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Abstract: Hierarchical Interface-based Supervisory Control (HISC) decomposes a discrete-
event system into a high-level subsystem which communicates through interfaces with several
low-level subsystems. The framework provides a set of local conditions that can be checked for
each subsystem individually to conclude global conditions such as nonblocking and controllabil-
ity. The size of HISC systems that can be verified automatically is primarily limited by the size of
the largest subsystem. To overcome this limitation, this paper proposes the use of compositional
verification. Most of the HISC conditions can be verified efficiently using existing methods for
compositional verification, but a few are more challenging. This paper shows how these more
challenging conditions can be expressed equivalently as generalized nonblocking problems, so
the compositional approach for generalized nonblocking developed by the authors in (Malik
and Leduc, 2009) is applicable. This makes all the HISC conditions amenable for compositional
verification, considerably increasing the size of systems that can be handled using the framework.
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1. INTRODUCTION

In the area of Discrete-Event Systems (DES), two common
tasks are to verify that a composite system is (i) nonblock-
ing and (ii) controllable (Ramadge and Wonham, 1989).
The main obstacle to performing these tasks is the combi-
natorial explosion of the synchronous product state space.

The framework of Hierarchical Interface-based Supervi-
sory Control (HISC) was proposed in (Leduc, 2002; Leduc
et al., 2005a; Leduc et al., 2005b; Leduc et al., 2006;
Leduc, 2009) to alleviate the state explosion problem.
The HISC approach decomposes a system into a high-
level subsystem which communicates with one or more
parallel low-level subsystems through separate interfaces
that restrict the interaction of the subsystems. It provides
a set of local conditions that can be used to verify global
conditions such as nonblocking and controllability. As each
local condition can be verified considering only a single
subsystem, the complete system model never needs to be
stored in memory, offering potentially significant savings
in computational resources.

When checking the per-subsystem HISC conditions, each
subsystem is treated as a flat system. The system size
that can be handled is thus limited by the size of the
largest subsystem. As typically each level is defined using
several automata, it is appealing to verify these conditions
by compositional verification, which has been used with
considerable success for safety and nonblocking verifica-
tion (Brandin et al., 2004; Ware and Malik, 2008; Flordal
and Malik, 2009). This avoids the explicit construction

of the complete state space of each subsystem and thus
increases the complexity of the subsystems that can be
handled.

Although many of the HISC conditions can be directly ex-
pressed as a standard controllability or nonblocking prob-
lem, the LD interface consistency points 5 and 6 cannot.
However, they are tantalizingly similar to standard non-
blocking. Instead of requiring that every reachable state
have a path to a marked state (coreachable), they only
require that a subset of states be coreachable. This inspired
the authors to come up with the generalized nonblocking
condition, introduced in (Malik and Leduc, 2008). They
then extended the compositional verification results for
standard nonblocking to this new setting in (Malik and
Leduc, 2009).

Our approach to develop an HISC compositional verifi-
cation method is to first cast the required HISC condi-
tions for a given subsystem as a generalized nonblock-
ing problem, and then show that this new representation
is equivalent. We then use our compositional approach
for generalized nonblocking (Malik and Leduc, 2009) to
check these conditions. In essence, we perform a hybrid
hierarchical-compositional verification. Instead of check-
ing controllability and nonblocking on the entire system
directly, we first use the HISC method to break the system
down into subsystems, and then we use the compositional
method to check the HISC conditions for each subsystem.
This allows us to leverage the hierarchical and information
hiding structure.



Sect. 2 introduces the necessary background of nondeter-
ministic automata and defines the generalized nonblocking
property, and Sect. 3 provides an introduction to Hier-
archical Interface-based Supervisory Control. Next, Sect. 4
presents our new results where the HISC definitions are
expressed as generalized nonblocking problems and we
provide equivalence proofs. Sect. 5 adds some concluding
remarks.

2. PRELIMINARIES
2.1 Fvents and Languages

In this paper, discrete event systems are modeled using
nondeterministic automata. While most concepts required
for this paper can be explained using deterministic auto-
mata, nondeterminism is needed for compositional verifi-
cation.

