Eé; and statement a) holds from a transition ([xg], x7) N (Iygl, x7).

Let (xg, x7) L8 (yG, yr) be not driven by G. In this case, statement b) must hold from
Proposition 3.2.7 since prio(«) < prio(t),i.e. o € Tpfvﬂ(xr). O

In Proposition 3.2.8, both statements (i.a) and (ii.a) are synonymous to Proposition 3.2.3.
We are now in the position to state the redundant silent step rule as follows.

Theorem 3.2.9 [redundant silent step rule] Let G = (Q, X, —, Q°, M) be a Y -shaped
automaton and the equivalence ~ < Q x Q is induced by some redundant silent step. It
holds that G ~5 (G /~).

Proof The proof is literally the same as the proof of Theorem 3.2.4 up to uniform substitution
of the equivalence relation. Note that for all states reached by the induction, statements (i.a)
and (ii.a) of Proposition 3.2.8 must hold. ]

3.3 Abstraction rules based on incoming equivalence

In the ordinary context without prioritised events, Flordal and Malik (2009) introduced sev-
eral abstraction rules based on incoming equivalence. Thist section adapts these rules for
prioritised events.

The motivation of introducing incoming equivalence is to pre-partition states that can be
reached in the same way; namely, when a state can be reached under synchronisation with
some test, an incoming equivalent state must be reachable under the synchronisation with
the same test as well. Incoming equivalence does not necessarily imply (ordinary) conflict
equivalence, but serves as a filter to enable two conflict-preserving abstraction rules, i.e. the
active events rule and the silent continuation rule. The key property of incoming equivalence
in the ordinary context is, all states in the same class can be reached from the same state
with a regular event, possibly with some silent events before or after the regular event. Since
this property is rather cumbersome to achieve when considering prioritised events, a formal
definition of this property is first given and named as redirectability.

Definition 3.3.1 Let G = (Qg, X6, —¢, @, Mg) be a Y-shaped automaton. An equiva-
lence ~C Qg X Qg is redirectable if and only if for any automaton T = (Qr, X7, —>T
, 07, M71),y6 € Qc, yr € Or and s7 € E?\G, the following two statements hold:

R1) (xg, x1) 2,848 (yG,yr)inS(G || T) forany xg € Qg, xr € Qr ando € Xg
implies that for all y;; € [yg], (xg, xT) SEEN (g, yr)inS(G || T);
(R2) S(G || T) = (yg. yr) implies that for all yi; ~ y6, S(G | T) =5 (v, y7)-

It is to observe from Definition 3.3.1 that, for a redirectable equivalence relation, the
synchronised behaviour can choose any state in a class to proceed if at least one state in
the class can be reached by a regular event followed by some private events (or the syn-
chronised behaviour is currently in the initial state). From this observation, redirectability
can commonly be utilised in such scenarios where a transition need to be redirected to a
successor, in which desired future behaviour is guaranteed. This feature is especially useful
when reasoning about the original behaviour from the abstracted behaviour. In this regard,
we review Lemma 3.1.6.(i), which is a general property for any arbitrary equivalence stating
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that a transition in the original behaviour can always be reconstructed from the abstracted
behaviour. Note that the existence statement “there exists y' € [y]...” in Lemma 3.1.6 does
not allow concatenating multiple reconstructed transitions, i.e. we can not guarantee thate.g.

([xc1, x7) =5 (gl yr) > (26, z7) implies the existence of x;; € [xg], y; € [v6]

and z; € [zg]sothat (xg;, x7) 28 (g y1) 4.8 (zg» z1)- Nevertheless, this problem can
be solved by requiring redirectability on an equivalence if a trace begins with a regular event
from G. This is stated by the following proposition which is inspired by (Flordal and Malik
2009, Lemma 2).

Proposition3.3.2 Let G = (Qg, X6, G, Qg M) be a Y-shaped automaton with a redi-
rectable equivalence ~ C Q x Q on G. For any automaton T = (Qr, X1, —T1, Q7, MT),
the following two statements hold:

(i) For any trace

(Ixgol, x70) 55 (Ixgil, x71) 5 -+ 55 (Ixgrd, x14) (19)
in S(G/~ || T) where k > 1, a1 € ¥g and o; € Ag U At foralli € {2,---,k},
I ’ ’ %S ’ .
there exist x¢ € [xgol and x¢,;, € [xGi] so that (x5, XT0) (Xggs XTK) In
S(G|IT);
(ii) If S(G/~ || T) =8 ([xg], x7) for some s € (g U Z7)*, then there exists xé; € [xg]
so that S(G || T) =5 (xf;, x7).
Proof (i) We prove by induction:
(Base case) For k = 1, it holds immediately that there exists x;, € [xgo] and x(;; € [xG1]
so that (x, x70) a.s (xgGy>x71) in S(G || T) from Lemma 3.1.6.(i) since o] € Zg.
(Inductive step) Suppose the proposition holds for some k > 1, i.e. for some trace
([xol, x70) <> (Ixgil. x71) =5 - 55 (lxgil. x74) (20)

in S(G/~ || T) where o) € ¥g and o; € Ag U A7 for all i € {2,...,k}, there exist
Xgo € [xgol and x5, € [xgx] so that

(xg0r 70) ZEELS (e xp) 1)
in S(G || T). From this hypothesis, we show that the proposition holds for k + 1 as well.

Consider any successive transition
%+l S
([xGkl, xrk) —>° ([XGr+1], XTk41) (22)
of trace Eq. 20. This indeed implies the existence of xé’;k € [xgk] and )c’Gk+l € [xgk+1] so

that (xgk, XTk) Sl s (xé;kJrl , XTk+1) iIn S(G || T) due to either Lemma 3.1.6.(1) (if Eq. 22
is driven by G) or Lemma 3.1.6.(ii) (if Eq. 22 is not driven by G). Now if [xgx] is a singleton,
the proof closes directly since x;;, = x;. Otherwise, from trace Eq. 20, we shall find the
last regular transition driven by G, i.e. we consider the trace fragment

(IxGi—11, x7i-1) =5 (IxGil, x7i) ——55 (Ixgal, x74) (23)

from Eq. 20 where o; € Xg and o1 -+ - o € (Er\g UY)*. Let st = p(@;41 - - - o). From
this and due to the inductive hypothesis, we can extract the fragment

(%Gs %1) 5BS (xfy, x70) (24)
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from Eq. 21 for some Xg € Qg and x7 € Q7. Since ~ is redirectable, we have
(%G, 1) =255 (xfp, x70) (25)
from (R1), which can be concatenated by (x’c’;k, XTk) Hrls ()C’Gk+l , XTk+1)- (1) We separate

the proof into two cases:

(Case 1) s € E;\G. This case holds directly from (R2). Note that we have proven an even
more general version of the current statement, i.e. the statement holds for all states
in [xg] instead of the existence of some state in [x¢ ], which will be utilised in the
proof for the next case.

