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Abstract

In this paper we extend our previous results in which we presented a hierarchi-
cal method that decomposeda system into a high level subsystemwhich commu-
nicated with n ¸ 1 parallel low level subsystemsthrough separateinterfaces. This
method o®eredsigni¯cant computational savings as the complete system model
never neededto be constructed.

We intro duce a new interface structure called command-pair interfaces which
extends the previous approach (star interfaces) to now be able to represent state
information about the low levels. We show that star interfaces are a special case,
and extend the results for star interfacesto include the more generalcommand-pair
interfaces.

We illustrate the new approach by re-visiting a large manufacturing example
that was designed using only star interfaces. Finally, we present a complexity
analysisshowing that the algorithm's time complexity is O(m2), where m = n + 1
is the total number of subsystems.

1 In tro duction

In the area of Discrete-Event Systems(DES), two common tasks are to verify that a
compositesystem,basedon a cartesianproduct of subsystems,is (i) nonblocking and (ii)
controllable. The main obstacleto performing thesetasks is the combinatorial explosion
of the product statespace.Although many methodshavebeendevelopedto dealwith this
problem(modular control [1, 17, 31, 46, 52, 56], decentralized control [5, 34, 49, 50,55,58],
vector DES/Petri Nets [11, 12, 33,39, 62,63], model aggregationmethods [2, 4, 9, 10, 13,
19, 22, 24, 44, 45, 51, 54, 57, 61], and multi-level hierarchy [6, 20, 35, 36, 53]), large-scale
systemsare still problematic, particularly for veri¯cation of nonblocking.

Oneexceptionis the recent work of Zhanget al. [59, 60] who have recently developed
algorithms that useIntegerDecisionDiagrams(an extensionof Binary DecisionDiagrams
(BDD:[7])) to verify centralized DES systemson the order of 1023 states. This builds
upon the work by the model checking/temp oral logic community [3, 16, 14, 15, 8, 25, 37,
38, 40, 47] who have successfullyusedBDDs to handlesystemsof similar size. However,
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Zhang's work doesn't represent a hierarchical approach, but a more e±cient way to
represent DES and verify properties. This means it should be possible to use it to
compliment a hierarchical method for even better scalability.

To deal with the complexity of large scalesystems,the software engineeringcom-
munity has long advocated the decomposition of software into modules (components)
that interact via well de¯ned interfaces(e.g., [23, 42, 41, 43]). Recently the supervisory
control community has begun to advocate a similar approach [18, 27, 28, 30]. These
approachesdevelop well de¯ned interfacesbetweencomponents to provide the structure
to allow local checks to guarantee global properties such ascontrollabilit y [18, 28, 30] or
nonblocking [27, 28, 30].

In this paper, we extend the work of [27, 28, 30] which introduced a hierarchical
method, called hierarchical interface-based supervisory control (HISC), that decomposes
a systeminto a high level subsystemwhich communicateswith n ¸ 1 parallel low level
subsystemsthrough separateinterfaces.This method presented a set of interfaceconsis-
tency propertiesthat canbeusedto verify if a discrete-event system(DES) is nonblocking
and controllable. As each clauseof the de¯nition canbeveri¯ed usinga singlesubsystem,
the completesystemmodel never neededto be constructed, o®eringsigni¯cant savings
in computational e®ort.

One limitation of the method was the de¯nition of its interfacestructure, which we
will refer to as star interfaces. This structure was too restrictive as it was not able to
represent state information about the low levels. We introduce a new type of interface
called command-pair interfaces that is similar, but can contain state information. We
show that star interfacesare a special case,and extend the results for star interfaces to
include the more generalcommand-pair interfaces.

We illustrate the useof command-pair interfacesby re-visiting a largemanufacturing
example[26] with an estimatedclosed-loop statespacesizeof 7£ 1021 that wasdesigned
using only star interfaces. Finally, we present a complexity analysis for the method
and show that the algorithm's time complexity for evaluating a systemis O(m2), where
m = n + 1 is the total number of subsystems.

2 Serial Case and Command-pair In terfaces

Before we discussstar interfaces and introduce command-pair interfaces, we must ¯rst
introduce the setting that they are de¯ned in. We will do this by discussingthe serial
caseof HISC. In the serial case,we are restricting ourselvesto only onelow level(n = 1).
In this setting, we have a master-slave system, where a high level subsystemsendsa
command to a low level subsystem,which then performs the indicated task and sends
back a reply. Figure 1 shows conceptually the structure and information °ow of the
system. We call this the serial caseas communication occurs in a serial fashionbetween
the two subsystems.