Event sequences and languages are a simple means to
describe system behaviors. Their basic building blocks
are events, which are taken from a finite alphabet X. In
addition, the silent event 7 ¢ 3 is used, with the notation
X, =Xu{r}

3* denotes the set of all finite strings of the form
0103 .. .0, of events from ¥, including the empty string e.
The catenation of s,t € ¥* is written as st. A subset
L C ¥* is called a language. For Q C 3, natural projection
Pq: ¥* — QF denotes the operation that deletes all events
not in €2 from strings. For language L C ¥* and s € ¥*,
the set of eligible events is Elig; (s) :=={oc € X |soc € L}.
Definition 1. A (nondeterministic) automaton is a tuple
G=(X,X,—,X° X™) where ¥ is a finite set of events,
X is a set of states, — C X x X x X is the state transition
relation, X° C X is the set of initial states, and X™ C X
is the set of marked states.

Definition 2. An automaton G = (X, X,—, X° X™) is
deterministic if X° is a singleton, z 25 y; and = > ys
always implies y; = y2, and — contains no 7-transitions.

The transition relation is written in infix notation z = v,
and is extended to strings in X% in the standard way. For
state sets X1, Xo C X, the notation X = X, denotes the
existence of 1 € X; and x5 € X, such that 21 —> z». Also,
x — y denotes the existence of a string s € ¥* such that
z >y, and z = denotes the existence of a state y € X
such that z > y. Finally, G — x stands for X° — x.

To support silent events, another transition relation = C
X x ¥* x X is introduced. Then z = y, with s =
0102...0, € ¥* denotes the existence of a string ¢t €
T 01T 097" - - - 70, 7" such that = N y. That is, = N Y
denotes a path with ezactly the events in s, while z = y
denotes a path with an arbitrary number of 7 events
shuffled with the events of s. Notations such as X; = Xo,
z =y, and = = are defined analogously to —.

We denote the closed behavior of automaton G to be
L(G) = {s € X" | X° =}, and the marked behavior to be
Ln(G)={sc¥ | X°3 Xxm).

Synchronous composition models the parallel execution

of two or more automata, and is done using lock-step
synchronization in the style of (Hoare, 1985).

Definition 3. Let G1 = (¥,, X, —1, X7, X7") and G4 =
(X9, Xy, —9, X5, X"} be two automata. The synchronous
product Gy || Gy of G and Gy is

<21U225X1 XX27—>7Xf XX;,X{TL XXgn> (1)

where
(z1,22) = (y1,92) if 0 € (81N Ta), 21 D1 Y1, T2 2 Y2;
(I‘l,Zg) Z (yl,SCQ) if o€ (21 @] {7’}) \ 22,1‘1 gl Y13
($1,$2) Z (1’1,2/2) ifoe (EQ @] {T}) \ El,xg i)g Y2.

For deterministic automata, we now define controllability.
We start by assuming the standard event partition > =
¥, U X, splitting the alphabet into uncontrollable and
controllable events. To control a given plant G; = (X1,
X1, —1, {29}, X7), we define a supervisor represented as
an automaton S = (Xq, X, —g, {23}, X5").

Definition 4. Let ¥ = ¥; U Xg, P: ¥* — Xj, and
Ps: ¥* — X% Define Ly := P '(L(Gy)) and Lg :=
PSY(L(S)). Supervisor S is controllable for plant Gy if
Ls¥.NLy C Lg or, equivalently, (Vs € L1NLg) Eligy, (s)N

2.2 Generalized Nonblocking

It is a desirable property that every execution of an
automaton can be completed by reaching a marked
state in X", otherwise livelock or deadlock may occur.
The following extends the standard nonblocking defini-
tion (Ramadge and Wonham, 1989) to the case of non-
deterministic automata considered in this paper.
Definition 5. An automaton G = (X, X,—, X° X™) is
called (standard) nonblocking, if for all states x € X such
that G=-z, it also holds that x=X"™.

Standard nonblocking requires that all reachable states
be coreachable, i.e., that a marked state can be reached
from each reachable state (Ramadge and Wonham, 1989).
The generalized nonblocking property introduced in (Malik
and Leduc, 2008) weakens this condition by only requiring
a subset of states to be coreachable. This is expressed
formally using multi-colored automata, extending the tra-
ditional concept of marked states to multiple simultaneous
marking conditions by labeling states with different col-
ors or propositions. The following definition is introduced
in (Malik and Leduc, 2008), and is based on similar ideas
in (Clarke et al., 1999; de Queiroz et al., 2004).

