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Abstract—This paper proposes a method for compositional ver- found in [13], [14], and a first implementation is described
ification of the standard and generalised nonblocking propeies jn [15]. Some of these abstraction rules are generalissition

of large discrete event systems. The method is efficient as itof ves for standard nonblocking [7], while others are only
avoids the explicit construction of the complete state spacby . . -
applicable to generalised nonblocking.

considering and simplifying individual subsystems beforehey are L . .
composed further. Simplification is done using a set of abs#iction As standard nonblocking is a special case of generalised
rules preserving generalised nonblocking equivalence, vith are  nonblocking [1], all these methods can also be used to verify

shown to be correct and computationally feasible. Experimetal  standard nonblocking. Moreover, after translation fromnst

results demonstrate the suitability of the method to verifyseveral dard to generalised nonblocking, abstraction can producea

large-scale discrete event systems models both for standhand : . e O

generalised nonblocking. gene_rallsed nonblocking v_er|f|cat|on problem. It then _baee
possible to apply abstraction rules not normally availdbfe

standard nonblocking [14].

This paper further develops the results of [10], [13]-[15].
It contains modified abstraction rules fareak observation
|. INTRODUCTION equivalence[10], [16] and marking removal and a newa-

HIS paper is concerned about model checking of tifeterminisation rulelt also includes full correctness proofs,
generalised nonblockingroperty [1] of large discrete and experimental results that demonstrate the feasilulity
event systemsStandard nonblockings a weak liveness prop-the method to verify large models both for standard and
erty commonly used in supervisory control theory to expre§éneralised nonblocking.
the absence of livelocks or deadlocks [2], [3]. GeneralisedIn the following, Sect. Il introduces the necessary back-
nonblocking adds the ability to restrict the set of statesnfr ground of nondeterministic automata and defines the gen-
which the property is checked. While generalised nonblocRralised nonblocking property and generalised nonblagkin
ing includes standard nonblocking as a special case, it feglivalence. Then Sect. 11l describes the abstractiors ridie
increased expressive powers that make it possible to gpe@eneralised nonblocking and proves their correctness, Bec
functional properties of software and certain conditions iPresents the experimental results, and Sect. V adds some
Hierarchical Interface-Based Supervisory Control [4], [5  concluding remarks.
Properties such as generalised nonblocking can be verified
using standard state-space exploration or CTL model check- Il. PRELIMINARIES
ing [6], but these approaches are limited by the well-knows. Events and Languages
state-space explosion problem. As an alternata@nposi-
tional verification[7] usesabstractionto simplify components
before or during verification, reducing the size of the sta

space that needs to be explored. addition, thesilent eventr ¢ ¥ is used, which is not usually

Very specific abstraction methods are needed in order;i0 4od in the event alphabet. An alphabet includings
verify nonblocking-like properties compositionally. Aigable .o by, =S U {r}

theory for standard nonblocking is laid out in [8], where it * denotes the set of all finiteacesof the formayos . .. o,
is argued that abstractions used in nonblocking verifi(nati%f events froms, including theempty traces. The sets+ —
should preserve a process-algebraic equivalence catied v\ {e} does not include the empty trace. Teencatenation
flict equivalenceVarious abstraction rules preserving conflicbf two tracess. t € X* is written asst. A subsetl C X* is
equivalence are pr_oposed in [7.]’ [91-{11]. Although sim_’lia called alanguz;ge The natural projectionP,: X% oY s
standard nonb_lockmg, generah_sed nonblockl_ng rquwéﬁﬁ-a the operation that deletes all silent) (events from traces.
ferent abstraction theor¢aeneralised nonblocking equivalence
was first proposed in [1], and a process-algebraic standardlvI Hti-col dA
form for it is presented in [12]. A set of computationall))?" u.t|-co oured Automata _ _
feasible abstraction rules for generalised nonblockingtwa  In this paper, system behaviours are modelled using nonde-
S _ ) terministic multi-coloured automatilondeterminisnis essen-
W;E:;OMHag':n;Eo‘év't*&lécvezgaeg%ﬁ;e&t g\;okmgtmgf ;CC'erf]‘;e’ Ursity of  tjg| for the abstraction techniques in this papéulti-coloured
Ryan Leduc is with the Departn’1ent of Computind and SoftwistelViaster automata extend the traditional conceptroérked stateso

University, Hamilton, Canadd; educ @ mast er . ca multiple marking conditions, by labelling states with difént

Index Terms—Discrete event systems; Automata; Nonblocking;
Model/Controller reduction.

Event sequences and languages are a simple means to de-
scribe discrete system behaviours [2], [3]. Their basitdling
Bocks areeventswhich are taken from a finitalphabet®. In



coloursor propositions The generalised nonblocking property G Gy Gi:
is defined using these propositions. The following definitio
from [1] is based on similar ideas in [17], [18].

Definition 1: A multi-coloured automatoris a tupleG =
(3,11,Q,—,Q°, =) whereX is a finite set ofeventsII is
a finite set ofpropositionsor colours @ is a set ofstates
— C @ x X, x @ is the state transition relation@° C () Fig. 1. Generalised nonblocking vs. standard nonblocking.
is the set ofinitial states and=: II — 2° defines the set of
marked states for each propositionIin

The transition relation is written in infix notation = y, C. Generalised Nonblocking
and is extended to traces Xt in the standard way. For state It is desirable for control systems to be free frdinelock
setsX,Y C @, the notationX > Y meanse > y for some anddeadlock This is captured by theonblockingproperty [3],
z € X andy € Y, andz = Y meanst = y for somey € Y. which requires that a terminal state can be reached fronyever
Also, z — y denotes the existence of a trace >* such that reachable state. In this paper, a propositiog II is used to
r >y, andz > denotes the existence of a stagte Q such designate states as terminal states.
thatz > y. Finally, G > 2 stands forQ° = z. Definition 4: Let G = (X, 11, Q, —, Q°,Z) with w € II be

To support silent events, another transition relatenC  a multi-coloured automatorts is w-nonblockingor standard
Q x ¥* x Q is introduced, where = y denotes the existencenonblockingif for all statesz € Q such thatG = z it also
of a tracet € ¥* such thatP.(t) = s andx L y. Thatis, holds thatz = Z(w). Otherwise G is w-blocking
z = y denotes a path witlexactly the events ins, while Standard nonblocking is the weak liveness property used in
x = y denotes a path with an arbitrary numberrokvents most applications of supervisory control theory, partciyl
shuffled with the events of. Notations such as¥ = Y, forsynthesis [3]. Yet, there are cases where standard ackbl
r =y, ¢ =, andG = 2 are defined analogously te-. For ing is insufficient [1], [18], [21], for example in Hieraratal
= € I, the m-marked language of statee @ is Interface-Based Supervisory Control [1], [4] and in softava

s - verification.
Liz)={seX [z =E(m)}. @ When analysing software, it is desirable to verify correct

Synchronous compositiomodels the parallel execution offunctionality in addition to nonblocking. When a software

two or more automata, and is done using lock-step synchfanction is called, it is desirable thatl specified return values

g1 02 gy, 02 gy, 02

01 02 01 02 01 02

nisation in the style of [19]. are possible. For example, if a function is specified to retur
Definition 2: Let G; = (3,11,Q,, —;,Q5,=Z,) andG, = a Boolean value, then it should be possible for both results

(3,11, Q5, —, Q3,=,) be multi-coloured automata. Theyn- true and false to be returned. This amounts to two individ-

chronous compositioof G; andGs is ual nonblocking checks, one for each possible return value.

However, standard nonblocking does not correctly capture
Gr]| G2 = (811G x @, =, Q1 X 03, F) (2) the desired property. The softw%ire may reach a pO}i/nt dFL)Jring
where its execution where a decision has been made to return a
) particular value, e.gtrue, and from that point on the other
(1, 22) result, falsg is no longer possible. A standard nonblocking
v - check to determine whether a state returnfialge is always
(w1, 22) = reachable, will incorrectly report this behaviour as biogk
andZ(r) = Eq(m) x Eo(m) for eachr € II. The question that really needs to be checked is whether the
This definition assumes that the two composed automataurn valuefalseis possible from the statienmediatelyafter
share the same event and proposition alphabets. Automifi@ function call.
with different alphabets can also be composed by liftingrthe Such questions can be expressed ugjegeralised non-
to common alphabets first: when an evenis added to the blocking[1]. Generalised nonblocking uses two propositions,
alphabet=, selfloop transitions: % = are added for all states called « andw, with the intended meaning that represents
x € @, and when a proposition is added tdl, it is defined terminal states, whilex specifies a set of states from which
that=(7) = Q. terminal states are required to be reachable.
Hiding is the process-algebraic operation that generalisesDefinition 5: Let G = (X, 11, Q, —, Q°, E) with a,w € I
natural projection of languages when nondeterministio-autbe a multi-coloured automatori: is (a,w)-nonblockingor
mata are considered. Events that are not of interest ar@oepl generalised nonblockingf for all statesz € Z(«) such that