To capture the restriction of the °ow of information imposedby the interface, the
alphabet of the plant (§) is split into four disjoint alphabets: § H , § L , § R , and § A . The
events in § H are called high level eventsand the events in § L low level eventsas these
events appear only in the high level and low level models, respectively.

The alphabets § R and § A are called collectively interface events. Theseevents are
commonto both levels of the hierarchy and represent communication betweenthe two
subsystems.The events in § R , called requestevents, represent commandssent from the
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high levelsubsystemto the low levelsubsystem.The events in § A are answereventsand
represent the low level's responsesto the requestevents.

In [27], Leduc et al. introducedthe conceptof star interfaces.1 This interfacestruc-
ture was useful as it has a regular structure and is thus easy to construct. To de¯ne
a star interface, the designerselectsa set of requestevents, and then for each request
event, the designerde¯nesa set of answerevents. In essence,the designerde¯nesa map
Answ er : § R ! Pwr(§ A ). For ½2 § R , Answ er(½) is the set of possibleanswers (re-
ferred to as the answerset) the low levelsubsystemcould provide after receivingrequest
½. For consistency, the constraints that the low levelsubsystemmust provide at leastone
responsefor each request it receives, and that § A does not contain any unusedevents
are added. Figure 2, shows how a star interface, with n = j§ R j (n ¸ 0), is expressedasa
DES. The required structure for a star interface is given by DES GI . It is also required
that the event set of GI be set to § R _[ § A but no restrictions on whether a requestor
answerevent is controllable or uncontrollable are made.

We now introduce command-pair interfaces. Command-pair interfaces are similar
to star interfaces, the key di®erencebeing that the \star" shape is no longer required.
A command-pair interface still has a request event followed by an answer event, but
it can now contain additional state information. For example, in Figure 2 all possible
requesteventsare de¯ned at the initial state. When an answer event has occurred, it
always returns the star interface to the initial state, and thus the samechoiceof potential
requestevents. With a command-pair interface we canhave a DES structure asin Figure
3. Requestevents½1 and ½2 might represent the regularbehaviour of the system,while ®3

and ½3 represent breakdown and repair of the system. A command-pair interface allows
the °exibilit y of only having the repair event eligible after a breakdown.

De¯nition: A DES GI = (X ; § I ; »; xo; X m ) is a command-pair interface if the follow-
ing conditions are satis¯ed:

(A) § I = § R _[ § A

(B) (8s 2 L(GI ))( 8½2 § R) s½2 L(GI ) ) s 2 Lm (GI )

1Leduc et al. referred to star interfaces as \in terfaces." We are intro ducing the term star interfaces
to make it easierto refer to this type of interface structure.

3



(C) (8s 2 L m (GI ))( 8¾2 § I ) s¾2 L(GI ) ) ¾62§ A

(D) Lm (GI ) = f ²g [ (§ ¤
I :§ A \ L(GI ))

(E) L(GI ) µ (§ R :§ A )¤

The ¯rst point says that GI 's event set is restricted to requestand answereventsand
that the two sets are disjoint. Poin t B states that requestevent transitions are only
de¯ned at marked states. Poin t C states that there are no answer eventsde¯ned at
marked states. Poin t D says that the marked languageof GI consistsof the empty
string, and strings that end in an answer event. Finally, Poin t E says that in the
languageof GI , a requestevent always occurs ¯rst and then requestand answerevents
alternate.

Finally, we show that star interfacesare a special caseof command-pair interfaces.

Prop osition 1 If DES GI = (X ; § I ; »; xo; X m ) is a star interface,thenGI is a command-
pair interface.

Pro of: Seeproof in [32].

2.1 De¯nitions and Notation

For our setting, we assumethe high level subsystemis modelled by DES GH (de¯ned
over event set § H [ § R [ § A ), the low level subsystemby DES GL (de¯ned over event
set § L [ § R [ § A ), and the interfaceby DES GI (de¯ned over § R [ § A ). Also, the high
levelwill meansync(GH ; GI ), and the low levelsync(GL ; GI ).2 The overall structure of
the systemis displayed in Figure 4.