Definition 6. A multi-colored automaton is a tuple G =
(3,10, X, —, X°,=Z) where X is a finite set of events, II is
a finite set of propositions or colors, — C X x ¥, x X is
the state transition relation, X° C X is the set of initial
states, and Z: IT — 2% defines the set of marked states for
each proposition in II.
Definition 7. Let G1 = (¥1,11, X1, —1, X7, E;) and Gy =
(29,11, Xy, —5, X3, Z,) be two multi-colored automata.
The synchronous product of Gy and Gs is

GGy = (X, 1, X—, X°, =) (2)
where ¥, X, —, and X° are given as in Def. 3, and
E(m) = E1(m) x Eg(m) for each 7 € II.
For generalized nonblocking, we first define propositions a
and w. The intended meaning is that w represents terminal
states and corresponds to the marked state set X", while
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Fig. 1. Interface Block Diagram.

« specifies a set of states from which terminal states are
required to be reachable.

Definition 8. Let G = (X,11, X, —, X°,Z) with a,w € II
be a multi-colored automaton. G is (o, w)-nonblocking, if
for all states © € Z(«) such that G = z it also holds that
r = E(w).

Standard nonblocking can be expressed using generalized
nonblocking simply by taking Z(«) = X. The relationship
between generalized nonblocking and standard nonblock-
ing along with some applications is discussed in (Malik
and Leduc, 2008).

3. HISC WITH LOW DATA EVENTS

This section gives a brief introduction to Hierarchical
Interface-based Supervisory Control (HISC). For an illus-
trative example please see (Leduc et al., 2005a), and for
more detailed explanation and justification please refer
to (Leduc et al., 2005b; Leduc et al., 2006).

An HISC system (Leduc, 2009) is a two-level system which
includes one high-level subsystem and one or more low-
level subsystems. The high-level subsystem communicates
with each low-level subsystem through a separate inter-
face. HISC systems are defined using only deterministic
automata.

In HISC there is a master-slave relationship. The high-
level subsystem sends a command to a particular low-level
subsystem, which then performs the indicated task and
returns an answer. Fig. 1 shows the conceptual structure
and information flow of the system. This style of interac-
tion is enforced by an interface that mediates communica-
tion between the two subsystems. All system components,
including the interfaces, are modeled as automata.

In order to restrict information flow and decouple the sub-
systems, the system alphabet is partitioned into pairwise
disjoint, alphabets:

S:i=%y U [J (B, USk, USs, USip,)  (3)

Jj=1,....n

The events in Yy are called high-level events, and the
events in X, are the 7t low-level events (j=1,...,n),as
these events appear only in the high-level and j** low-level

Fig. 2. Example LD Interface.

subsystem models, Gy and Gy, respectively. We then
have the high-level subsystem Gp defined over event set
SuUUjeqr,..n[Er, USa, USLp,]) and the 5 low-level
subsystem Gp, defined over event set Xy, UXg, UX,, U
Y1p,. We model the jt interface by DES G;, which is
defined over the event set ¥g, UX A, USLp,. We define the
fiat system to be G = Gy || G, | G, || -+ || G, || G,

As the j™ interface Gy, is only concerned with communi-
cation between the subsystems, it is defined only over the
events that are common to both levels of the hierarchy. The
events in Xg; are called request events and represent com-

mands sent from the high-level subsystem to the j* low-
level subsystem. The events in ¥4 ; are answer events and
represent the low-level subsystem’s responses to the re-
quest events. The events in ¥p; are called low data events.
These events were introduced in (Leduc, 2009) to produce
more general and more powerful interfaces than the orig-
inal HISC architecture. Low data events provide a means
for a low-level to send information (data) through the
interface, independently of the standard request-answer
pattern. Request, answer, and low data events are col-
lectively known as the set of interface events, defined as
ZI = U?:l(ERj U EAj U ELDJ)-

In order to enforce the serialization of requests and an-
swers, we restrict the interfaces to the subclass of LD
interfaces defined below. Fig. 2 shows an example of an LD
interface, where ¥, = {isDone,start}, ¥, = {done},
and ¥1p, = {notDone}. It could correspond to a machine
at the low-level with an effective internal buffer of two.