(z1,22) = (y1,92) f 0 €X, z1 51 y1, T2 52 Ya;
5 (y1,x2 if 29 l’l Y1;
(

1’1792) if xo Lz Y23

by silent ) transitions ore-moves[20]. G = z it also holds thatt = =(w). Otherwise,G is (a,w)-
Definition 3: Let G = (X,11,Q,—,Q°,=Z) be a multi- blocking

coloured automaton, and & C Y. The result ofhiding T Example 1:In Fig. 1, automatorts; is w-nonblocking and

in G is (o, w)-nonblocking G is w-blocking but(«, w)-nonblocking,

_ o = and G is bothw-blocking and(«, w)-blocking,

GA\T = BCATILQ, =\ T,Q%5) (3) Generalised nonblocking requires that, from all reachable
where— \ T is obtained from— by replacing all events it  states markedy, it is possible to reach a state marked
with the silent event. Clearly, if an automaton is,-nonblocking, it is also(«, w)-



nonblocking, but the converse is not true in general. ThEoposed algorithm has exponential complexity in the size
relationship between standard and generalised nonblgckof the automaton, and the resulting canonical form is not

along with some applications is discussed in [1]. guaranteed to be smaller. This paper uses a weaker method
based on [13], [14]. It introduces a set of computationally
D. Generalised Nonblocking Equivalence feasible abstraction rules that, although incompleteiezeha

The straightforward approach to verify whether a compos@faranteed reduction of the state space.
ome of the following results are similar and closely relate
system Some of the following result lar and closely redat

G| Ga| || Gn (4) to similar results_ about standard nonblocking [7]. Yethaligh
(o, w)-nonblocking seems to be more complicated than stan-
is («,w)-nonblocking consists of explicitly constructing thegard nonblocking at first glance, it is a weaker property and
synchronous composition and checking whether a staffferent kinds of abstraction are possible. Markings can b
markedw can be reached from every state markedThis removed from certain states, and some states that are not
can be done using CTL model checking, and models gbreachable can be removed. Furthermore, several of tes sta
substantial size can be analysed if the state space is eepeels encountered in generalised nonblocking moémarkedq, and

symbolically [6]. Yet, the technique remains limited by thghese can often be simplified more aggressively than states
amount of memory available to store representations of th&rkedo.

synchronous composition.
As an alternativecompositionalreasoning [7] attempts to
rewrite individual components of a composed system suéh Weak Observation Equivalence
1 1 U
as (4) and, e.g., replacé, by a simpler versioii;, to analyse  one of the strongest known equivalences of nondetermin-
the simpler system istic automata isobservation equivalencf22]. Observation
TGl || G - (5) equivalence considers two states as eq.u.ivglent if they dmv_e
N ] ] , actly the same structure of nondeterministic future behavi
Such cqmposmonal reasoning requires t@it and G} are Observation equivalence is known to preserve all temporal
related in some way. An appropriate notion of equivaleneg, o ries It preserves standard conflict equivalence, in
has been identified for the verification of standard nonbilegk 5 is finer than and impliega, )-nonblocking equiva-
n [8]],‘_a_n_d adz.apted tQa,wg-nonbblocklng ml _[1]' | q lence [14]. Observation equivalence comes with efficiemt- si
De |n|_t|£n 6: Let Gy ahn G2 be t(;NO multi-co I(I)uorle auto- plification algorithms [23] and has been used successfolly t
mata W't_ ow € LT en G1 and G are ca '€ (0, w)- simplify automata for the verification of standard nonbliogk
nonblocking equivalentwritten Gy ~(q.) Gz, if for any  here’this abstraction alone is responsible for a subsfanti
multi-coloured automatof’, it holds thatGy || 7' is (a,w)-  edquction in the number of states [7]
nonblocking if and only ifGs || " is (e, w)-nonblocking. It is shown in [10] that observation equivalence can be

To be feasible for compositional verification, the €AUNFalaxed toweak observation equivalence for the purpose of

lence us_e_d must be_ v_vell—behaved with respect to synchron%ﬁndard nonblocking verification, and this is shown below t
composition and hiding. These so-calledngruenceprop- hold for generalised nonblocking as well

erties can easily be shown fdw,w)-nonblocking equiva- Definition 7: Let Gy = (3, T, Qy, —, @5, Z,) and Gy —

lence [1], [14]. o = .
Proposition 1: Let G1, G2, T be multi-coloured automata <E’H.’Q2’H2’Q2’“2> b? two multi coloure_d automata. A
relation~,, C @1 x Q) is a weak observation equivalence

N ropastion 2:Let ¢ (T G 7 2164 & . elalion betweerC:, and G if for all stateszry & Q1 and
p . = s 4 ) )y = X9 € QQ such thatfﬁl Rw T2,

coloured automaton with, w € II, and letY C X. Then(' is o . )
(@, w)-nonblocking if and only ifG\ T is (e, w)-nonblocking. () if 1 =1 1 for somes € 37, then there exists, € Q-
Note that, if given two automat& and H such thatH such tshatyl R Y2 andxs =2 yo;
does not use any events in alphabgtthen (G || H)\ T = (i) if 22 =2 y» for somes € 57, then there existg: € Q1
(G\ Y) || H. In combination with Prop. 2 this means that _ Such thays ~., y» anda1 =1 yu; _
abstractions can be applied in a compositional way, as lsng 8il) if 21 =1 E1(7) for somer € I1, thenzy =5 Ea(m);
only events local to the subsystem considered are subject &) if =2 = Eo(r) for somer € II, thenz; =1 Z1(n);
hiding. Subsystems can be simplified individually or comgabs (V) for all 2§ € Q1 such thatQ§ = =7, there existse5 €
as needed, and the verification and simplification strasegie ~ @2 such thatQs = 25 andag ~,, 5;

outlined in [7], [8] can be used. (vi) for all z5 € Q, such thatQs =, =3, there existst® €
Q1 such thatQ$ = z¢ andx$ =, 5.

I1l. ABSTRACTIONS THAT PRESERVEGENERALISED G, and G, are weakly observation equivalent; ~,, Gs,

NONBLOCKING if there exists a weak observation equivalence relatign

Compositional verification relies on algorithms that reri betweenG; and G.
a given automaton to a simpler equivalent form. A general The difference between weak observation equivalence and
way to achieve this is proposed in [12], where it is showabservation equivalence is that weak observation equicale
how any given automaton can be replaced by (anw)- only considers traces containing at least one event. Anrobse
nonblocking equivalentanonical form Unfortunately, the vation equivalence relation [22] can be defined using theesam



Fig. 2.

Example of weak observation equivalence.

conditions (i)—(vi), except that all tracesc .* are considered
in conditions (i) and (ii).
Example 2: AutomataGG and H in Fig. 2 are weakly obser-

weakly observation equivalent version when verifying gene
alised nonblocking.

Rule 1 (Weak Observation Equivalence Rulé)}wo auto-
mataG; and G» are weakly observation equivalent, théh
can be replaced b, (and vice versa).

Complexity.A coarsest weak observation equivalence rela-
tion for a given automaton can be computed using a partition
refinement algorithm [23] irO(]=-|log |Q]) time. This algo-
rithm requires an explicit representation of the relatien
which in turn requires computation of the transitive cl@sur
of silent transitions. This step takéy|Q|?) time and usually

vation equivalent. Note that these automata are not ohtsemva dominates the complexity of observation equivalence [PHg

equivalent, because from state in G, the statex, where

worst-case time complexity to simplify an automaton based o

only o, is enabled can be reached silently, but this is n¥teak observation equivalence@®|QJ* + |=|log |Q|).
possible inH. For weak observation equivalence, it is enough

that a state likery, can be reached via; from the initial state.

B. Removal of Observation Equivalent Markings

Weak observation equivalence is coarser than observations a special case of (weak) observation equivalence, it is
equivalence and provides for better abstraction [10]. A& thhossible to remove markings from certain states with oulgoi
same time, it can be computed using almost the same alg@lent transitions. This is particularly helpful in geniésed

rithms as observation equivalence, and it implies gerssdli
nonblocking equivalence.

Proposition 3: Let G; andG4 be two multi-coloured auto-
mata witha, w € IL. If G =, G2 thenG ~(, ) Go.

nonblocking, as it reduces the number @fmarked states,
which contribute to the bulk of the verification effort.

Rule 2 (Marking Removal Rule)f an automaton contains
a statey marked by propositionr € II and a pathz = y,

Proof: Let ~,, be a weak observation equivalence relatiothen a markingr can be removed from or added to state

betweenG; and Gs, let T be such thatG, || T is (a,w)-
nonblocking, and leG; || T = (z2,27) € Eg, (). Then
eithers =c or s € &+,

Example 3:AutomataGG; andG- in Fig. 3 are(a, w)-non-
blocking equivalent. Since statg is markeda, any test that
is to be(«, w)-nonblocking in combination witlz; needs to

If s =e¢, thenQS =2 x2, SO by Def. 7 (vi) there exists be able to execute initially. This implicitly includes the

x1 € Qp such thatQ$ =1 z; andz; ~,, zo.