To simplify the notation in proofs, we introduce the following event sets, natural
projections, and useful languages:

§ I := § R _[ § A

§ I H := § H _[ § R _[ § A

§ I L := § L _[ § R _[ § A

PI H : § ¤ ! § ¤
I H

PI L : § ¤ ! § ¤
I L

PI : § ¤ ! § ¤
I

H := P ¡ 1
I H (L(GH )) ; H m := P ¡ 1

I H (Lm (GH )) µ § ¤

L := P ¡ 1
I L (L(GL )) ; L m := P ¡ 1

I L (Lm (GL )) µ § ¤

I := P ¡ 1
I (L(GI )) ; I m := P ¡ 1

I (Lm (GI )) µ § ¤

Whereas the representation of the system as given in Figure 4 (called the serial
subsystembased form) is useful for verifying nonblocking as it simpli¯es the notation, it
ignoresthe distinctions betweenplants and supervisors. For controllabilit y, we needto
split the subsystemsinto their plant and supervisor components. We will do soasshown
in Figure 5.

We next de¯ne the high level plant to to be GH , and the high level supervisor to be
SH (both de¯ned over event set § I H ). Similarly, the low level plant and supervisor are

2The operation sync is the synchronous product operation from CTCT [56].
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GL and SL (de¯ned over event set § I L ). To be consistent with the serial subsystembased
form, we de¯ne the following identities for the high and low level subsystemsas below.
We will refer to this new representation asthe serial systemgeneral form asthe original
representation can be recoveredfrom applying theseidentities.

GH := sync(GH ; SH ) GL := sync(GL ; SL )

We can now de¯ne our °at supervisor and plant as well as someuseful languagesas
follows:

Plan t := sync(GH ; GL ) Sup := sync(SH ; SL ; GI )

H := P ¡ 1
I H L(GH ); H S := P ¡ 1

I H L(SH ); µ § ¤

L := P ¡ 1
I L L(GL ); L S := P ¡ 1

I L L(SL ); µ § ¤

GH

High level

GL

GI

GI

Low level

Figure 4: Two Tiered Structure of the Sys-
tem.

High level
Low level

G = ( , )L Lsync G SL

GL SL

GI

G = ( , )H Hsync G SH

GH SH

Figure 5: Plant and Supervisor Subplant
Decomposition

Finally, we will be using the eligibilit y operator in our de¯nitions. For a language
L µ § ¤ and a string s 2 § ¤, the operator EligL : § ¤ ! Pwr(§) is de¯ned as follows:

EligL (s) := f ¾ 2 § js¾2 Lg

2.2 Serial In terface Prop erties and Theorems

We now present the interfacerequirements that the systemmust satisfy to ensurethat it
interacts with the interface correctly. We then de¯ne the nonblocking and controllabilit y
requirements each level must satisfy. Refer to [32] for a more detailed explanation of the
requirements. The only di®erencebetween thesede¯nitions and the onesin [27, 28] is
that the de¯nitions now all refer to command-pair interfaces instead of assumingstar
interfaces. We are abusing notation by not changing the de¯nition's namesto re°ect
this sincea command-pair interface is also a star interface and would thus satisfy the
previousversionof the de¯nitions.

5



Serial In terface Consisten t: The systemcomposedof DES GH , GL and GI , is serial
interface consistentwith respect to the alphabet partition § := § H _[ § L _[ § R _[ § A ,
if the following properties are satis¯ed:

Multi-lev el Prop erties

1. The event set of GH is § I H , and the event set of GL is § I L .
2. GI is a command-pair interfacefor the alphabet partition § := § H _[ § L _[ § R _[ § A

High Level Prop erties

3. H§ A \ I µ H

Low Level Prop erties

4. L§ R \ I µ L
5. (8s 2 § ¤:§ R \ L \ I ) [EligL \ I (s§ ¤

L ) \ § A = EligI (s) \ § A ]
where EligL\I (s§ ¤

L ) := [ l2 § ¤
L
EligL\I (sl)

6. (8s 2 L \ I ) [s 2 I m ) (9l 2 § ¤
L ) sl 2 L m \ I m ]

Serial Level-wise Non blo cking: The system composedof DES GH , GL , and GI , is
said to be serial level-wisenonblocking if the following conditions are satis¯ed:

(I) H m \ I m = H \ I nonblocking at the high level

(I I) L m \ I m = L \ I nonblocking at the low level

We now de¯ne the controllabilit y requirements for each level. We adopt the standard
partition § = § u _[ § c, splitting our alphabet into uncontrollableand controllableevents.

Serial Level-wise Con trollable: The systemcomposedof plant components GH , GL ,
supervisors SH , SL , and interface GI , is said to be serial level-wisecontrollable
with respect to the alphabet partition § := § H _[ § L _[ § R _[ § A , if the following
conditions are satis¯ed:

(I) The alphabet of GH and SH is § I H , the alphabet of GL and SL is § I L , and
the alphabet of GI is § I

(I I) (L S \ I )§ u \ L µ L S \ I

(I I I) H S§ u \ (H \ I ) µ H S.