Definition 9. A deterministic automaton G; = (X1, X,
—,{x°}, X™) is an LD interface for the alphabet partition
Y1 = Yr UXa UXyp if the following conditions are
satisfied.

(i) z° € X™,

(ii) If Z 4y for some x € X™, then o € ¥y, or 0 € Z1p
and y € X™.

(iii) If z % 5y for some 2 ¢ X™, then o € Yp, or 0 € ¥p
and y € X™.

To simplify notation, we bring in the following event
sets, natural projections, and languages. In particular,
languages such as H represent the behavior of a given DES
extended over X*.

Elj = ZR]. U EA]. U ELDja P[j: E* — Ei

Y, o= Y, U, Prr;: 3" — Eiij
EIH ZZZH U U Z]j, PIH:E*_)ETH
JE{L,...,;n}
Yp = U LD,
je{l,...n}



H = PI_}}(L(GH))v Hu o= PI_}}(LM(GH)) cxr
L= Py (L(GL,)), Lm, =Py (Ln(GL,)) €2
Zj = P H(L(GL)), I, = P (Lin(Gpy)) € 3°
7= () 1z, = () Zm,

The following interface consistency properties are neces-
sary to ensure that the high and low-level subsystems
interact with the interfaces correctly.

Definition 10. The n'" degree interface system composed
of DES Gp,Gy,,Gpr,,...,Gy,, Gy, is LD interface con-
sistent (LDIC) with respect to the alphabet partition (3),
if for all j € {1,...,n}, the following conditions are
satisfied:

Multi-level Properties

(1) The event set of Gg is ¥y, and the event set of G,
is ZILj .
(2) Gy, is an LD interface.

High-Level Property
(3) (Vs € HNI)Eligz,(s) N (Za, UXp,) C Eligy(s)
Low-Level Properties

(4) (Vs € £; NI;) Eligz, (s) N Eg; C Elig, (s)
(5) (VS S Ej ﬂIj)(Vp € ZRj)(VU S ZAJ>

if spo € Z; then (31 € X7 ) splo € L; NI;
(6) (VS S [:j ﬁIj)

if s € Z,,,; then (3 € Ezj) sl € Lo, NIy,

The conditions in Def. 10 are referred to as the LD inter-
face consistency (LDIC) properties in the following. They
are local conditions of individual subsystems, designed
to capture the way an HISC subsystem should behave
to ensure correct communication with other subsystems.
LDIC properties 1 and 2 are syntactic properties ensur-
ing that all DES use the correct alphabet, and that all
interfaces have the appropriate structure for HISC. LDIC
property 3 is a controllability-like property that requires
the high-level always to be ready to accept any answer
or low data event the low-levels may produce according
to the interfaces. Similarly, LDIC property 4 requires the
low-levels always to be capable of accepting requests that
may come from the high-level. Finally, LDIC properties
5 and 6 are nonblocking-like requirements to be satisfied
by the low-level, discussed in more detail in Sect. 4 below.
Essentially, the low-level is required to be able to eventu-
ally execute all answers possible according to the interface
and to terminate, but only immediately after the interface
has entered particular states. For more details, please refer
to (Leduc, 2009; Leduc et al., 2009).

3.1 Local Conditions for Global Nonblocking

If the following level-wise nonblocking properties are satis-
fied in addition to interface consistency, this is enough to
conclude that the flat system is to be nonblocking.
Definition 11. The n'" degree interface system composed
of DES Gy, Gy, Gr,, ..., Gy, Gr, issaid to be LD level-
wise nonblocking (LDLWNB) if the following conditions
are satisfied:

(I) LD-nonblocking at the high-level:

(Vse HNI)(3s € (Z\Zp)*) ss’ € Hm NI,
(IT) nonblocking at the low-level:

Gy, || Gz, is nonblocking for each j =1,...,n.
Theorem 1. (Leduc, 2009) If the n** degree (n > 1) in-
terface system composed of deterministic DES G, Gy,
Gr,,...,Gy,, Gy, , is LD level-wise nonblocking and LD
interface consistent with respect to the alphabet parti-
tion (3)7 then G = GH || GL1 || GI1 || H GL” an
is nonblocking.