If s € X%, then letxs € Q3 such thate =, x,. Clearly
QS =» x5, so by Def. 7 (vi) there exists$ € @Q; such that
QS =1 25 andzS ~,, x3. Then sincer§ = x5, by Def. 7 (ii)
there exists; € Q1 such thaiy =, 21 andzy &, x2. Thus,
Q% = 29 = ) andxy =, o,

In both cases(z; || T =N (z1,27) for somez; € @, such
thatzy =, z2. Sincexs € Z3(w), it follows from Def. 7 (iv)
that z; =, Z; (). Thus, there exists$ € Z;(«) such that
G1 H T :S> (.I'l,JIT) é (mf,mT) S EGlHT(O‘)- Since G4 H T
is (a,w)-nonblocking, there exist € ¥*, y; € =;(w), and
yr € Er(w) such that

G| TS (w1,27) S (a5, 27) = (y1,y7) € By (W) -

Again, eithert =c ort ¢ ©+.

If t = ¢, thenz; = Z1(w), and sincer; =, 2, it follows
from Def. 7 (iii) thatzy =5 Za(w).

If t € =+, then sincer; =, y1 andxy ~,, x2, by Def. 7 (i)
there existg, € Q2 such thatr, <, yo andy; =, yo2. Also
sincey; € Zi(w), it follows from Def. 7 (iii) thatys =
Eg(w). ThUS,l‘g é Y2 :€> Eg(w).

In both cases{ || T = (z2,27) = Eg,r(w). Since such
a tracet can be constructed for any € X*, it follows that
Gs || T is (o, w)-nonblocking.

Analogously it can be shown that, @, || T is («,w)-non-
blocking, thenG, || T' is (a,w)-nonblocking. It follows that
Gy Z(a,w) Go. n

condition for stater,, which says that a test needs to be able
to executer; or o, initially. As the test must satisfy both, the
condition simplifies to just executing,. Testing for stater;
alone is thus sufficient, so the-marking of stater, can be
removed as shown ifs.

Proposition 4: Let G = (X,11,Q, —, Q°,Z¢) be a multi-
coloured automaton with, w, 7w € IT and statep, g € @ such
thatp = ¢, p # ¢, andq € Zg(r). Define H = (3,11, Q,
—,Q°,Zy) whereZy is identical to=s exceptEy ()
Eg(ﬂ') \ {p} ThenG Z(aw) H.

Proof: It follows from Def. 7 thatG ~,, H. Therefore,
the claim follows from Prop. 3. ]

Complexity.Marking removal is best applied to an automa-
ton without any loops of silent transitions. These loops lsan
found using Tarjan’s algorithm [25], and afterwards magkin
removal can be achieved in a single pass over the source
states of ther-transitions. Both operations can be completed
in O(|Q|?) time.

While the removal of markings does not reduce the number
of states of an automaton, it can make it simpler and enable
other abstractions. The removal@fmarkings can also be con-
sidered when verifying standard nonblocking, where aliesta
are markedu initially. After removal of a-markings, other
rules for generalised nonblocking may become applicable.

C. Removal ofu-Markings

In addition to the removal of observation equivalent mark-
ings, it is possible to remove further-markings while still

Prop. 3 confirms that an automaton can be replaced bymeserving generalised nonblocking equivalence. Thithés t

4
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Fig. 3. Example application of Marking Removal Rule, folleavby w-Removal Rule, and Coreachability Rule.

first abstraction rule that extends beyond the scope of (Weakly needs to be checked from states markedand from
observation equivalence [10] and conflict equivalence [7]. there only traces that can reach a state markede relevant.

Rule 3 (v-Removal Rule)if a statex is not reachable from If it is not possible to reach a state markedor w from
any state marked, then anw-marking can be removed fromsome state:, then this state is irrelevant for the generalised
(or added to) state. nonblocking property. Such statescan be removed.

Example 4: AutomataG, andGj in Fig. 3 are(«, w)-non- Rule 4 (Coreachability Rule)States that are nat/w-co-
blocking equivalent. Only for states marked it is required reachable, i.e., from which neither a state markechor a
that a state marked is reachable, but state, in Go cannot state marked, can be reached, can be removed.
be reached from any state markedTherefore, the fact that Example 5:AutomataGs andG, in Fig. 3 are(«a, w)-non-
xo is markedw is irrelevant, and this marking can be removedlocking equivalent. State, in Gs is neithera-coreachable
as shown inGs. nor w-coreachable, and therefore it is not needed to reach

Proposition 5: Let G = (X,11,Q, —, Q°,E¢) be a multi- an w-marked state, nor does it lead to any further conditions
coloured automaton witly,w € II, and letg € @ such that (a-marked state) that need to be satisfied. This state can be
Ec(a) — g does not hold. Definél = (3,11, Q, —,Q°,Zx) removed as shown ifyy.
whereZy is identical to=g except=g(w) = E¢(w) \ {¢}.  The coreachability rule seems superficially similar to the
ThenG ~(, . H. Certain Conflicts Rule[7], yet it is quite different. The

Proof: Let T' be an arbitrary multi-coloured automatonCertain Conflicts Rule merges blocking states into a single
It is sufficient to show tha&7 || T" is (o, w)-nonblocking if and state when verifying the standard nonblocking propertyete
only if H || T is (o, w)-nonblocking. the coreachability rule allows non-coreachable stateseto b

First assume thaty || T' is (o, w)-nonblocking, and let removed entirely.

H||T = (z,z7) € Eg)r(a). Since the transition relations  Proposition 6: Let G = (X,11,Q,—,Q°,Z) be a multi-
of G and H are equal, it follows thaty || T" = (z,27) € coloured automaton with,w € II, and letC be the set of
Eujr(a) = Egr(e). SinceG || T is (a,w)-nonblocking, «/w-coreachable states f@¥, namelyC = {z € Q | = —
there are statey € Eg(w) and yr € Er(w) such that =(a)UZ(w)}. DefineH = (%11, C, — ¢, Q°NC, E) where
G|T = (z,zr) = (y,yr). Again, since the transition =10 ={(z,0,y) € = |3,y € C}. ThenG ~, . H.
relations of G and I/ are equal, it follows thatid || 7' = Proof: Let T be an arbitrary multi-coloured automaton.
(z,2r) = (y,yr). Also notey # q asz € Zg(o) and |t s sufficient to show tha€ || T is (a, w)-nonblocking if and
z — y, and thusy € Eq(w) \ {¢} = En(w). This implies only if H || T is (a,w)-nonblocking.
H||T = (z,21) = (y,y7) € EgrW). _ First assume thaf || T' is (v, w)-nonblocking, and leff ||

Second assume thdf || T is (_a,w)-nonbloclfllng, and_let T = (z,27) € Egr(a). Obviously, since—» € — and
G| T = (z,27) € Egr(a). Since the transition relations go n ¢ ¢ @°, this impliesG | T = (z,27) € Emr(e) C

of G and H are equal, it follows thatl || T = (z,21) € =g (a). SinceG|| T is (a,w)-nonblocking, it holds tha |
Eg|r(a) = Egyr(a). Since d || T is (a,w)-nonblocking,
it follows that H || T = (z,27) = Egjr(w), and since
the transition relations off and H are equal, alsdx || T =

T = (x,z7) L Eg|r(w) for somet € ¥*. Then there exist
eventsoy,...,on, € X, n > 0, such thatt = P, (01 ...0,)
and statesy, ..., y, € @ such that

(z,27) = Epr(w) C Egjr(Ww). u

Complexity.To apply thew-Removal Rule to an automaton, Goz=y2yu B - By, cZ(w) . (6)
it needs to be checked for all states whether they are rebchab
from ana-marked state. This can be done by a standard graphen yo, y1,...,y» € C by construction ofC, and hence

search visiting each transition at most once. There are at mél || 7' = (z,27) = E(w) X E7(w) = Eg|r(w).

|Q|?|2,| transitions, and this leads to the overall complexity Second assume thd || 7" is («,w)-nonblocking, and let

of O(|Q|?|Z]) to check and apply the-Removal Ruleto all G || T = (z,27) € Zgjr(a). Then there exist events

states where it is applicable. Oly...,0n € %, n > 0, such thats = P.(0;...0,) and
Again, the removal ofu-markings does not directly reducestatesxy, ..., z, € @ such thatry € Q° and

the state space, but it can make other rules applicable. In " ) _

particular, it may increase the number of non-coreachable To a1 = S a, =1 €E() . )

states, which can be deleted according to the following. rUIeThen - 2, € C by construction ofC, and hence
0y Lly---ydn ’

H|T = (z,27) € E(a) x Er(a) = Egyr(e). SinceH || T

D. Removal of Non-coreachable States is (a,w)-nonblocking, it follows thatH | T = (z,z7) =
Following is the first abstraction that actually removesesta =51 (w), and since—c € — alsoG || T = (z,27) =
from an automaton. The generalised nonblocking proper(w) C Z¢)r(w). [ |
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equivalence[26]: two states are considered as equivalent if

r s g2 they can be reached via the same traces from the initialsstate
90 Definition 10: Let G = (X,11,Q, —,Q°,Z). An equiva-
o1 03 lence relation~ C @ x @ is areverse observation equivalence
93 94 on G, if the following conditions hold for alk:;, 22 € @ with