(Case2) s ¢ ZT\G Then let

SG/~ 1 T) 35 (el yr) 55 (lz6, 21) 3% (Ix6l, x1) (26)
where s7 € E;\G, o € Lgandt € (g U X7)* so that syot = 5. From Case
1, for all yG €lygl, S(G | T) = =48 (yG yT) From statement (i), there exists
yG € [yG]ande € [xg]sothat (yG, yr) s (xG, xT), which closes the proof.00

In order to achieve redirectability, we are going to define incoming equivalence for pri-

oritised events by adapting the ordinary version introduced in (Flordal and Malik 2009,

Definition 7). From the notion of PWB, intuitively, the transition sequence %%:? is
o o
tolerant against preemption and can possibly be utilised for the definition of incoming equiv-

alence w.r.t. prioritised events. In particular, the execution of =j> cannot be disturbed by any

remaining part due to preemption. In fact, this requirement can be relaxed when considering
redirectability. Consider some new transition relations as follows.

Definition 3.3.3 Givena Y-shaped automaton G = (Q, X, —, Q°, M), define the following
extended transition relations:

(T4) —>CQ><T><Q x—>y1fx—>yandGrg1’r(x)=Q)

(T5) &> C O x{e}x Q:x & y if either of the following holds:
n n

@) n:landx:%y,or

@Gi) n>2,x —2>-~-T—'k>y,kzlandlo({n---tk}):n.

Transition relations introduced in Definition 3.3.3 are generally more restrictive than
those in Definition 3.2.1 in that preemption through regular events shall never take place on
a —>-transition before the last state. Note that the new transition symbol “<" is utilised

intentionally to differ from — and = since whenn > 2, x <—E> x generally does not hold

for an arbitrary state x, because at least one 7, transition must exist within L) Based on

Definition 3.3.3, the adapted definition of incoming equivalence is presented as follows

Definition3.3.4 Let G = (Q, X, —, Q°, M) be a Y-shaped automaton. An equivalence
~inc € O x Q on G is an incoming equivalence if and only if for any x,x’ € Q so that
X ~ine X', all the following statements hold:

(Il) Foranyo € ¥,n e Nandy € Q, y :€>L)£> X &y =755 ' where
Ao Ao n Ao Ao n
rglr()’)
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(I12) Foranyn € N, Q°~’—E>x & Q°f—€>x’;
n n

(13) If x # x/, thenforany y € Qandt € Y, y = x or y —>=> x’ implies Gfgl’r(y) =40.

Incoming equivalence distributes over arbitrary union. Hence, it is legit to utilise ~jpc
to denote the coarsest incoming equivalence of an automaton. In addition, any equivalence
finer than an incoming equivalence is an incoming equivalence as well. Thus, the notation
of ~ C ~jj¢ is often utilised to indicate that ~ is an incoming equivalence. Similar to the
ordinary version in Flordal and Malik (2009), Definition 3.3.4 attempts to equalise states
which can be reached in the same way, i.e. only the past of a state is considered and its
future behaviour is totally ignored. However, such intuition is inadequate when prioritised
events are taken into consideration, since redirectability requires that the same state yr
from some test 7 should be reached before and after abstraction. If no restrictions over
the future behaviour of incoming equivalent states are given, redirectability can be easily
invalidated if two equivalent states have different preemptive power. In addition, we notice
that when abstracting an automaton through quotient automaton construction, it is almost
always required that the quotient automaton of a Y -shaped automaton shall be Y'-shaped
as well, which can not be guaranteed solely by incoming equivalence. To this end, we first
introduce our definitions of active-event equivalence and silent-continuation equivalence.

Definition3.3.5 Let G = (Q, X, —, 0°, M) be a Y-shaped automaton. An equivalence
~a2e € Q x Q on G is an active-event equivalence if for any x, x’ € Q so that x ~,. x" and
x # x', the following two statements hold:

(AE1D) Ggn(x) = G (x") = ;
(AE2) Grglr(x) = Grglr(x/)-

Definition3.3.6 Let G = (Q, X, —, Q°, M) be a Y-shaped automaton. An equivalence
~sc € O x Q on G is a silent-continuation equivalence if for any x, x’ € Q so that x ~g x’
and x # x’/, all the following statements hold for some t € Y:

(SC1) T € G(x) N G(x));
(8C2) Gfgfr(x) = Gr<glrr(x/) =0;
(SC3) Neither x nor x’ is in any live-lock.

Similar to ~j,c, we utilise ~,e, ~ to denote the coarsest active-event equivalence and
silent-continuation equivalence and write ~ C ~. or ~ C ~ to denote that ~ is an equiva-
lence of the corresponding type, respectively. By combining ~j,. with either ~. or ~, the
redirectability can be achieved.

Proposition 3.3.7 Let G = (Q, X, —, Q°, M) be a Y-shaped automaton with an equiva-
lence ~C Q x Q on G be such that either ~ C ~jpc N ~ge OF ~ C ~inc N~ It holds that
~ is redirectable.

Before proceeding to prove Proposition 3.3.7, note that ~,. imposes a relatively strong
restriction on equivalent states that silent events are never active on any state in a non-singleton
class. Readers familiar with Flordal and Malik (2009) may be curious about the possibility
of relaxing Definition 3.3.5 to equate states with regular active events delayed by :T>, i.e., by

defining Age(x) :=f{o € X |x :i>i>}, one may expect that x ~ x’ when Aze(x) = Age(x’).

However, combining such a “relaxed” active-event equivalence with incoming equivalence
does not guarantee conflict equivalence. Consider the following example:
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Example 6 Considerautomata G and T given in Fig. 6. Note that G is Y-shaped and I ~j, IIT
clearly holds since state III can be reached from the initial state through 1:(*1). Furthermore,
from Age(x) = Age(x’), we equate I and IIT from the “relaxed” active-event equivalence,
which results in G/~. In this case, although ([II], ii) is reachable in S(G/~ || T), (II, ii) is

not reachable in S(G || T) since i &) ii cannot happen before I ﬂ III and the transition

13 Iislabelled by a shared event . One observes that in this example, I ﬂ) 11T somewhat
“disables” I > II although both events are with the same priority. In this case, equating I and
IIT does not guarantee conflict equivalence, especially when both states have different future
behaviour, e.g. one leads to a non-blocking future while another blocks. Finally, it is also

. . 1 . . . . .
worth noting that “preserving” | 2 Mlinto a 7(1)-self-loop (which is against the quotient
automaton construction) in G /~ does not solve the issue, since a 1-live-lock will be formed
in the quotient automaton which was not existent in G.