3.2 Local Conditions for Global Controllability

For controllability, we need to split the subsystems into
their plant and supervisor components. We define the high-
level plant to be G%;, and the high-level supervisor to be
Sy (both defined over event set Yyy). Similarly, the j*™
low-level plant and supervisor are Gﬁj and Sy, (defined
over ¥pr,;). The high-level subsystem and the j* low-level
subsystem are then Gy := G, ||Sy and G, := Gij ISz,
respectively.

We can now define our flat supervisor and plant as well as
some useful languages as follows:

Plant := Gl || G}, || --- || GY,
Sup :=Sp || Sc, |-+ [ S, 1Gr || --- | G,
HP .= P L(GY), Sy :=P;;L(Sy) C%*
LY := P L(GY ), St =P L(S,) C ¥
We now provide the controllability requirements that each

level must satisfy. For a discussion of the individual points
of Def. 12, please refer to (Leduc et al., 2006).

Definition 12. The n'" degree interface system composed
of DES GY,Su,G} ,S1,,Gr,,...,GY ,Sr,, Gy, is LD
level-wise controllable (LDLWC) with respect to the al-
phabet partition (3), if for all j € {1,...,n} the following
conditions hold:

(I) The alphabet of G¥, and Sy is Xy, the alphabet of
G’ij and Sz, is Xyr,;, and the alphabet of G, is X,
(I1) (Vs € Li-’ NSr, NIZ) Eligq(s) ny, C EligSLj mzj(s)
(III) (Vs € H* NI NSy ) Eligyqz(s) N X, C Eligg,, (s)
Theorem 2. (Leduc, 2009) If the n'® degree (n > 1)

interface system composed of DES G%,Sy,GY S,
Gr,,...,GY .S, Gy, is LD level-wise controllable with
respect to the alphabet partition given by (3), then

(Vs € L(Plant) N L(Sup))

Eligy(prant)(5) N 2u C Eligy gup)(s)

4. COMPOSITIONAL VERIFICATION OF HISC

This section explains how to compositionally verify the
HISC conditions for nonblocking and controllability.

To verify that an HISC system is nonblocking, it must
be shown to satisfy LDIC Properties 1-6 (Def. 10) and
LDLWNB Properties I-1T (Def. 11). First, LDIC Proper-
ties 1 and 2 are syntactical conditions that can be checked
easily by inspecting each automaton individually. LDIC
Properties 3 and 4 are essentially controllability prop-
erties, once suitable definitions of plant, supervisor, and



uncontrollable events have been made. These properties
can be checked efficiently using methods for composi-
tional verification of safety properties such as (Brandin et
al., 2004; Ware and Malik, 2008). LDLWNB Property 1T is
a standard nonblocking property, which can be checked
directly using the compositional approach for standard
nonblocking in (Flordal and Malik, 2009), or by con-
verting the property into generalized nonblocking (Malik
and Leduc, 2008) and using compositional verification of
generalized nonblocking (Malik and Leduc, 2009).

To verify that an HISC system is controllable, it is enough
to verify LDLWC Properties I-III (Def. 12), which are
either syntactical (LDLWC Property I) or can be treated
as standard controllability verification problems (LDLWC
Property II and III).

We thus only need to provide compositional methods to
check LDIC Properties 5 and 6, and LDLWNB Property .
In the following, each of these three remaining properties
is addressed in a subsection of its own.

4.1 LDIC Property 5

LDIC Property 5 is similar to standard nonblocking if
states where answer event o is possible are considered
as marked states. However, instead of requiring a path
to these states from all reachable states as in standard
nonblocking, such a path is required only from states
immediately after request event p. Also, we require that the
path to a marked state only contains low-level events. This
property can be expressed using generalized nonblocking
by marking precisely those states « that are entered
immediately after request event p, and introducing a new
DES to restrict the occurrence of interface events while
testing whether a given answer o can occur.