X1 ~ T2.
o If xr, € Qo, thenQ° :E> T2.
o For all statesw; € @ and all eventsr € ¥, such that
Complexity«/w-coreachability of all states in an automaton  w; % z; there exists a state, € Q such thatw, P’:@
can be checked by a standard graph search visiting each z, andw; ~ ws.
transition at most once. There are at m@3f’|>, | transitions, Al equivalent states can be merged at the same time.
and this leads to the overall complexity@f|Q|*|X) to check Therefore, the previously stated Nenbeterminisation Rule

Fig. 4. Example application of Noa-Determinisation Rule.

and apply the Coreachability Rule. is replaced by the following more general version.
Rule 5 (Nona: Determinisation Rule)lf ~ is a reverse ob-
E. Determinisation of Nom States servation equivalence on an automat@nsuch that states

In generalised nonblocking, there are two different kind§arkeda are only equated to themselves by thenG can
of states. States marked carry nonblocking requirements,Pe replaced by/~.
which means that their precise nondeterministic future by 10 prove the validity of this rule, the relationship between
relevant. These states can only be simplified using rules pHae traces in an automatdai and its abstractioit’/~ needs
serving conflict equivalence such as those in [7]. On therott€ be established first. It is well-known that every traceGin
hand, none states do not carry nonblocking requirements, arf§s0 has a corresponding tracedy~. The following result
only the language associated with these states is import&ttoted from [7] holds for every equivalence relation.
These states can be treated using language equivalence, ak§mMma 7:Let G = (3,11, Q, —, Q°, E), and let~ C @ X
determinisation algorithms [20] can be used to merge thenf? P€ an equivalence relation. Then, for all states: € Q

Rule 5 (None Determinisation Rule):Two non«w marked and all tracess € X% such thatw = « in G, it holds that
states that are reachable by exactly the same traces fréai iniw] = [z] in G/~.
states and from each state markedcan be merged into a ~ Proof:Letw = zin G. Then there exists= o, ... 0y, €
single state. ¥ such thatP,(t) = s andw -5 z. Also, there exist states

Example 6:AutomataG and H in Fig. 4 are(a,w)-non- o, ..., &, € Q such thatw = zo = --- % x, = x. By
blocking equivalent. Stateg and gs are only reachable via Def. 9, it holds that[z;_1] 7% [vg] for eachk = 1,...,n,
traceos; from the initial state or from the onlyg-marked state Which implies[w] = [z] in G/~. |
and therefore can be merged into a single stateas shown  Conversely, for a trace in the quotient automatgfr-, there
in H. Note that this simplification is not possible for standardoes not always exist a corresponding trace in the original
nonblocking, or if one of the two states is markedbecause automaton. This only holds under additional conditionghis
in this case it is important that the two states have differegase that a reverse observation equivalence is used.
continuations to states marked Lemma 8:Let G = (%,11,Q,—,Q°, =), and let~ C Q x

To describe this rule formally, the concept gliotient () be a reverse observation equivalence@nThen, for all
automatonis used. The idea is to identify certain groups o$tatesw,z € Q and all tracess € X* such that[w] = [x]
states as equivalent and merge each group into a single stité+/~, there existas’ € [w] such thatw’ = z in G.
The following definitions are standard. Proof: Let w,z € Q ands € ¥* such thatjw] = [x]

Definition 8: Let X be an arbitrary set. A relatioRr C in G/~. Then there exists’ € ¥* such that[w] s, [z] and
X x X is anequivalence relationif ~ is reflexive, symmetric, p,(s') = s. It is shown by induction om = |s'| that for

- ;! . P (s
Z[;ig: r;?:é\gf :“e'i(ag ?Jju:a{lzngt}rilztfny?ﬁ,at:g 3?: I;/et [w] % [x] there existaw’ € [w] sych .thatw’ LACORN .
. . : Base cases’ = e. [w] — [z] implies [w] = [z], and with

of equivalence classes modulois X/~ = {[z] |z € X }. 2 € [2] = [w] it follows thatz 5 z in G

Definition 9: Let G = (X,11,Q,—,Q°,Z) be a multi- ) -, , ' W o
coloured automaton, and let C Q x Q be an equivalence _'nductive stepis’ = 'o. Assume thatw] — [y] = [z].

relation. Thequotient automatowf G modulo~ is Since [y] = [z] in G/~, by definition of —/~ there exist
I statesz’ € [z] andy’ € [y] such thaty’ — z/. Thenz' ~ z,
G/~ = (EILQ/~—/~Q°%E), (8) and since~ is a reverse observation equivalence there exists
where y" € @ such thaty” =) 4 and y" ~ y'. By inductive
S = {( o) |z Sy assumption, sinc@u] Lyl = [y] = [y"], there existsw’ €
Q° = {[z°]|2°€Q°}; [w] such thatw’ 20 y"’ =9, Since P, (t'o) = Pr(s') =
~ ’ i /S I
S(r) = {[z]|z€=(x)} forallrell. s, it follows thatw’ = z in G. [ |

Having thus established a relationship between the traces
The None« Determinisation Rule is described using an an automaton and its quotient, the validity of the Nen-
particular equivalence relation, namelyreverse observation Determinisation Rule can now be proven.



Proposition 9: Let G = (%,11,Q,—,Q°, =) be a multi-
coloured automaton with, w € II, and let~ C Q x @ be a
reverse observation equivalence @rsuch thaffz] = {z} for
all x € Z(a). ThenG ~(, ) G/~.

: H:
G g g1 g1 1 g1 N1

oy 9o 02 )

Fig. 5. Example application af-Determinisation Rule.

Proof: Let T' be an arbitrary multi-coloured automaton.

It is sufficient to show tha& || T" is («, w)-nonblocking if and
only if (G/~) || T is (a,w)-nonblocking.

Proposition 10:Let G = (2,11, Q, —, Q°,Z) be a multi-

First assume thaty || T is («,w)-nonblocking, and let coloured automaton with,w € 11, and let~ C Q x @ be a

(~G/N) H T $ ([x],zT) c E(G/N)”T(OL). ThenQO % [$] S
Z(a), i.e., [z°] = [z] for somez® € Q°. As [z] € Z(a), by
construction of= there existsc® € [z] such thatz® € Z(a).
By Lemma 8, there exists’ € [z°] such thatz’ = 2
in G. Thenz' ~ z° € Q°, and thusQ® = 2’ since~ is
a reverse observation equivalence. HenGe= 2/ = z°
and G | T = (z%,27) € Egr(a). As G || T is (o,w)-
nonblocking, there exist € ¥*, y € @ andyr € Qr
such thatG || T = (¢, 27) = (y,yr) € Egyr(w). Thus,
2 = y, so it follows from Lemma 7 thafz®] = [y].
Therefore(G/~)|| T = ([z], 27) = ([°].27) = ([y).ur) €
Ea /vy rw), i.e., (G/~) || T is (a,w)-nonblocking.
Second assumg/~)||T is (o, w)-nonblocking, and le ||
T = (z,27) € Egr(e). Thenz® = z for somez® € Q°,
and by Lemma 7 it follows thgt-°] = [z], i.e.,(G/~) = [z].
As z € Z(a), it holds that[z] € Z(«). Thus,(G/~) | T =
([z],z1) € E@j~y (). Since (G/~) || T is (a,w)-non-
blocking, there exist € ¥*, y € @, andyr € Qr such that
(G/~) [T % (2], 2r) 2 ([y), yr) € Ec/myr(w)- Then
[y] € 2(w), and by construction oE there existsy~ € [y]
such thaty” € Z(w). Then|x] L [y] = [y*] in G/~, and by
Lemma 8, there exists” € [x] such that* < 4~ in G. Since

x € Z(a), it holds thatz¥ = x by assumption. It then follows

thatG | T = (z,27) = (2%, 21) = (¥*,yr) € Egr(w). W

reverse observation equivalence @nsuch that for allx, y €
Q, if x ~y thenLY(z) = L(y). ThenG ~(4 ) G/~.

Proof: Let T' be an arbitrary multi-coloured automaton.
It is sufficient to show tha€' || T is («, w)-nonblocking if and
only if (G/~) || T is (o, w)-nonblocking.

If G| T is (a,w)-nonblocking, it follows by the same
argument as in the proof of Prop. 9 that/~) || T" is (o, w)-
nonblocking.