We now present our main results for this chapter, the serial interface nonblocking
theorem and the serial controllability theorem. As the serial level-wisenonblocking, se-
rial level-wiseControllable, and serial interface consistent de¯nitions can be evaluated
by examining only one level of our system at a time, we now have a meansto verify
nonblocking of our system using local checks. The di®erencebetween these theorems
and the onesin [27, 28] is that they now usethe command-pair interface de¯nitions.3

3Note, the controllabilit y results here, and later for the parallel case,are automatic from [27, 28] as
they don't rely on the speci¯c structure of the star interface, just its event set. They are included for
completeness.
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Theorem 1 If the systemcomposed of DES GH , GL , and GI is serial level-wisenon-
blocking andserialinterfaceconsistent with respect to thealphabet partition § := § H _[ § L _[ § R
_[ § A , then

L(G) = Lm (G), where G = sync(GH ; GL ; GI )

Pro of: Seeproof in [32].

Theorem 2 If the systemcomposed of plant components GH , GL , supervisors SH , SL ,
and interface GI , is serial level-wisecontrollable with respect to the alphabet partition
§ := § H _[ § L _[ § R _[ § A , then:

(8s 2 L(Plan t ) \ L(Sup)) EligL (Plan t )(s) \ § u µ EligL (Sup )(s)

where Plan t = sync(GH ; GL ) and Sup = sync(SH ; SL ; GI ).

Pro of: Seeproof in [32].

3 Parallel Case

In Section 2, we described the serial casefor the HISC method where the number of
low levels(n) is restricted to one. We now describe the more generalsetting where we
have n ¸ 1 low levels. Figure 6 shows conceptuallythe structure and °ow of information
of such a system. In this new setting, we still have a single high level, but this time it
is interacting with n ¸ 1 independent low levels, communicating with each low level in
parallel through a separateinterface. We will refer to the number of low levels, n, as the
degree of the system.

Figure 6: Parallel Interface Block Dia-
gram.

High level

Low Level 1

GL1

GH

GI1

Low Level n

GLn

GIn

Figure 7: Two Tiered Structure of Parallel
System

As in the serial case,in order to capture the restriction of the °ow of information
imposedby the interface, we partition the alphabet of the system into the following
analogouspairwise disjoint alphabets: § H , § R j , § A j , and § L j , with j = 1; : : : ; n.

For an nth degreeparallel system,we assumethe high level subsystemis modelled by
DES GH (de¯ned over event set _[ j 2f 1;:::;ng[§ R j

_[ § A j ] _[ § H ). For j 2 f 1; : : : ; ng, the j th
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low level subsystemis modelled by DES GL j (de¯ned over event set § L j
_[ § R j

_[ § A j ),
the j th interface by DES GI j (de¯ned over event set § R j

_[ § A j ), and that the overall
system has the structure shown in Figure 7. Furthermore, we will refer to the j th low
level to meansync(GL j ; GI j ) and we will assumethat the alphabet partition is speci¯ed
by § := _[ j 2f 1;:::;ng[§ L j

_[ § R j
_[ § A j ] _[ § H and that the °at systemis taken to be:

G = sync(GH ; GL 1 ; : : : ; GL n ; GI 1 ; : : : ; GI n )

In order to simplify the notation in proofs,we now introducethe following event sets,
natural projections, and useful languages.For the remainderof this section,the index j
is de¯ned to have rangef 1; : : : ; ng.

§ I j := § R j [ § A j

§ I H := [ j 2f 1;:::;ng§ I j [ § H

§ I L j := § L j [ § I j

PI H : § ¤ ! § ¤
I H

PI L j : § ¤ ! § ¤
I L j

PI j : § ¤ ! § ¤
I j

H := P ¡ 1
I H (L(GH )) ; H m := P ¡ 1

I H (Lm (GH )) µ § ¤

L j := P ¡ 1
I L j

(L(GL j )) ; L m j := P ¡ 1
I L j

(Lm (GL j )) µ § ¤

I j := P ¡ 1
I j

(L(GI j )) ; I m j := P ¡ 1
I j

(Lm (GI j )) µ § ¤

3.1 General Form

As in the serial case,we needto be able to decomposethe nth degree(n ¸ 1) parallel
interface systeminto its plant and supervisor components.

We now de¯ne the high level plant to to be GH , and the high level supervisor to be
SH (both de¯ned over § I H ). Similarly, the j th low level plant and supervisor are GL j

and SL j (de¯ned over § I L j ). We now de¯ne the high levelsubsystemand the j th low level
subsystemas follows:

GH := sync(GH ; SH ) GL j := sync(GL j ; SL j )

The readershould note that the de¯nition of a parallel interface systemthat we present
herein termsof plant and supervisorcomponents, is the general form of such systems.We
will refer to the original form shown in Figure 7, usedto simplify nonblocking de¯nitions
and proofs, as the parallel subsystembased form.