The following definition and result generalizes the solution
from (Malik and Leduc, 2008) to include low data events.
To verify that an n'* order HISC system satisfies LDIC
Property 5, we have to check the property for each of the
n subsystems. To keep things simple, we give definitions
for a single low level G = G, and interface G; = Gy,
(4 € {1,...,n}), with associated event sets ¥r = Xg;,
ZA = ZAJ, ELD = ELDj, and EL = ELJ.

Deﬁnition 18. Let X = ER U EA U ELD U EL, ZI =
Yr UXA UXp and let G = <21,XI,—>1,{£B?},X?L>
and Gy = (3, X;,—., {22}, X]") be two deterministic
automata. Gy and Gp satisfy LDIC Property 5 if, for
all strings s € X* and all events p € Xy such that
sp € L(Gr || GL), and for all events 0 € X, such
that Py, (s)po € L(Gy), there exists ¢ € X} such that
spto € L(G[ || GL)

For automata G; and G and answer event o € Y5, we
construct the multi-colored automata G¢, G¢, and T?
such that GY || G || T9 is (o, w)-nonblocking if and only
if LDIC Property 5 is satisfied for the given answer ¢. The
construction is as follows.

e G7 is obtained from Gj; by adding propositions
a and w such that all states with o enabled are
marked «, and all states are marked w. If G; =
<217X13_>Iﬂ{x?}7X}n>7 then G7 = <EI,{a7w},X1,
— 1, {29}, E;) with Z7(a) = {z € X7 |« 5} and
EI(W) = X].

Fig. 3. The automaton T for translating LDIC Property 5
into («,w)-nonblocking.

e GY is obtained from G by marking all states both
aand w. If G = (8, X;,—,,{z%}, X7"), then
Gl = & {a,w}, X;,—, {29},5;) with Eg(a) =
EL (w) = XL.

o T° = (X {a,w}, Xp, {25}, =7, 27) with Xp = {29,
zh 22}, Er(a) = {21}, and Ep(w) = {2%} is the
nondeterministic multi-colored automaton in Fig. 3.

Proposition 3. For each ¢ € ¥ construct multi-colored
automata G¢, Gf, and T? as explained above. Gy
and G, satisfy LDIC Property 5 if and only if G7||GY || T
is (o, w)-nonblocking for each o € Xx.

Proof. First, let Gy and G, satisfy LDIC Property 5. Let
o € %a such that G || GS || T7 > (21,21, 27) € Er(a) x
Zr(a) x Ep(a). Since Er(a) = {zt} by construction, it
holds that z; = z7 and s = sp for some s’ € ¥* and
p€Yr. Also Gy || G > (21,21), and since z; € Z7(a),

. . PE[ (s) o
it holds by construction that G; — xz; — y; for some

yr € X; = Ej(w). Therefore, sp = s € L(G; || GpL)
and Py, (s")po € L(Gy). By LDIC Property 5, there exists
t € X} such that sto = s'pto € L(Gy || G1). Since G, is

deterministic, there exists y;, € Xy = Z(w) such that

to 0

to
x;, — yr. Furthermore, note that z, = z& = 2 €

Ep(w) for any string ¢t € 3j. Therefore, (xr,zr,27) o

Er(w) x Ep(w) x Er(w), ie, GT || GF || T? is (a,w)-
nonblocking.

Second, let GY | G || T be (a,w)-nonblocking for all
o € Y. Let s € X%, p € ¥y, and 0 € ¥ be such
that sp € L(Gy || GL) and Py, (s)po € L(Gy). Then there

Ps (s)p
—

exist states x; € X7 and x;, € X, such that Gy
zr % and G, % zp. Also, T2 % 2L by construction
of T?, and therefore GY || G || T7 & (z,,2,,2}) €
Er(a) x Ep(a) x Ep(a). Since GY || GI || T is (o, w)-
nonblocking, there exists u € ¥* such that (z,,z,,z}) =
Er(w) x EL(w) X Er(w). By construction of T, and since
Er(w) = {29}, there exists a prefix to of u such that

tex: and (z,,2,,25) 2, ie., spto € L(G; || G1). Since
s, p, and o have been chosen arbitrarily, G; and G, satisfy
LDIC Property 5. |

After this construction, the compositional approach for
generalized nonblocking (Malik and Leduc, 2009) can
be used to verify LDIC property 5. The construction
can be performed modularly and therefore is feasible for
composed systems: if G; and G are composed of several
automata, then the construction can be applied to each
automaton individually. Furthermore, the construction
typically produces systems where the majority of states are



Fig. 4. The automaton T? for translating LDIC Prop-
erty 6 into (a,w)-nonblocking.

not marked «. This is important since several of the more
powerful generalized nonblocking-preserving abstractions
presented in (Malik and Leduc, 2009) require states that
are not marked a.