Conversely, assume thét/~) || T is («,w)-nonblocking,
and letG || T = (z,2r) € Egyr(e). Thena® = x for
somez® € Q°, and by Lemma 7 it follows thatz°] = [z];
and asz € E(w), it holds that[z] € Z(a). Thus, (G/~) ||
T ([z],xT) S E(G/N)HT(O‘)- Since(G/N) H T is (a,w)-
nonblocking, there exist € ¥*, y € @, andyr € Qr such
that(G/~)|T = ([z],21) = ([y],yr) € E(G/~yr(w). Then
[y] € 2(w), and by construction oE there existsy” € [y]
such thaty” € Z(w). Then[z] = [y] = [y*] in G/~, and by
Lemma 8, there exists* € [z] such thatz® = y* € E(w).
Thenz¥ ~ ¢ andt € £¥(z¥) = L£¥(x) by assumption. It
follows thatG || T = (z,z7) = Eqr(w). n

Complexity. The complexity to check for equality af-
marked languages of states in a nondeterministic autongton
exponential because of the need for subset constructidn [20
To avoid this, the implementation in Sect. IV uses weak
observation equivalence instead of language equival&hme

ComplexityA coarsest reverse observation equivalence re'ﬁr‘ecisely, two states are only merged if they are found to be
tion can be computed in the same way as a weak observaygialy observation equivalent, but only considering: w in
equivalence relation using the algorithm in [23], also Undg)ef. 7 (jii) and (iv). As weak observation equivalence inesli
the additional constraint that states markedcannot be language equivalence [10], this ensures that only statés wi
merged. Its complexity is the same as for weak observatigfyal,-marked languages are merged. It also means that the

equivalence, i.e.Q(|Q]® + |=|log |Q]).

F. Determinisation ofx-Marked States

implementation is only useful for true generalised nonkilog
verification problems, where it can mergemarked states with
states not marked as in example 7. A coarsest weak obser-

While states not marked can be merged easily morevation equivalence relation that is also a reverse observat
care needs to be taken when merging states withaan €duivalence can be computed d(|Q[° + |=[log |Q|) time
marking. States marked have associated nonblocking re&S is the case for the other partitioning abstractions.
quirements. Such states can only be merged if the nonblgckin

requirements are equal, i.e., if they have the sarmaarked
languages.

G. Removal of--Transitions Leading to Non- States
Silent () transitions provide a significant potential for

Rule 6 @-Determinisation Rule)If ~ is a reverse obser- gpstraction. If a silent transition links twa-marked states,
vation equivalence on an automatéhsuch that equivalent then then-Removal Rule can be used to removethmarking

states also have equatmarked languages, thef# can be
replaced byG/~.
Example 7:Automata G and H in Fig. 5 are (a,w)-

of the source state. If neither the source nor the target atat
markeda, then only thew-marked languages of these states
are relevant, and simplification is often possible by means

nonblocking equivalent. States and go in G are reverse of the None: Determinisation Rule. Additionally, and also in
observation equivalent and have the sarmmarked languages, cases where at most one of the two states linked by a silent
so they can be merged into a single stafg. This is possible transition is marked, the Silent Continuation Rule in this
despite the two states having differemtmarkings and thus section or the Only Silent Outgoing Rule in the following

not being (weakly) observation equivalent.

section may be applicable to remove the transition.



H: m x =8 F(y), where the mapi: Q — 29 is defined as
ho hs F(z) = {z} for z # q and F(q) = {p,q}. This claim is
proven using induction on the length of the trade
Base cases’ = . In this case,P;(s') = ¢ andz = y, and
it follows immediately thatr =, * =y € F(y).
Inductive step:s’ = ot’ for o € 3, and t’ € ¥x.
Rule 7 (Silent Continuation Rule) transitionp — ¢ with case, there is a statec Q such thatr LA
q ¢ E(a) can be removed if all transitions originating from ¢ .. 2 . is not the transitionp = ¢, thenz %, =

stateq are copied to statg. by Def. 11, and it follows from the inductive assumption that

T
G:
go o1 91 g9
g2 g3

Fig. 6. Example application of Silent Continuation Rule.

In this

Example 8:AutomataG and H in Fig. 6 are(«,w)-non- P.(t) P Th
blocking equivalent. The transitiop, — ¢, in G leads to ° = P~a (y)- Thus,
a none state, so it can be removed after copying the P. (o) P ()
transition originating from the target statg to the source = pea 2 =pog FY) (10)
stategy. As a result, the target statg becomes unreachable, P, (s")

and can be removed as shownfih Le., & =png Fly). L

This simplification relies on the fact that the target sigte ~ Otherwise, ifz = z is the transitionp = ¢, i.e.,z = p,
is not marked a, so there is no nonblocking requirement = ¢ ando =7, two more cases need to be considered.
associated with that state; thus it can be merged into thegou If ©' = &, then Pr(s") = Pr(ot') = Pr(r¢) = ¢ andy =
state, leading to much stronger simplification than thenile> = ¢- In this case, the claim follows because= p =,
Continuation Rule for standard nonblocking [7]. pE{p,at =F(q) = F(y)-

The following definition describes the construction of the If 7’é e, lett’ = o'u’ for o' € ¥, andw’ € X7. Then
simplified automaton formally. To prove the validity of they = 2 & % y for some state’ € Q. By Def. 11,¢ & ¢/

rule, it is again necessary to establish the relationshiyden implies thatp Hpﬂq ', and by the inductive assumption,

traces in the original and reduced automata. This is done mu P () F(y). Thus
Y)- )

y impliesr’ "=, ~,

Lemmas 11 and 12 below, and afterwards the validity of tHe ~

Silent Continuation Rule is established in Prop. 13.

Definition 11: Let G = (X,11,Q, —, =) be a multi-
coloured automaton with statgsq € Q such thatp = q.
The target bypassf transitionp — ¢ in G is the automaton
Gprg = (5,11,Q, = png, Q°, Epng) Where

—prg = N\ U{Do2) 22}
- ~ JEmMUip}, ifgeE(n);
Zpea(m) = {E(w), otherwise.
Lemma 1liLet G = (X, 11,Q,—,Q°,Z) be a multi—

coloured automaton with statesq € @ such thatp L q.
For all statesr,y € @ and all tracess € ¥*, if x épﬂq Y
iN Gp~g, thenz = y in G.

Proof: Given x $pmq y, there existoy,...,0, € X,
n > 0 such thats = P.(01...0,) andxo,...,x, € @ such
that
o1 o2 On
T =120 —prg T1 —prg " —prgTn =1 . 9

. P, (o; . i
It suffices to showr;_ é) gifori=1,... nlfxi1 5

x;, this is trivial. Otherwiseg;_1 = p andq & z; by Def. 11.

Pg)

This impliesz;_1 = p = ¢ & z;, i.e., zi_;
required. ]

Lemma 12:Let G 3,I0L,Q,—,Q°,E) be a multi-
coloured automaton with statgsq € @ such thatp = ¢.
Furthermore, let:,y € Q ands € ¥* such thatr = y in G.

Then the following statements hold f6#,, .
@) If y+#q, thenx :S>pﬁq Y
(i) If y=gq, thenz =,~, {y,p}.
Proof Given z = y, there existss’ € E* such that
r % y and P, (s") = s. It suffices to show that * y implies

x; as

r=p i’pfw r giﬂq F(y)
and givenP,(o'u’) = P (t') = P (1t') =
thatz =8 . F(y). n

Proposition 13:Let G = (X, 11,Q, — =) be a multi-
coloured automaton witlv, w € II and stateg, ¢ € @ such
thatp = ¢, andq ¢ E(). ThenG ~(, o) Gpng-

Proof: Let T' be an arbitrary multi-coloured automaton.
It is sufficient to show tha& || T is («, w)-nonblocking if and
only if Gp~q || T is (v, w)-nonblocking.

First assume thatz | T is («,w)-nonblocking, and let
Gprg | T = (y.yr) € Eg,,,yr(@). ThenQ® =, y €
Epnq(a). By Lemma 11 it holds tha@° = y in G, and by
Def. 11 it holds thaE, ~,(e) = Z(a) asq ¢ =(«). Thus,

Er(a) =Eg|r(a) .

(11)

P.(¢"), it follows

G T2 (5, yr) € Zpngle) X (12)

SinceG | T is (o, w)-nonblocking, there exist € ¥*, z €
Q, andzr € Q7 such thatG | T = (y,yr) = (2,27) €
Eg|r(w). Hence,G < y & 2. By Lemma 12, it follows
that eithery épﬂq zory épﬂq p with z = ¢. In the first
case, notez € Z(w) C E,~¢(w). In the second case, note
that for¢g = z € E(w), it also holds thap € E,~,(w) by
Def. 11. Hence, in both case;,sépﬂq Epng(w). It follows
that Gpmg | T = (4, y7) = Epng(w) X E(w).