As a counterexample, Example 6 shows that for two incoming equivalent states, addition-
ally requiring them to have the same preemptive power is essential to achieve redirectability.
Otherwise, private transitions in 7 may be inconsistently preempted. This can be guaranteed
by ~ae Or ~¢, as being stated in the following lemma.

Lemma3.3.8 LetG = (Q¢, X6, —~> G, Qg Mg) be a Y -shaped automaton. Let~ C Q x Q
be an equivalence on G so that either ~ C ~g, or ~ C ~. holds. For any automaton T =
(Qr, X1, =7, Q%, M7) and any trace

(xG, x70) =5 (xg,x71) 25 - B (xg, x71) 27)
G 1 Il G/~ [ 1
—0—>0 -0 2.0
lT“) g
O&,Ob o)
1 v @ [IV] “0
-0 —>0>5
O (1), W(1)
SGIIT) Li SG/~IT) M. 1o L o, [
T 20
T
O 2) O g Ob Os
I1L,i 111, ii IVii “O [IV],ii “®

Fig.6 Counterexample of equating incoming equivalent states with the same set of delayed active events
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in S(G || T) where k > O and tv; € X1\ foralli € {1,...,k}, it holds that for any
xg € [xgl, atrace

(G, x70) =5 (g x71) =5 - B (6, x10) (28)
exists in S(G || T) as well.
Proof The claim is trivially true from (AE1), (AE2), (SC1) and (SC2). ]

Atthe current stage, the fundamental components for achieving redirectability have indeed
been collected. In fact, we can temporarily define a “strengthened incoming equivalence”,
denoted by Ninc’ by strengthening Definition 3.3.4 as such that

e all <> -transitions are uniformly replaced by =i> (strengthens (I1) and (I12)) and

e “implies G
13)).

Within this definition, redirectability could be easily achieved by either Ninc N ~ge O
Ninc N ~g, 1.e. a slightly strengthened version of Proposition 3.3.7 (which can be obtained
by uniformly substituting ~jnc with ~inc) can be easily shown to be true. Instead of proving
it formally, we consider the following example, in which we utilise a test T' to give us some
intuition of why substituting ~j, with ~£nc in Proposition 3.3.7 yields a statement that
obviously holds. The observations from this example will be generalised later on, to support
the proof of Proposition 3.3.7.

fgfr (y) = ¥” in (I3) is uniformly replaced by “implies T = 7(1)” (strengthens

Example 7 Consider automata G and T given in Fig. 7. Note that in G, states are partitioned
by the equivalence ~ so that (I, IV) € ~ C ~inc N ~,e. In this case, ~ is redirectable. We
consider synchronising G with an automaton 7. In particular, since state (I, ii) is reachable,
the reachability of state (IV, ii) should be guaranteed as well to achieve redirectability since
II ~ IV. This must hold since the only silent predecessor of IV, i.e. III, reaches IV via
7(1). Thus, regardless the priority of successive transition in 7', G can always execute all its
7(1)-transitions first, then T executes its private transitions. However, this is not the case if

we replace the transition label of IIT BNV by e.g. 7(2), which results in G’. The resulting
equivalence relation ~’ is no longer redirectable, since (IV’, ii) is rendered unreachable.

Despite the awareness that the strengthened incoming equivalence contributes to achieve
redirectability, we are interested in a more relaxed definition, i.e. utilising the original
Definition 3.3.4. By reviewing Example 7, the statement “G can always execute all its
T(1)-transitions first, then T executes its private transitions” can be relaxed by <> -transitions
while still preserving redirectability. In the following, we consider the properties of < -
transitions by mainly focusing on traces under synchronisation with only private events.
Such traces are referred to as asynchronous traces. Recall that from Definition 3.3.3, the
execution of a < -transition cannot be preempted by regular events. This is then reflected
by (I3) in that, for some state x that is incoming equivalent to another state x’, we require
that each incoming silent transition sequence to x is indeed a < -transition. This ensures that
reaching x indeed always utilises some transition sequence from a < -transition preceding
to x. Note that temporarily in Lemma 3.3.9 and Proposition 3.3.10, we do not require either
automaton to be Y-shaped since the discussed properties are stated for traces instead of for
automata. This benefits some proofs in that two traces from their corresponding automata
can be freely swapped.
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G (I) o) II G’ (I) oW H'
I ~ IV) lo'a) ar ~" 1v" lo'(b
oO—"> 0—2>0
111 IV r v’
T oqy 1 T i

SG ”25 o0 181 - Hc,)iii SG || T_)»IO1 . Hé)ii vy 1L
o) g
LI O — 2> O ILiii 0, i O — 2 O 1T, iii
T T T2
iQ —2 > O Vi O1V'.iii

Fig.7 The conjunction of a strengthened incoming equivalence and an active-event equivalence is redirectable

Lemma3.39 Let G = (QG, 26, —aG> Q%,MG) and T = (Or, 21, —>7T, QOT, M) be
two arbitrary automata and

T
(G, x70) =5 (xg. x71) =5 - B (xg, x70) —>5 (v, x780) (29)
be an asynchronous trace in S(G || T) so that k > 0 and for all i € {1,---,k},

(xG, XTi—1) 1)‘9 (xG, xtj) is driven by T and (x¢G, XT1) s (yG, xTk) is driven by
G. It holds that prio(tgt+1) > lo({t1, -+, T }).

Proof Note thatforalli € {1, --- ,k}, (xg, x17) i in G || T. Thus, the current statement
must hold as the trace is in a shaped automaton S(G || T). ]

The statement of Lemma 3.3.9 may seem verbose at first glance. Nevertheless, it induces
an interesting property of asynchronous traces in shaped synchronous compositions: each
time when the “transition-driving” automaton alternates, the priority of the silent event on
the next transition cannot elevate. Consider the sketch in Fig. 8, where an asynchronous
trace under shaped synchronous composition is given in grid. Points on the horizontal axis
correspond to states in Q¢, while those on the vertical axis correspond to states in Qr.
Consider those states at which the driving automaton alternates, i.e. the “direction” of the
trace changes. We conclude from Lemma 3.3.9 that m < n < r must hold. More importantly,
if the trace ends with a transition driven by G (this is indeed the case in Fig. 8), it can be
immediately concluded that the last “7 -state” of the last state (x7 in Fig. 8) cannot execute
any private events whose priority is higher than any transition in the trace. At the same time,
the lowest priority of all transitions driven by G cannot be higher than the lowest priority of
any transition driven by T'. These properties are formalised by the following proposition.
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XGi  XGiv1 | Xgj Xagj+1 T XGk

Fig.8 An asynchronous trace in shaped synchronous composition

Proposition 3.3.10 Let G = (Qg, X6, —~>c, Q. Mg) and T = (Qr, X1, —>71, OF, MT)
be two arbitrary automata and
(xGo, x10) = (xg1.x71) = - 5 (xgr, x70) (30)

be an asynchronous trace in S(G || T) where k > 1 and the last transition
T . .
(XGk—1, XTk—1) —>S (XGk, X7%) i5 driven by G.