4.2 LDIC Property 6

LDIC Property 6 is similar to the standard nonblocking
property except that we only require states marked by the
interface, but not necessarily the corresponding low level,
to be coreachable. Also, we require that the path to a
marked state only contains low-level events.

To verify that an n'* order HISC system satisfies LDIC
Property 6, we have to check the property for each of the n
subsystems. Again, we give definitions for a single low level
G = Gy, and interface G; = Gy,, with associated event
SetSER—ZR,ZA—ZA,ELD—ELD ,andEL—EL

Definition 14. Let ¥ = XYgr U YA U YLD U XL, X1 =
YR UXA UXip, and let Gy = <EI,XI,—>I,{£C;}7X}TL>
and Gy, = (3, X,,—.,{z%}, X]") be two deterministic
automata. Gy and G, satisfy LDIC' Property 6 if for all
strings s € ¥* such that G;||G = (2!, 2%) and 2’ € XJ",

there exists | € 3% such that (2!, 2%) & X7 x X7,

LDIC Property 6 can be expressed directly using gener-
alized nonblocking. This is achieved by marking precisely
those states « in Gy || G1 that are marked by G;. Multi-
colored automata GY, G%, and T" are constructed such
that GY*|| GY*|| T is (o, w)-nonblocking if and only if G,
and G, satisfy LDIC Property 6:

e From G, we define GY' = (3, {o,w}, X, — 1, {29},
=YY where 2V (a) = E¥(w) = X"
e From G, we define GY' = (3, {a,w}, X, — 1, {25 },
2Y") where ZY (o) = X, and :zz(w) = XF
o We define T = (S, {o,w}, {27}, -7, {27},
E‘%% with —p = {(xTvT ZET)} U Uaexl{(x%“uo— x%“)}
and Z¥(a) = 2% (w) = {72}, to be the nondetermin-
istic multi-colored automaton in Fig. 4.
Proposition 4. Gy and G satisfy LDIC Property 6 if and
only if GV || GY* || T* is (v, w)-nonblocking.

Proof. First assume that G; and G satisfy LDIC
Property 6, and let GV || GY* || TV = (2f,2l,2T) €

Ps; (s)
EY%(a) x E¥ () x E% (). Then by construction G =
2’ € EY(a) = X" ie., G||GL = (¢f, ") and 2T € X"
As Gy and G satisfy LDIC Property 6, there exists
I € ¥ such that (2f,2%) = (y',yl) € X" x X It
follows that

Py, (1)

e in GV x! ="yl € ¥ (w) as ¥ (w) = X7

¢y

1 2

Lp Sy

Fig. 5. The automaton TP for translating LD nonblock-
ing into standard nonblocking.

o in GV: a2l &yl € EVi(w) as ZVi(w) = X,

) Py ()

o in T": 2T =&
as Py, () =e.

z2. € E%(w) by construction of T

Thus, Gq]n‘ H Gm‘ H Tvi :5> (J?I xL J;T) :l> (yI?yL’x%) c
B (w) x Ef(w) x EF (w), Le., GY* | G [| T is (o, w)-
nonblocking.

Second, assume that GY* || GY* || T is (o, w)-nonblocking.
Let s € ¥, Gr || Gy = (2f,2Y), and 2! € X7". Then

. Ps(s) .
by construction G¥ = 2! € X" = EY(a) and
. . . Psy(s)
Gy = gl e X = Z¥(a) and TV =" 2k 5 22, ie.,
. Ps;(s)
TV = 2% € Z%(a). It follows that G¥ || GY || TV =

(!, SEL#ET) € Ej'(a) x Ef'(a) x Ef(a). Since G” G|l
T is (o, w)-nonblocking, there exists ¢ € £* such that

(@', 2%, 2%) = (¥ y"yr) € EY(w) x Ef(w) x Zf(w).