Second assume thét, || T is («, w)-nonblocking, and let
G|IT = (y,yr) € Egjr(@). ThenQ® = y € E(a) in G. As
y € E(a) andq ¢ Z(«) by assumption, it holds that # q.
Then it follows from Lemma 12 thaf)° $pmq y € E(a) C
Ep~q(c) by Def. 11. Thus,

X ET (a) . (13)

Gprg I T = (y,yr) € Epng(a)



Definition 12: Let G = (X,11,Q, —,Q°,=Z) be a multi-
coloured automaton, and lete Q. Thesilent outgoing bypass
of statep in G is the automatotyy,~ = (X,11,Q, —p~, Qp .,
=) where

—pn = (= \{(w,0.p) [wSp}) U

Fig. 7. Example application of Only Silent Outgoing Rule. { (w, o, x) | w > P N } :
o - @ \{pHufzeQ|poa} ifpeq,
Since Gp~q | T is (o, w)-nonblocking, there exist € ¥*, pr> Q°, otherwise.

2 € Q, andzr € Qr such that No state is explicitly removed in this construction. Howeve

the bypassed statebecomes unreachable and can be removed,
provided thatp = p does not hold. Ifjp = p, thenp remains
Theny =, z, and by Lemma 11 it follows thay = > reachable (consider % p = p in the definition of—,.),
in G. If z € E(w), it follows immediately thaty Y Z(w). but suchr-selfloops can be removed first using observation
Otherwise, ifz ¢ Z(w), note that: € =,,,(w), which means €quivalence. _
that - = p andgq € Z(w) by Def. 11. This implieyy & - = _ Lemmaldilet & = (5,11,Q,—, Q% ), and letp € Q.

T - . . t — For all statesr,y € @@ and all tracess € ¥*, if x =,~ v
p — q € Z(w), and it again follows thay = =(w). in G thenz 2 v in C P

It follows that G || T = (y, yr) = Sqyr(w). » P g

. . ry—= . Proof: Forz =, v, there existr,...,0, € 3., n >0
Complexity.The Silent (;qnt|r_1uat|on Rule can pe applied agtuch thats = P, (o1 ... 0,) andao, ..., & € Q such that
most once to every-transition in an automaton, i.e., at mos

Comg | TS (y,yr) = (2, 27) € Epmg(w) x Ep(w) . (14)

|Q|? applications. Each application involves the copying of all r =20 2pn 11 Bpn o Bpn T =Y . (15)
transitions from the target state to the source state, agne th _ Py (04) ) o
It suffices to showr; = x; fori=1,....n. If ;1 =

may be up to|X,||Q] transitions outgoing from every state. e Y S i o )
Therefore, the overall complexity to check the applicapitif ~2i» tis is trivial. Otherl\gvl(sge),ri,l = p — x; by Def. 12,
this rule and apply it to all applicable transitiong1$|Q|3|X|). which also impliesr; =" z;. u
The removal of a-transition alone does not necessarily lead Lemma 15:Let G = (X,11,Q,—,Q°,E), and letp € Q
to a reduction in state space or complexity, and indeedesselbe a state witlp -, which has onlyr-transitions outgoing,
use of the Silent Continuation Rule can substantially iasee i.e.,p — implieso = 7. Furthermore, let, y € Q ands € *

the number of transitions. The implementation in Sect. Isuch thatr = y in G andy # p. Thenz =, y in Gp~.
avoids this by only replacing-transitions leading to states Proof: For z = y, there existss’ € X* such thatz = y
that have no other incoming transitions excepransitions. and P, (s') = s. It is shown by induction on the length of
T e e e e el iy i G ez )y 1 Gy
states Is reduced when applying the ’ Base cases’ = e. In this case,P,(s') = ¢ andz = y. It

follows immediately thatr =, = = y.
H. Removal ofr-Transitions Originating from Nomr States Inductive step:s’ = ot’ for o € ¥, andt’ € . In this

The final rule considers the case of a silent transitiathse, there is a statec  such thatr = z LN Y.
originating from a nom state. This case is more difficult, If » # p, thenz %, 2 by Def. 12, and it follows from

and the following ruIe_ls more restrictive than its COMpaNIoy . i 41 ictive assumption that PT:(I;;)/-» y. Thus z Igém
for standard nonblocking [7], becausemarkings need to be =, ;) P
taken into account in addition to other conditions. z =>pn Y, and this impliese ==~ y.

Rule 8 (Only Silent Outgoing Rulep statep that is not  Otherwise, ifz = p, note thatp = z - y # p and hence
markeda or w can be removed, ip —, andp has only t # e. Then lett’ = ¢’/ for o’ € ¥, andu/ € X*. Then

T-transitions outgoing. Incoming transitions o must be , &, s ¥ for some state’ € Q. Also o’ =  sincep — =

redirected to all the~-successor states pf has onlyr-transitions outgoing, i.ez % 2z = z’. By Def. 12,
Example 9:AutomataG and H in Fig. 7 are(a,w)-non- . o , . : Co
blocking equivalent. Statg in G is not markedx or w and has it follows tg?tfz): o 2 BY IndUCtIVi z?siumpnonz -y
only 7-transitions outgoing, so it can be bypassed and removistplies z' ==, y. Thus,z %, z' ==~ y, and given
as shown inH. This simplification is only possible because’-(cu') = P-(o1u’) = P (00'u') = Pr(ot') = P-(s'), it
state g; is not markeda or w. If the state is marked, the fgllows that 2 P*:(iim y. m
nonblocking conditions associated with it needs to bemeti Proposition 16:Let G = (3,11,Q, —,Q°,Z), and letp €

and there is no easy way to merge these into one or both@®fpe a state withy > andp ¢ Z(«) U E(w), which has
the successor states. only 7-transitions outgoing, i.ep % impliess = 7. Then

. Following ig a formal d-escription of the Only S_ilent _Out.goC ~(aw) Gpr-

ing Rule. Again, the relationship between traces in theiaig Proof: Let T' be an arbitrary multi-coloured automaton.
and the simplified automata is established before provieg t is sufficient to show that? || 7" is («, w)-nonblocking if and

validity of the rule. only if G~ || T is (a,w)-nonblocking.



First assume that || T is («, w)-nonblocking, and let,, - || consider three early versionaif0) based on [30], and

T = (y,yr) € Eg, . r(a). ThenQs, . S,~ y € E(a). a more detailed versioraipl) according to [31], which
Then there exists® € Q; ., such that® =, y. Applying has been modified for a parametrisable number of pallets.
Lemma 14 it follows that:® = y. Also note that, ifz°® ¢ Q°, big_t_)mw Automotive Window Lift Cont_roller model accord-_
thenz° € Q5. means thap € Q° andp 7. 2° by Def. 12. ing to [21]. The model used here is an extended version

with four individual windows.
N fencaiwon09 Model of a production cell in a metal-processing
5 t plant from [32]. The supervisors in this model are hand-
C_’?’ andzr € Qr SUSCh tf;atG H_ T = (y_, yr) = (2, ’ZT) written and differ slightly from the synthesised original.
Eq|r(w)- Hence G = y = z.tSmcez € Z(w)andp ¢ Z(w),  frechnik Flexible production cell model based on [33].
it holds thatz # p. Theny =, z € E(w) by Lemma 15, profisafe PROFIsafe field bus protocol model [34]. The task

Thus, G = y and thereforeG | T = (y,yr) € Egr(c

).
SinceG || T' is («,w)-nonblocking, there exist € ¥*, =z €
€

and this meansi,~ || T = (y,yr) L B, |7W). considered here is to verify nonblocking of the commu-

Second assume thét,~ || T is (a, w)-nonblocking, and let nication partners and the network in input-slave configu-
GIT= (y,yr) € Z¢r(a). Then there exists® € Q° such ration with sequence numbers ranging up to 4, 5, and 6.
thatz° = y € E(a) in G. Asy € Z(a) andp ¢ Z(«) by tbed Model of a toy railroad system described in [35]. There
assumption, it holds that # p, which impliesz® =, y by are three versions representing different designs.
Lemma 15. Ifz° # p, it also holds that® € Q5. by Def. 12. tip3 Model of the interaction between a mobile client and
If 2° = p, note thatp has onlyr-transitions outgoing, and event-based servers of a Tourist Information System [36].
y # p, so the pattp = 2° =% y is not empty and has the formVerriegel Central locking system of a BMW car, originally
p= xSy withz Qp~- Thus,Q; 2,~ v € E(a) and ) from the KORSYs project [37]. )

) 6link Models of a cluster tool for wafer processing [16].
Gp~ | T = (y,yr) € Eg|r(a) =Eq, (@) . (16) All these models have been checked for standard nonblock-

ing using compositional verification, and thg1 models have
. : . been checked for generalised nonblocking in addition.
thatGp~ | T = (y,yr) = Eg, . |r(w). Then there exists a  compositional verification repeatedly chooses a small et o
statez € Z(w) such thaty épm z, and by Lemma 14 also automata, composes them, applies abstraction rules tythe s
y = z in G. Hence,G IT = (y,yr) = Egr(w). m chronous composition, and replaces the composed automata
Complexity. To check whether the Only Silent OutgoingVith the result. This is repeated until the remaining autzma
Rule is applicable to a state, it must be confirmed that it ts n@re considered too large, or there are only two automata left
marked and has at least one and onlgransitions outgoing. The final automata are not simplified, because it is easier
Using appropriate data structures, this can be done in@onsto check them for generalised nonblocking directly. This is
complexity. Applying the rule requires all incoming tratisns ~ done by explicitly constructing and exploring the synctuwos
to be copied to all~-successor states. There can be up &®mposition—the present implementation does not use BDDs
|Q||%~| incoming transitions and up t@)| T-successors per Of other symbolic representations [6]. To provide the user
state. Then the complexity to check and apply the Only Silewith diagnostic information when the model is blocking, the