(i) Letn =lo({ty, -, t}). It holds that Tpf\flt(ka) =0;

(ii) If at least one transition in Eq. 30 is driven by T ,then ng > nt where
ng =lo({w; | (xGi—1.x7i-1) = (xGi, x17) is driven by G}); (3D
nr =lo({t; | (xGi—1, x1i—-1) —5 (xGi, x7:) is driven by T}). (32)

Proof Note that both statements hold trivially if all transitions in Eq. 30 are driven by G.
Thus, we assume that there exists at least one transition driven by T in Eq. 30.
(i) Let T € Tprvi(x7) and consider the trace fragment

S..

Ti+l S 5. S Tj+1 % S
(xGi, x1i) —>° -+ =% (xgj, x7j) —>° -+ = (xGk, XT%) (33)

where0 <i < j < kandall transitions before (xg;, xr;) are driven by T while all transitions

after (xg;, xr;) are driven by G. It follows immediately that prio(z) > lo{z;41, -, 7} >
prio(z;41). Furthermore, from Lemma 3.3.9, we have prio(zj41) > lo{tiy, -+, 7;} =
prio(t;+1). This is sufficient for an induction to reason the entire trace.

.. . T;
(ii) Consider the trace fragment (xg;, X7;) LS

s (xGk, xTr) where 0 < i < k
and all transitions are driven by G but (xg;—1, XTi—1) s (xGi,xri) is driven by T. The
current statement is clearly true since prio(t;4+1) > nr from statement (i) by swapping G

and T, and ng > prio(t;+1) must hold as well. ]

Combining Proposition 3.3.10 and Lemma 3.3.8, we are now in the position to conclude the
following Proposition 3.3.11. Specifically, part (ii) of the proposition will be the key property
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to establish Proposition 3.3.7. Note that the Example 7 is a special case of 3.3.11.(ii) and we
suggest the reader to first consider this statement. For the case that either all transitions in
Eq. 34 are driven by G or by T, the proof of 3.3.11.(ii) is straight forward. For the general
case, Proposition 3.3.11.(ii) is established via the iterative construction in 3.3.11.(i). Also
note that we again require G to be Y-shaped from now on.

Proposition 3.3.11 Let G = (Qg, X6, —~> G, Qg Mc) be a Y-shaped automaton and

T1 S %3 S Tk S
(xGo, x70) —° (xG1, x11) —° -+ =% (XGk» XTK) (34)

be an asynchronous trace in S(G | T) where k > 0. Let n = lo({7; | (xGi—1, XTi—1) LN
(xGi, x1i) is driven by G}) and

/

TI’ 12, 14
XGo = Xg1 = 1 > Xy (35)
with k'> 0 be a trace in G so that all events on this trace are silent, lo({z{,--- ,t,}) =n
!
and foralli’ € {1,--- ,k'}, Gr<g1r; (xg_y) = 3.3 The following two statements hold:

(i) Letk > 1, k' > 1 and let the last transition (XGx—1, XTk—1) xs (xGk, xT1) in Eq. 34

be driven by G. Under these assumptions, we have (x/GO, XT0) MS (x’Gk,, XTk) In
S(G || T) where the last transition is driven by G;
(ii) Let ~C Qg X Qg be an equivalence on G so that either ~ C ~g4o or ~C ~g. If

T] Tk .
XGE ~ Xigpr then (xlyg, x70) BLEZBLS (2 xpy) in S(G | T,

’

Proof Note that the restriction G:gltr" (xgi_y) = @ fori’ € {1,---,k'} excludes the pos-
sibility of preemption through regular events before reaching x;,,. For convenience, let
n' =lo({zy, -, ‘L']i,}).

(i) It suffices to construct an asynchronous trace from (x’GO, x70) to (xé;k,, x7%) which will
not be influenced by shaping and the last transition is driven by G. Let i’ = j = 0 and we
start the construction from the first state (x/Gi,, XTj) = (xé;o, x70). Note that due to Case 2
of Step 2 in the following, it is not possible to reach x/G o before x7y is reached.

(Step 1) Consider two possible cases:

(Case 1) Only j = k holds, i.e. x7i is reached. Consider the trace given in Eq. 34 and from
Proposition 3.3.10.(i), it follows that Tpfv”l (x7x) = @. Since n = n’ is required,
we are able to directly complete the construction by concatenating the remaining

transitions driven by G toreach x;,,,i.e. we musthave (x;,/, x7%) 558 (XGpr XTE)
where all transitions are driven by G in S(G || T), since priority of all remaining
transitions driven by G cannot be lower than any T € Tpvt(x7%) and preemption
through shared events is impossible. This terminates the construction.

(Case 2) Neither i’ = k" nor j = k holds. Proceed to Step 2.

(Step 2) Since preemption through shared prioritised events is not possible, we can proceed
from (x /Gi” x7j) with either one transition driven by G or one driven by 7', or both.
Consider the two possible cases:

7/,
(Case 1) prio(ré;l.,ﬂ) # n'. Then concatenate either (x;,, x1;) s (x/GiUrl’ xTj) or

Tj+1 . . .. . .
(xé;i,, xTj) s (xé;l.,, x7j+1) according to their priority and update either i’ :=

/

3
Here, XGir_1

denotes the previous state of X,Gi , in Eq. 35. This style of notation is utilised later on as well.

@ Springer



Discrete Event Dynamic Systems

i’+1orj:= j+ 1, respectively. Note that each time when the current case is met,
we must have not reached x;,, yet since the transition with the lowest priority in
Eq. 35 has not been reached yet. Go back to Step 1.