P (1)
Then z2 =", which by construction of TY implies
Ps, (t) = ¢, ie, t € ¥} Furthermore y! € =V (w) = X7

and yL' € Z¥(w) = X7, which means that (z!,2l) L
X" x X7 with t € ¥7. Thus, Gy and G, Satlsfy LDIC
Property 6.

Like in the case of LDIC property 5, this construction
can be performed modularly and produces a large number
of states not marked «, making it well suited for the
compositional approach in (Malik and Leduc, 2009).

4.3 LDLWNB Property 1

LDLWNB Property I is very similar to standard non-
blocking. Every reachable state of the high-level must be
coreachable, only the path to a marked state must not
contain any low data events. To verify that an n'™ order
HISC system satisfies LDLWNB Property 1, it is sufficient
to verify that G = Gy || Gy, || --- || Gy, satisfies the LD-
nonblocking definition below, with X p set to the HISC
system’s low data events.

Definition 15. Let G = (¥, X, —, X°, X™) and X1p C X.
Then G is called LD-nonblocking, if for all s € ¥* and all
x € X such that G = x, there exists t € (X \ Xpp)* such

that x :t> XM,

The following result shows how this LD-nonblocking condi-
tion can be rewritten equivalently as a standard nonblock-
ing property. This makes it possible to verify LDLWNB
Property I using the compositional approach for standard
nonblocking (Flordal and Malik, 2009) or (after conver-
sion) for generalized nonblocking (Malik and Leduc, 2009).
Proposition 5. Let G = (X, X,—,X° X™) be an au-
tomaton, and Yrp C ¥. Furthermore, let TMP = (3qp,



{x%’x%}’_)Ta{x%‘}’{x%D where —p = {(m%’vﬂx%)} U
wexyp (&7, 0, x7)} be the nondeterministic automaton

in Fig. 5. Then G is LD-nonblocking if and only if G || T*P
is nonblocking.

S

Proof. Let G be LD-nonblocking, and let G || TP =
(z,z7). Then G = 2z, and since G is LD-nonblocking,
there exists t € (X \ ¥1p)* such that G = =z L xm,
Given that t € (X \ Xrp)*, it follows that Ps, () =€, so

Pepp (1) €

PE (G)
T =" = ar Sk e X

Therefore, G | T*P = (2, 27) & X™ x X, ie., G | TLP
is nonblocking.

Now assume that G || TP is nonblocking, and let G = .
Clearly by construction

Psyp (s) T
T = a:lT — :rzT ,

and therefore G || T'P 2 (z,22). Since G || TP is

nonblocking, there exists ¢ € %* such that (z,22) =
X™ x X™. So the string Px, | (t) is enabled in state x2.

of TP, but by construction no event in Xy p is enabled

in this state. Therefore, Py, ,(t) = €, or equivalently
te (X\XLp)*. Thus, G oA Xmforte (X\ XLp)*,
i.e., G is LD-nonblocking. O

5. CONCLUSIONS

This paper proposes a hybrid approach to the modeling
and verification of large-scale discrete event systems. Large
models are first structured into subsystems according to
the principle of Hierarchical Interface-based Supervisory
Control (HISC), and then the subsystems are analyzed
individually using compositional verification.

This paper shows how the individual conditions to be
checked for each HISC subsystem can be verified using
compositional verification. The size of the systems that
HISC can handle is primarily limited by the size of
the largest subsystem. By evaluating the per-subsystem
conditions using compositional verification, the explicit
construction of the complete state space of each subsystem
is avoided, making it possible to analyze larger HISC
systems overall.

In addition to the improved model structure provided by
HISC, the hybrid approach also has computational advan-
tages over straightforward use of compositional methods.
These advantages follow from the compartmentalization
into subsystems that HISC provides, and the fact that all
properties can be checked by considering only one sub-
system at a time. Even though compositional verification
may be able to identify subsystems automatically in some
cases, this identification often remains a challenge. The
user-defined subsystem structure reduces the choice of au-
tomata to be composed, making compositional verification
much easier or even possible.

Furthermore, the hybrid method provides a means to
easily parallelise the method. Each property of each sub-
system can be evaluated individually, producing several
independent tasks that can be run in parallel.
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