Outgoing Rule to all states of an automatorO§Q|?|2|). counterexample obtained from the final check is expanded to
produce a counterexample for the original model by propagat

ing it back through all abstraction steps [15].
A key aspect for a compositional verification algorithm is
The CompOSitional nOﬂblOCking verification algorithm haﬁ]e way how automata are selected to be Composed_ The im-
been implemented in the DES software tool Supremica [2gjementation considered here follows a two-step approch [
and tested on a number of models of reactive and contfglthe first step, someandidatesets of automata are formed,
systems. The software is an improved version of [15], whighd in the second a most promising candidate is selected. For
includes new implementations of weak observation equivaach event in the model, a candidate is formed consisting
lence and the standard nonblocking abstractions of [7]s&heyf all automata withs in their alphabet; this strategy is called
are compared to the approach proposed in this paper. MustL [7], [15]. Other ways of forming candidates [7], [15]
The test suite includes complex industrial models and casgve been found to perform poorly for the larger models
studies taken from various application areas such as magdnsidered in this paper, and therefore are not considered i
facturing systems, communication protocols, and autareotithe following.
electronics. Included are all models used in [7] with atteas After forming a set of candidates, a most promising can-
107 reachable states. The smaller models have been replaggfhte is identified heuristically. The following heuristiare
by more complex models that can be solved by the nayed for this purpose.

implementation. The following list gives some details aowiinS Chooses the candidate with the smallest estimated num-

SinceG,~ || T is (o, w)-nonblocking, there existse ¥* such

IV. EXPERIMENTAL RESULTS

each group of models in the test suite. ber of states after abstraction. The estimate is obtained
agv Automated Guided Vehicle Coordination system based on by multiplying the product of the state humbers of the
a Petri Net model [28]. automata forming the candidate with the ratio of the

aip Model of the automated manufacturing system of the numbers of events in the synchronous composition of the
Atelier Inter-établissement de Productique [29]. Thestes candidate after and before hiding [15].
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MinS® Like MinS, but estimates the number ofmarked fication time (Time). In case of early termination (no states
states. marked «« or all states markedv), the final synchronous
MinSync Computes the synchronous composition of the agemposition is not constructed and its size is shown as 0.
tomata in each candidate and chooses the candidate witill experiments are run on a standard desktop computer
the fewest states in the synchronous composition. using a single 3.3GHz CPU and 8 GB of RAM. The exper-
MinSync® Like MinSync, but chooses the candidate with théments are controlled by state limits and timeouts. If dgrin
fewesta-marked states in the synchronous compositioabstraction the synchronous composition of a candidate has
After identification of a candidate, its automata are confrore than 100,000 states, it is discarded and another catedid
posed, and then a sequence of abstraction rules is apphied. I chosen instead. The state limit for the final synchronous
Generalised Nonblocking Abstraction SequenGAB) first composition after abstraction - 107 states. If this limit is
uses Tarjan’s algorithm [25] to remove loopsefransitions exceeded, or if the total runtime exceeds 15 minutes, the run
from the automaton. This special case of observation equii@ aborted and the corresponding table entries are lefkblan
lence is applied first because it is fast, and other abstrasti The tables show that compositional verification is highly
can be implemented more efficiently fedoop free automata. sensitive to the selection heuristics. There is no cleaegtb
After 7-Loop Removal, markings are removed by applyingtrategy. For the standard nonblocking problemasnSync
the Marking Removal and-Removal Rules. Next come theusually is more effective, but it is outperformed B§inS
relatively fast Coreachability Rule, the Silent Incomingl® andMinS for generalised nonblocking.
and the Only Silent Outgoing Rule, followed by the parti- The Generalised Nonblocking Abstraction SequeGig)
tioning rules, namely Weak Observation Equivalence, Noiends to be more effective than the Standard NonblochiR) (
a Determinisation, andv-Determinisation. Finally, markings and Weak Observation Equivalencé/QEQ) sequences. It
are added back into the automaton by applying the Markiggn solve more problems within the set state limits, andllysua
Removal Rule in reverse, to enable early termination iriakiv produces smaller abstractions. Yet, the runtimes are natyal
cases where all states are marked. better. Abstraction tends to take more time than synchrenou
The GNB Abstraction Sequence is also used to verifgomposition exploration, so small models can often be sblve
standard nonblocking, simply by first addimgmarkings to faster with a weaker abstraction sequence.
all states. When verifying standard nonblocking, the Ccinea It is interesting that th&NB sequence seems to work better
ability Rule and thea-Determinisation Rule are not usedthan NB for standard nonblocking. AlthoughB includes
because they can be shown to have no effect or no efféhee Silent Continuation, Active Events, and Certain Cotdlic
beyond weak observation equivalence when starting fromRalles, which do not work for generalised nonblocking, this
standard nonblocking verification problem. Also, thiinS~ is offset by the Nomx Determinisation Rule only present
and MinSync® selection heuristics only make sense for gerin GNB. It is to be noted, however, that the Certain Conflicts
eralised nonblocking. Rule does achieve abstractions not possible for genedalise
For the standard nonblocking test cases, @NB Ab- nonblocking, particularly for blocking models, which inrse
straction Sequence is compared to a Standard Nonblockirages lead to early termination. On the other hand,NBe
Abstraction SequenceNB) based on [7]. Afterr-Loop and abstraction sequence suffers from the more complicated-cou
Marking Removal, this sequence applies standard nonlrigckierexample computation algorithm when the Certain Cosflict
versions of the Silent Incoming and Only Silent Outgoin&ule is used.
Rules. Next are the Silent Continuation Rule, the Active The generalised nonblocking problems are more challeng-
Events Rules, and the Certain Conflicts Rule [7], which onipg. The tests in Table Il represent different ways of veri-
work for standard nonblocking. Afterwards, the sequendéging Serial Interface Consistency properties V and ¥ich
completes with Weak Observation Equivalence and addiagd sic6) for a subsystem of the Multiple-AlP model [31].
markings back in. This version of the model can be parametrised, and the number
The results are furthermore compared to abstraction usimgangle brackets in Table Il indicates the number of pallets
only Weak Observation Equivalenc®VQEQ) as proposed in each case. Serial Interface Consistency is transformed i
in [10]. This abstraction sequence only consiststefoop generalised nonblocking according to [5]. This resultsha t
Removal followed by Weak Observation Equivalence. addition of atest automatorio the model, which includes a
Table | shows experimental results for standard nonblagckifarge number of events, and which makes it difficult for the se
verification using different abstraction sequences andlieanlection heuristics to identify suitable candidates. Néweless,
date selection heuristics. Table Il shows experimentalltes the model has been successfully verified.
for verifying some Hierarchical Interface-Based Supeyys  Fig. 8 shows a breakdown of the performance of the indi-
Control properties cast as generalised nonblocking vatifin vidual abstraction rules in th&NB sequence. The piecharts
problems [4], [5]. For each model, the tables show the totdisplay the total numbers of states removed by abstractidn a
number of reachable states (Size) if known, and whether thie total runtimes over all tests in the standard and gesecal
not the model is honblocking (Res). Then they show for eaclonblocking test suites, using thdinSync heuristic. The
abstraction sequence and heuristic, the number of stateguntimes only include abstractions and do not add up to the
the largest automaton encountered during abstractionk(P¢ianes in the tables, which also include candidate evalnatio
States), the number of states in the synchronous compositsynchronous composition, and counterexample computation
explored after abstraction (Final States), and the total ve It is clear that the partitioning abstraction rules (Weak Ob