(Case 2) prio(t’Gi,H) = n'. Since n = n’ was required, from Proposition 3.3.10.(ii), it

follows that prio(r(’;l.,H) =n>lo({t; |(xGi—1, XTi—1) i)S (xGi, xTi) is driven by
T}). Thus, we are able to concatenate the remaining transitions driven by T to reach
XTk,1.€. we have (xé;i,, XTj) =4S (x’Gl.,, x1%) where all transitions are driven by T
inS(G || T) and sT € Tp";vt is the remaining private event sequence in 7. Update
J =k and go to Step 1. We will be in Case 1 of Step 1.

(ii) The current statement holds trivially if all transitions in Eq. 34 are driven by G. In addition,
the current statement holds directly if all transitions in Eq. 34 are driven by T from Lemma
3.3.8. Thus, it suffices to consider Eq. 34 as such that it includes at least one transition driven
by G and one transition driven by 7. In this case, if the last transition in Eq. 34 is driven by
G, the current statement holds directly as well from statement (i). The only remaining case is

. T
that Eq. 34 ends with such a trace fragment (xg;, x7;) s

s (xGk, xTk) Withi €
{1,---, k—1} where all transitions are driven by T (i.e. xg; = xgk) and (XGi—1, XTi—1) 4is
(xGi, xTi) is driven by G. From statement (i), (x/GO, X70) ﬂé—igs (xé;k,, x7;)inS(G || T)
holds. Furthermore, due to Lemma 3.3.8, we must be able to concatenate the remaining

.. . . (Tit1-Tk)
transitions driven by 7 to reach xry, i.e. (x’Gk,, Xri) %S (x’Gk,, XTk). O

Proposition 3.3.11.(ii) shows us an important property between asynchronous traces when
preemption through shared events is excluded: for two traces with the same lowest priority
and both final states are equivalent w.r.t. either ~,e or ~, they can be utilised to synchronise
the same private-event trace. This matches the definition of < -transition which is utilised in
Definition 3.3.4. With all the preparation, we are now ready to prove that Proposition 3.3.7
is true.

Proof (Proof of Proposition 3.3.7) We establish (R1) as follows. Given any sequence of
transitions (xg, x7) 284S (yG,yr) in S(G || T) with 0 € X, we pick any arbitrary
vg € ygl. If y; = yg, we directly obtain (xg, x7) 2L (yg» yr), which settles the trivial
case. We now assume yé; # yg and pick Xxg € Qg and X7 € Q7 so that (xg, x1) 2.8

(xg, xT) =4S (yG, yr) in S(G || T). For the fragment (X, X1) RIS (v, yr), there must
exist a silent transition sequence that connects xg and yg in G, and by (I3), this silent

.. . . _ € .
transition sequence must be able to be written in the form of x5 < yg with some n € N.
n

= € o - €
From (I1), for each y;;, we must have some X;; € Qg so that x¢ ﬁsﬁs Xg = V6
where A = Grz,i’r(x(;). Clearly, we directly have (xg, x7) 35 (Xg, %7). In addition, since

we are having both Xg S yG and x; S ye (X, XT) 48 (yg» yr) can also be guaranteed
n n
from Proposition 3.3.11.(ii) or directly from Lemma 3.3.8. This indeed shows that (R1) of

Definition 3.3.1 is fulfilled. The proof for (R2) is similar by only considering (X, X1) LS
(v, yr) and letting (X, X7) be any initial state in S(G || T). ]

With Proposition 3.3.7 proved, the conjunction of ~j, with either ~,. or ~. guarantees
that a trace in the original behaviour can be reconstructed from a trace after abstraction. To
imply conflict-equivalence (which is an if-and-only-if statement), a similar property in the
converse direction is to clarify as well.
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Proposition 3.3.12 Let G = (Qg, ¥, —>¢, Q. Mc) be a Y-shaped automaton with an
equivalence ~ C Qg x Qg on G so that either ~ C ~ 4, or ~ C ~. holds. For any automaton

T = (Qr. X7, —>7. Q5. Mr) and any transition (xg,x7) =S (yg.yr) in S(G || T), it
p(a) .
holds that ([xG1, x7) 5 (G, yr) in S(G/~ || T).

Proof If xg ~ yg,a € Y and (xg, x1) L8 (yG, yr) is driven by G, we will have a tran-
sition ([xg1, x7) =5 (IvGl. yr) = ([xgl. x7) in S(G/~ || T). Otherwise, ([xg, x7) =
(Iygl, yr) in G/~ || T. This transition will clearly not be shaped due to the definition of
~ae and ~q. O

We are now in the position to state two conflict-preserving abstraction rules, i.e. the active
events rule and the silent continuation rule, in Theorems 3.3.14 and 3.3.15. For the active
events rule, the following lemma is given to simplify the proof.

Lemma3.3.13 LetG = (Q¢, X6, —~> G, Q. Mc) be a Y-shaped automaton with an equiv-
alence ~ C ~ge. For any automaton T = (Qr, L7, —>71, Q% M71), if ((xG], xT) %S in
S(G/~ || T) forsomexg € Qg, xTr € Qr, ST € Z;\G anda € Ag, thenforallx’G € [xg],

sTP(@) s p

(xg:x7) nS(G | T).

Proof Recall that for any non-singleton class [xg], Gsini(xg) = ¥ must hold. Consider two
cases:

(Case 1) o € Y. If there is some trace in ([xg], x7) LS where all transitions are not driven
by G, the current statement is directly true due to Lemma 3.3.8. Otherwise, let

(Ix61, x1) 5 (561 yr) > (yel, yr) 55 (36)

in S(G/~ || T) for some 7 € Y, xg,y¢ € Qc, yr € QOr, trur = 57,
([xc], y1) s ([yg], yr) is driven by G and all transitions in the fragment
(ygl, y1) 255 are not driven by G. Note that all states on [xg] = [XG] in
G/~ are singletons. Thus, there must exist yé; € [yg] so that (xg, x7) gs
(xG, yr) 58 (G, y7) in S(G || T). In addition, (yg;, yr) =L in S(G/~ | T)
must hold due to Lemma 3.3.8.

(Case2) a € ¥g, ie. p(a) = a and we have ([xg], x7) =555 in S(G/~ || T). Fol-
lowing Case 1, if there exists a trace on the fragment ([xg], X7) LS where all
transitions are not driven by G, then the current statement holds directly in that for
all x’G € [xgl,a € G(xé;) holds. Otherwise, consider concatenating an « transition
at the end of Eq. 36, i.e.

(Ixc1 xr) 5 (%61, yr) =5 (yel, yr) =555 (37)

Recall that all transitions on the fragment ([yg], yr) 218 are not driven by G,
i.e. before executing the final % S_transition, [vg] will not execute any transition.