11



TABLE |
STANDARD NONBLOCKING EXPERIMENTS

GNB/MinS GNB/MinSync NB/MinS NB/MinSync WOEQ/MinS WOEQ/MinSync
Peak Final ~ Timg Peak Final ~ Tim¢ Peak Final  Timg Peak Final  Timg Peak Final ~ Timg Peak Final ~ Time
Model Size Res| states  states [s] states  states [s] states  states [s] states states [s] states states [s] states  states [s]
agv 2.57 107 |tue| 319 472 03 133 290 04 319 503 0.3 133 348 04 319 503 0.4 133 348 03
agvb 2.29 - 107 |false| 319 33 04 417 268 0.7 319 28 04 241 0 o4 319 34 0d 317 451 05
aipOaip 1.02 - 109 |tue| 933 5 14 226 66 2.4 1289 5 11 188 74 24 302 5 o0d 129 74 24
aipOalps 3.00 - 108 |false| 172 115 04 134 65 0d 18 16 04 13 9 07 244 144 04 244 144 08
aipOtough | 1.02 - 1019 |false| 97849 21589427 743920 805068 147 177 0 23 15460 4471150 9.4
aiplefa(3) |6.88 - 108 |[true|40800 1619644 12510734 2887502 10440290 2382871 14510872 3634908 1257120 2081228 14010872 3647013 12.2
aiplefa(16) |9.50 - 1012 |false| 74100 14204058 21|774100 20072368 3265520 15432924 26{F4100 21123323 37|77220 15699764 22/§7220 21015187 32.7
aiplefa(24) |1.83 - 1013 |false| 5628 14231936 17[710734 20105881 27[76384 15472607 19/50872 21147356 28/06636 15699764 19[110872 21015187 27.2
big_bmw  [3.14 - 107 |tue| 80 5 03 22 2 04 s0 5 03 22 2 og 80 5 03 22 2 04
fencaiwon09 |1.03 - 108 | true[11099 167 1] 495 46 0.410566 105 2.0 495 41 0411277 197 16 495 47 07
fencaiwon09h 8.93 - 107  |false| 11099 96 23 495 96 1.]10566 118 33 495 118 1411277 211 1.9 495 211 10
ftechnik 1.21 - 108 |false| 13160 0 29 152 0 09 8476 0 64 152 0 1419538 0 31 226 0 o7
profisafe_i4 true [49152 48205492 270|94088 409 46349152 49223799 341|@9152 49223799 365(3
profisafe_i5 true| 6144 237344 2098304 57888 850198304 57888 14998304 57888 166
profisafe_i6 true|552906 148284 53[718432 303353 3355296 148284 114{18432 303353 45[55296 148284 534
thed ctct  |3.94 - 1013 |faise| 36277 0 8415612 0 5966151 0 346.215039 0 289.736277 0 6315612 0 52
toed_hisc  |5.99 - 1012 | true| 4140 167 2.4 788 216 3.7 2089 182 2.3 875 94 4d 4188 33 21 846 33 37
ted_valid |3.01 - 1012 |true|62584 3286 9% 4648 3286 3484337 4004 14.5 4640 3374 3471228 4368 10.8 4648 4344 30
tip3 2.27 - 1011 | true| 6399 211 34 576 128 1414142 306 6.2 768 128 1.090132 210064 573[777588 210064 348.7
tip3_bad 5.25 - 1010 |false| 1293 719 19 784 366 1.4 1568 26 14 784 366 1412385 23646 7.012385 23646 7.5
verriegel3  |9.68 - 108 | true| 3540 2 11 635 2 09 6084 2 23 2043 2 14 7115 2 14 3790 2 16
verriegel3b |1.32 - 109 |false| 3753 0 1§ 672 39 1.7 4650 0 23 27 0 11 9048 4 21 925 245 17
verriegeld  |4.59 - 1019 | true| 2724 2 14 635 2 11 6084 2 23 4125 2 14 7115 2 14 3790 2 17
verriegeldb  |6.26 - 1010 [faise| 3753 0 24 668 39 14 4650 o 31 27 0 1.3 9048 4 24 925 245 19
6linka 2.45 - 1014 |false| 559 33 14 8379 8 64 64 o og 61 0 06 9836 60 13.412998 61 801.9
6linki 2.75 - 1014 |false| 636 65 1411664 5 98 61 0 o4 32 0 0511595 1567 533p
6linkp 4.43 - 1014 |false| 88 o 03 30 o og 32 0o o4 16 0 0512629 122 714512629 122 776.3
slinkre 6.21 - 1013 |false] 362 678 1] 584 424 14 118 44 14 29 13 14 669 684 13 737 211 13
TABLE Il
GENERALISED NONBLOCKING EXPERIMENTS
GNB/MinS GNB/MinS ™ GNB/MinSync GNB/MinSync® WOEQ/MinS WOEQ/MinS ¢ WOEQ/MinSync WOEQ/MinSync ™
Peak  Final Tim¢ Peak Final Timg¢ Peak  Final Tim¢ Peak Final  Tim¢ Peak Final  Tim¢ Peak Final Tim¢ Peak  Final  Tim¢ Peak Final  Time
Model Size Res| states  states [s] states  states [s] states  states [s] states  states [s] states  states [s] states _ states [s] states  states [s] states _ states [s]

aiplefasicsa(3) [1.38 - 109 |tue|50904 3349340 29J45628 3214900 10[10734 5335633 1620734 5335633 1657032 4610864 4486636 4662042 120872 7294014 20[10872 7294014 20.5

aiplefasicsa(4) [1.36 - 1010 |false| 8112 11835409 16{50904 9394977 35[10734 18722528 26[20734 18276252 26[48424 15300064 18[67032 11053503 46[20872 20681543 27|10872 20681543 27.3

aiplefasicsa(6) [3.29 - 1011 |false|17100 23904005 28|60904 19946564 44|a7100 36907733 48[a7100 36907733 49|07784 32127224 34|%7032 22307169 57|a7784 42116470 51[47784 42116470 52.0

aiplefasicsa(8) [2.11 - 1012 |false|29400 23929636 29|£9400 23929636 29|R9400 36926515 49|@9400 36926515 49|B0600 32183217 35|@0600 32183217 35|B0600 42149449 52|B0600 42149449 52.8

aiplefasic5a(10) |5.81 - 1012 |false|45012 23920636 29|#5012 23929636 30[B5012 36926515 50[@5012 36926515 50|A6872 32183217 36[A6872 32183217 36|W6872 42149449 5346872 42149449 53.9

aiplefasic5a(16) [1.90 - 1013 |false| 5628 28693973 32[55628 28693973 32{30734 40404808 52|10734 40404808 51[86636 32183217 34{96636 32183217 34/50872 42149449 50[0872 42149449 51.6

aiplefasicsh(3) [1.38 - 109 |true|50904 3349340 29[75628 2886892 9.836160 5516756 2640734 4896286 1557032 4610864 44[26636 4662042 12519280 7229794 33[50872 7294014 20.7

aiplefasicsb(4) [1.36 - 1019 | true|50904 23809874 75[47776 18511198 44[B6160 46989160 140[80734 37979398 102|87032 34478924 111[28100 35644052 83[0

aiplefasic5c(3) |6.88 - 108 |true|26292 1643376 11/26292 1643376 10/0734 3244243 11/d0734 3244243 12[81332 2972172 12081332 2972172 12/40872 4362906 13[710872 4362906 14.3

aiplefasicse(4) |6.82 - 109 |true|26292 11475543 31|@6292 11475543 32{10734 28422025 80[10734 18989723 53|B1332 23854178 50[81332 23854178 59|20872 40945156 10840872 33592307 89.9

aiplefasic6(3) [1.38 109 |tue|40320 916915 11{45628 1443446 6.510734 2448155 O[10734 2448155 10[60480 2081228 14[16636 2331031 810872 3647013 12{20872 3647013 13.1

aiplefasicb(4) [1.36 - 1019 | true|50904 11904937 48|69120 4784638 24[210734 18989711 53[30734 18989699 53|57032 17239472 72|67032 17239472 71[30872 33592295 89|10872 33592295 90.4

aiplefasic6(5) |8.18 - 1019 |true| 8001 38110689 954

Standard Nonblocking of a-Determinisation is small compared to the effort, probably
State reduction Runtime due to its implementation that does not allow it to do much
I 7-Loop Removal TasrRemedl - more than Weak Observation Equivalence. Other rules such as
-Cx .

28180 state Slent Cont Nomer bet. Shent Cont 7-Loop Removal and the Only Silent Outgoing Rule achieve
Weak Obs. Eq 14678 states 68s onysientout g small reduction of states, but they run so fast that their
305489 states Only Silent Out . n . n .

11897 states weak obs-E¢.  gpplication is still worthwhile.
Generalised Nonblocking V. CONCLUSIONS
State reduction Runtime A compositional method for verification of standard and

generalised nonblocking has been described. The approach
Oy Silent Out 0ss onysientow mitigates state-space explosion by simplifying individe@m-
307 et 1 a-pet. ponents of a system before or while composing them. Eight
abstraction rules preserving generalised nonblockingvequ
alence have been proposed, which substantially reduce the
Fig. 8. Performance of individual rules. number of states of automata encountered during verifica-
tion. The rules are chosen to be computationally feasible,
while still covering a wide range of situations encountered
servation Equivalence and NaenDeterminisation) contribute in nondeterministic automata. The method has been imple-
to most of the runtime, but also achieve most of the stateespawented, and experimental results demonstrate its ussfilne
reduction. Nona-Determinisation has a significant impacfor model checking large discrete event systems modelslénhi
when verifying generalised nonblocking with about the sanwiginally developed specifically for generalised nonkiag,
effort as Weak Observation Equivalence—its runtime is&hor the results are also applicable to standard nonblockind, an
mainly due to the fact that Noa-Determinisation is invoked the new implementation brings improvements over previous
later and therefore receives smaller input automata. Tteetef compositional methods to verify standard nonblocking.

Others
232 state:

Others

Weak Obs. Eq.

Weak Obs. Eq.
49454 states Non-a Det. 155s
7.3s

Non-« Det.
69388 states
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