Thus, from Lemma 3.3.8, (xg, x1) =5 (X, yr) =% (g yr) 5555 for
some y,; € [yg] must hold. O

Theorem 3.3.14 [active events rule] Let G = (Qg, X, ¢, Q. Mg) be a Y-shaped
automaton with an equivalence ~ C ~g, N ~ipc on G. It holds G ~s (G /~).
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Proof LetT = (Qr, X1, =71, QF, M7) be any automaton:

(=) Suppose S(G || T) is non-blocking. Pick xg € Qg,xr € Qr ands € (Xg U X7)*
so that S(G/~ || T) =5 ([xgl, x7). By Proposition 3.3.2.(ii), there exists x/G € [xg] so
that S(G | T) =5 (x’G, x7) and due to the non-blockingness of S(G || T), for each Q €
Mg U M7, there exists w € €2 so that (x/G, XT) £Sin S(G || T)forsomet € (XgUX7p)*.

By Proposition 3.3.12, it holds that ([xg], x1) s,

(<) Suppose S(G/~ || T) is non-blocking and pick xg € Qg,xr € Qr ands € (Xg U
S7)* sothat S(G || T) =5 (xg, xr). From Proposition 3.3.12 and the non-blockingness
of S(G/~ || T), for each Q € Mg U Mr, there exists w € Q and t € (Zg U X7)* so that

SG/~|T) = (Ixgl, x7) g)}s. There are two cases:
(Casel) t € E;\G. This case holds directly from Lemma 3.3.13. Note that the sub-case of
® € X7\¢ holds as well.

(Case 2) For any ¢, Case 1 does not hold. Then we must first have ([xg], x7) L2, for some
0 €X;—Qandst € E;\G. By applying Lemma 3.3.13, we have

(xG,x1) 5 (%6, 31) > (v6, y1) (38)

in S(G || T) for some xg, y¢ € Q¢ and X7, yr € Qr so that syo < ¢. From

Proposition 3.3.12 and the non-blockingness of S(G/~ || T), ([ycl, yr) t/:w;‘s
must hold for some ' € (X6 U Z7)* and o’ € . Consider the following two
sub-cases (which are comparable with Case 1 and Case 2), i.e. either

() o € E;f\c- From Lemma 3.3.13, we directly have (yg, yr) tlzw;‘g.
(if) Case 2.(i) does not hold for any t'w’. By applying Proposition 3.3.12 and then Lemma
3.3.13 again, we have altogether

(6. x1) B (Fg, ¥1) S5 (5g. i) HF (39)
in S(G || T) for some yg € Qg, yr € Or, tr € X} ; and o' € Xg. From
Proposition 3.3.12, Proposition 3.3.2.(i) and the non-blockingness of S(G/~ || T),
there exists y;; € [ygl, ®’ € Qand u € (Xg U Z7)* so that (¥, y1) e
and o’ < ue”. Note that (ig, 1) >S5S (Y6, ¥r). From Proposition 3.3.7, ~ is
redirectable and we thus have (Xg, X7) 2ms ()7/6, yr) =55, |

Example 8 Consider the automaton G given in Fig. 9. T ~jp. III must hold since they both
are initial states and can be reached from IV via p. Besides, since they cannot execute silent

G I i [1]
—-0—0 » G/~ >
(1
. o)
s gwm — gm
R R
I PR 1V [0 P2 11V]

Fig.9 Active events rule
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events and they have the same set of active regular events, I ~, III holds. Thus, I and III
can be merged through the active events rule which results in the conflict equivalent G /~.

Theorem 3.3.15 [silent continuation rule] Let G = (Qg, X, —>¢G, 0, Mg) be a Y-
shaped automaton with an equivalence ~ C ~jpc N ~c. It holds G ~g (G /~).

Proof LetT = (Q7, X7, —>7T, Q%, Mr) be any automaton:

(=) Same as the proof of Theorem 3.3.14

(<) Suppose S(G/~ || T) is non-blocking. Pick x¢ € Qg and x7 € Q7 so that
S(G | T) =5 (xg, x7) for some s € (£g U T7)*. From Proposition 3.3.12 and the non-
blockingness of S(G/~ || T), for all 2 € Mg U My, there exists t € (Xg U X7)* and

w € Qsothat S(G/~ || T) =5 (xgl, x1) L85 Consider three cases:

(Case 1) [x¢] is a singleton and there exists some trace in ([xg], xT) 2S5 \which begins
with ([xg], x1) %S forsome o € 3. From Propositions 3.3.7, ~ is redirectable.
Thus, this case is directly true from Proposition 3.3.2.(1).

(Case 2) [xg] is not a singleton. Since xg is not in any live-lock but there exists 7 €
Ggint (xG), there must exist some yg € Q¢ so that xg = ve and Gy (yg) = 9
in G. There are two further possibilities:

(i) There exists some s € Z;\G, yr € Qr and 0 € X so that (xg, xT) EIY

vG, yr) 2.5 in S(G || T). Note that ([yg], yr) must be co-reachable since from
Proposition 3.3.12, ([yg], yr) is reachable in S(G/~ || T) which is non-blocking.
In addition, since Ggn(yg) = 9, [yg] must be a singleton. Thus we have reached a
Case 1 situation.

(i1) If Case2.(i) does not hold, then thereexistzg € QG —{yG},z2r € Qr andtr € Ei\G

so that (xg, x1) I:T>S (zg,zr) and zg 55 yg for some /€ Y. In addition, the

execution of z¢ S in (zG, zr) is disallowed. This could be caused by
a) (zg, zT) %S in S(G || T) for some o € X¢ so that prio(o) < prio(z’). This
again implies that [z¢] is a singleton state from (SC1) and (SC2), i.e. a Case 1
situation is reached; or
b) z7 is in some n-live-lock* in T with n < prio(z’). Note that ([zG], zr) must be
co-reachable since from Proposition 3.3.12, ([zg], z7) is reachable in S(G/~ ||
T) which is non-blocking. In this situation, [zg] cannot execute any transition
drivenby G in S(G/~ || T) as well (this is clear if [z5] is a singleton; otherwise
[zg]isnotasingleton, then from (SC2), all its active events are not executable due
to the n-live-lock in 7', which includes z7). This implies M = (. In addition,
([zG], zT1) is co-reachable in S(G/~ || T) implies that (zg, z7) is co-reachable
inS(G | T).
Note that we do not need to take special care to the situation where the execution

S

of zg = in (zg, z7) is preempted by a private active event in zr whose priority

is higher than t’. This situation must lead to either (i), (ii).a) or (ii).b) in the current

case.
(Case 3) [x¢]is asingleton and all traces in ([xg], xT) s begin with aneventa ¢ Xg. If
there exists some trace in ([xg], x7) 125 where each state consists of a singleton

4 Here, we slightly abuse the definition of live-lock in 7" in that we uniformly substitute all Gy With Tpryt
in Definition 3.1.3.
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state from Q¢ /~, the current statement is trivially true. Otherwise, let

(Ixcl. x7) = (xGol. x10) —S ([xg1], x71) =5 -

0¢k+2 S .

(40)

Ak S A+l S
- — ([xgkl, x11) —>° ([XGk+1]s XTU41) —

be a trace in ([xg], x7) 25 where k > 0, [xGk+1] is not a singleton and all [xg;]

with i € {0, ..., k} are singletons. Clearly, ([xgk ], X7k) —=5S ([xGk+1], XTk+1)
isdriven by G/~ since [xg] is a singleton while [xGg+1] is not. Clearly, there exists
XGra1 € [XGr+1] so that (xG, X7k) Hrls (XGs1> XTh+1) in S(G || T). This
indicates that Case 3 always reaches a Case 2 situation if at least one non-singleton
state is visited in ([xg], x7) ©s, O
Example 9 Consider the automaton G given in Fig 10. Clearly, IT ~ipc IIT holds. In addition,

72) € Gint(I1) N Gine (1) while Grg]r(II) = Gr lr(III) = (). This implies that IT ~. III and
merging II and III yields a conflict-preserving abstractlon.

At the end of the current section, we briefly introduce the adjustment of three further
abstraction rules introduced in Flordal and Malik (2009). The adjustment of these rules
follows immediately from the intuition in Flordal and Malik (2009). The first two rules are
the only silent incoming rule and the only silent outgoing rule. Both rules can be adjusted in
a straightforward manner by combining PWB and the silent continuation rule.

Theorem 3.3.16 [only silent incoming rule] Let G = (Q, X, —, Q°, M) be a Y -shaped

automaton and let x € Q be such that X is not in any live-lock, T(1y € G(x) and y 55
implies o = 1(1y. For the automaton G' = (Q, X, —', Q°, M) with

=) xS yandy #3) U (o, y) |2 —> 55 ), 41)

it holds that G ~5 G'.
Theorem 3.3.17 [only silent outgoing rule] Let G = (Q, X, —, Q°, M) be a Y -shaped

automaton and let X € Q be such that X is not in any live-lock, G(x) = {t(1)} and z 5k
impliesa’ ¢ Y. Let Q :={y € Q|x o, y}and G' = (Q — {x}, =, =/, 0%, M) with

o JO° _ifx ¢ 0°
¢ _{(Q"—{J?})UQt'ffeQ" : )
—='={(x,a,y)|x ' vandx ¢ {x, y}} U {(x,a, y) | x i>J?andy € Q} 43)
G 1 g 11 G/N [I] g [H]
- Q— —-> QO —
P©) L)

T 0, =Y o

0O—2>0% op)
I IV @ [IV] @)

Fig. 10 Silent continuation rule
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It holds that G ~° G'.

Finally, the certain conflicts rule can be adjusted immediately as well. Generally, for non-
blockingness verification, we can merge all blocking states into a single blocking state. In
fact, Flordal and Malik (2009) showed several cases that the blocking behaviour in the future
cannot be avoided even upon reaching some co-reachable state. These states are handled by
the certain conflicts rule, which removes outgoing transitions from these states. Since the
transition removal may potentially render co-reachable states blocking, the set of blocking
states can be enlarged. For a more detailed discussion of the certain conflicts rule, see (Flordal
and Malik 2009, Example 3) and Malik (2004).

Theorem 3.3.18 [certain conflicts rule] Let G = (Q,X,—, Q°, M) be a Y-shaped
automaton. Let Q. S Q be the set of co-reachable states in G and Qu. = Q — Q¢
the set of non-co-reachable states in G. Define two transition sets as

Si=x>ylxeQeacA ye QandIy € Que,t €Y. rfglrr(x):@/\xl>y/};
(44)

—y={x 5> y|lx€Q.o€B ye Qcanddy € Que.x > '} (45)
andlet G' = (Q, =, — — (—1 U—), 0°, M). It holds that G ~° G’.

3.4 Outline of the overall verification algorithm

With the abstraction rules developed above, we are now in the position to perform compo-
sitional non-blockingness verification w.r.t. prioritised events. Recall that given a family of
automata (G;)1<;i<k, the global behaviour amounts to G := S(G1 || G2 || --- || Gk). Here
each individual module G; is subject to abstraction and any pair of modules can be substituted
by its synchronous composition. Except that we shall apply abstraction rules that account for
event priorities, the overall verification procedure as given in Algorithm 1 is essentially the
same as (Pilbrow and Malik 2015, Algorithm 1).

The main function ISNONCONFLICTING takes a family of automata & = {Gy, ..., G},
k > 2, which is to be tested for non-conflictingness. For the preprocessing, we refer to
Observation 2.3.4 (hiding) and Remark 1 (shaping w.r.t. all private events). Note that hiding
preserves Y -shapedness. Hence, we can apply all abstraction rules developed in this section.
This is implemented by invoking the function CONFLICTPRESERVINGABSTRACTION; Line
19.3 After each individual automaton has been processed, the while-loop in Line 8 is entered.
In each iteration, we pick a pair of two modules G; and G; for composition. There are
various heuristics by which to take the specific choice; see Flordal and Malik (2009). The
result H = G; || G is then processed in the same manner in the initial for-loop. Finally, H
is used to replace G; and G ; in the family &. Overall, the while-loop in Line 8 reduces the
size of & by one automaton per iteration. The loop is terminated if only one automaton G is
left. For the latter, non-blockingness is tested e.g. via enumeration based methods to obtain
the final result.

5 As being discussed in Pilbrow and Malik (2015), the order of the abstraction rules in CONFLICTPRE-
SERVINGABSTRACTION may influence the algorithm efficiency. In fact, the observation in Pilbrow and Malik
(2015) fits our use-case as well — we shall prefer putting abstraction rules with higher complexity to the
later stage of CONFLICTPRESERVINGABSTRACTION, i.e. the abstractions through PWB and both rules based
on incoming equivalences. Both rules need high-order polynomial time computation time to perform state
partition iteratively. In comparison, the other three rules appearing in CONFLICTPRESERVINGABSTRACTION
are generally less time-consuming since they can be performed on a per-state basis.
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Algorithm 1 Compositional non-blockingness verification.
1: function ISNONCONFLICTING(®)

2 for all G € & do

3 IT < {o € Y|« is private in G w.r.t. B}

4 G < S11(G)

5: G < HIDE(G, IT)

6: G <« CONFLICTPRESERVINGABSTRACTION(G)
7 end for

8 while |G| > 1 do

9: pick G;,G; € Gandlet H = G; || G;

10: [T < {a € Y| is private in H w.rt. & —{G;, G} }
11: H < St(H)

12: H < HIDE(H, IT)

13: H < CONFLICTPRESERVINGABSTRACTION(H )
14: 6« (6—-{G;,GjhU{H}

15:  end while

16:  let G denote the only automaton left in &
17:  return ISNONBLOCKING(S(G))

18: end function

19: function CONFLICTPRESERVINGABSTRACTION(G)
20: G <«CERTAINCONFLICTSRULE(G)

21: G <REDUNDANTSILENTSTEP(G)

22: G <ONLYSILENTRULES(G)

23: G <«PRIORITISEDWEAKBISIMULATION(G)

24: G < INCOMINGEQUIVALENCERULES(G)

25: return G

26: end function

4 Example

To evaluate the performance of our compositional non-blockingness verification method with
prioritised events, consider the concatenated conveyor belts CB; to CBy shown in Fig. 11.
In this scenario, workpieces are to be transported from the source on the left to the sink
on the right. Each of the components is equipped with a sensor to indicate the presence of
a workpiece. Besides, each conveyor belt is equipped with a motor which drives the belt.
The components are controlled in a modular fashion, with the respective automata given in
Fig. 12; see also Table 1 for a listing of all referenced events. Specifically, each conveyor belt
CB; is modelled as a local closed loop

Fi:=Gi | Hi, (46)

sensoro sensorl sensory Sensory,

source

Fig. 11 Concatenated conveyor belts
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G, off; on; on; offi Fo ar sd
A, A, N »0%.00

on; ar;
>0=0<=—=0<=0 vo
off; v on;
, F ar,
G Ly v, o sd, ars by
ariq A ey )
H
1 Ofﬁ
q g
N r--Yeor-NopEire O%’OL>O&>OMO
ar; y ar; - ar; ar; ar; ) ar;
ari arHJ a ”j arﬁﬂ arHJ arHJ ard ar,-d

O«

Fig. 12 Automata models for the conveyor belts example

with the special cases Fp and Fy 1 for source and sink, and with successive components F;
and F;y; coupled by the automaton C;. The overall model so far is given by

Fo=llo<i<k (Fi I Ci) || Fiet1, (47)

i.e., for a conveyor belt system with k conveyor belts, we have in total 2k + 3 automata.
Let Mf,, Mc; and M, , be the marking set of each F;, C; and Fy1, respectively, where
0 <i < k. These marking sets are given correspondingly by

Mp, = Mc; ={{ar;}}; (48)
Mp,, ={ari+11} (49)

This definition indicates that at any state, each conveyor belt must be able to receive a
new workpiece in the future.

For a physcal implementation of the controller, we effectively implement the behaviour of
F with specific execution preferences. Actuators on; and of f; are assigned a higher priority
than the sensor events ar; and [v;; i.e., when in a state where the controller could either wait
for a sensor event to occur or execute an actuator event at some point in time, the physical
implementation of the controller will do the latter immediately. Likewise, the events sd;
for inter-module communication are preferred over actuator events. Only when in a state
where exclusively sensor events are enabled, the physical implementation will wait until one
such event is generated by the plant. Although intuitive from a technological perspective,

Table 1 Events in the conveyor

belts example Event Description Priority
on; motor; on 2
of fi motor; off 2
ar; sensor; workpiece arrival 3
lv; sensor; workpiece departure 3
sd; send workpiece from component i 1
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Table 2 State count and elapsed

time in sec k mono. st. cnt. comp. st. cnt. mono. time comp. time
5 3.4 x 103 35 0.28 0.06
6 9.9 x 103 40 0.81 0.09
7 2.8 x 10* 45 2.79 0.12
8 7.7 x 10* 50 8.60 0.17
9 2.1 x 10° 55 25.13 0.22
10 5.6x10° 60 60.02 031

this scheme of execution preferences may render the overall model blocking even it was
non-blocking before introducing priorities. Hence our interest in the verification of S(F).

The performance of a prototypical software implementation of the abstraction rules dis-
cussed in our study is given in Table 2. The first column shows the number of conveyor belts.
The second and third column show the state count of the monolithic representation and the
final state count after applying compositional verification. In this example, the latter matches
the maximal state count experienced during the entire verification procedure. The fourth and
fifth column show the elapsed time for verification with or without applying compositional
verification. All computations are performed on a standard 2022 desktop computer (Intel
Core i7-10510U 2.30 GHz CPU with 16GB RAM; however, memory is not a limiting factor
for this example). Through comparing the fourth and fifth column, a substantial performance
improvement becomes evident.

5 Conclusion

In this paper, we address the verification of non-conflictingness for modular systems, where
each module is represented by a finite automaton. For this task, the literature proposes the
method of compositional verification, in which conflict equivalent abstractions and module
composition are alternated until only one module is left. This approach is well established
and gains significant computational benefits; see Flordal and Malik (2009); Su et al. (2010);
Ware and Malik (2012); Pilbrow and Malik (2015). Our main technical contribution is an
extension to account for event priorities. The latter is technically represented by a shaping
operator S( - ) which removes transitions that are preempted by higher-priority events. Since
S(+) does not commute with synchronous composition (- ) || (-), the consideration of event
priorities requires an adaptation of the established abstraction rules. To this end, we introduce
a shaped quotient to account for silent live-locks and recover a variant of weak bisimulation
and related equivalences as basis for abstractions, that turn out conflict equivalent w.r.t.
prioritised events.

If compositional verification yields a negative result, it is of great practical interest to
resolve the present conflicts. For the situation without priorities, Malik and Ware (2020)
proposed how to extract a counter-example as diagnostic information; i.e., a path that leads
to a blocking state. Such diagnostic information may guide the programmer to accommodate
the situation for manually written PLC programs. At the current stage, we have an experi-
mental adaptation of the results in Malik and Ware (2020) with a specific focus on composed
systems with event priorities that model SFCs. A more sophisticated strategy to address
conflicts is the systematic design of a supervisor that further restricts the overall system to
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avoid blocking configurations. Addressing extended finite automata (EFA) as base models,
Goorden et al. (2021) proposed a likewise compositional procedure to synthesise a so-called
coordinator. The composition of the coordinator with the original system is by construction
non-conflicting. For a future direction of research, one may investigate whether and how the
techniques proposed by Goorden et al. (2021) can be adapted to address prioritised events.
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