We can now de¯ne our °at supervisor and plant as well as someuseful languagesas
follows:

Plan t := sync(GH ; GL 1 ; : : : ; GL n ) Sup := sync(SH ; SL 1 ; : : : ; SL n ; GI 1 ; : : : ; GI n )

H := P ¡ 1
I H L(GH ); H S := P ¡ 1

I H L(SH ); µ § ¤

L j := P ¡ 1
I L j

L(GL j ); L Sj := P ¡ 1
I L j

L(SL j ); µ § ¤
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3.2 Serial System Extraction

As the event set of each low level is mutually exclusive from the event setsof the other
low levels,we can considerthe parallel interface systemas n serial interface systemsby
choosing one low level and ignoring the others. This will allow us to reuseour existing
de¯nitions and results for serial interface systems.

In this section, we introduce the concept of serial system extractions for an nth

degree(n ¸ 1) parallel interface system, shown conceptually in Figure 8 in terms of
subsystems.Below we give the general form of the de¯nition. The parallel subsystem
form of the de¯nition can be obtained by using the identities GH = sync(GH ; SH ),
GL = sync(GL ; SL ), and GL j = sync(GL j ; SL j ).

Figure 8: The Serial SystemExtraction

j th Serial System Extraction: For the nth degree(n ¸ 1) parallel interface system
composedof DES GH ; GL 1 ; : : : ; GL n ; SH ; SL 1 ; : : : ; SL n ; GI 1 ; : : : ; GI n , with alphabet
partition § := _[ k2f 1;:::;ng[§ L k

_[ § Rk
_[ § A k ] _[ § H , the j th serial systemextraction,

denotedby system(j ), is composedof the following elements:

GH (j ) := sync(GH ; GI 1 ; : : : ; GI ( j ¡ 1)
; GI ( j +1)

; : : : ; GI n )

SH (j ) := SH , GL (j ) := GL j , SL (j ) := SL j , GI (j ) := GI j

§ H (j ) := _[ k2f 1; :::; ( j ¡ 1); (j +1) ; :::; ng§ I k
_[ § H

§ L (j ) := § L j , § R(j ) := § R j , § A (j ) := § A j

§( j ) := § H (j ) _[ § L (j ) _[ § R(j ) _[ § A (j )

= § ¡ _[ k2f 1; :::; ( j ¡ 1); (j +1) ; :::; ng§ L k

3.3 Parallel Case De¯nitions and Theorems

In this sectionwe present a set of properties that are equivalent to their serial interface
counterparts. The only di®erencebetween thesede¯nitions and the onesin [27, 28] is
that they now usecommand-pair interfaces instead of assumingstar interfaces.

In terface Consisten t: The nth degree(n ¸ 1) parallel interface systemcomposedof
DES GH ; GL 1 ; : : : ; GL n ; GI 1 ; : : : ; GI n , is interface consistentwith respect to alpha-
bet partition § := _[ k2f 1;:::;ng[§ L k

_[ § Rk
_[ § A k ] _[ § H , if:
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(8j 2 f 1; : : : ; ng) The j th serial systemextraction of the system is serial
interface consistent.

Level-wise Non blo cking: The nth degree(n ¸ 1)parallel interface systemcomposed
of DES GH ; GL 1 ; : : : ; GL n ; GI 1 ; : : : ; GI n , is level-wisenonblocking with respect to
the alphabet partition § := _[ k2f 1;:::;ng[§ L k

_[ § Rk
_[ § A k ] _[ § H , if:

(8j 2 f 1; : : : ; ng) The j th serial systemextraction of the system is serial
level-wisenonblocking.

Wenow extendserial level-wisecontrollability to the parallel case.Weadopt the stan-
dard partition § = § u _[ § c, splitting our alphabet into uncontrollable and controllable
events.

Level-wise Con trollable: The nth degree(n ¸ 1) parallel interface systemcomposed
of DES GH ; GL 1 ; : : : ; GL n ; SH ; SL 1 ; : : : ; SL n ; GI 1 ; : : : ; GI n , is level-wisecontrollable
with respect to alphabet partition § := _[ k2f 1;:::;ng[§ L k

_[ § Rk
_[ § A k ] _[ § H , if:

(8j 2 f 1; : : : ; ng) The j th serial systemextraction of the system is serial
level-wisecontrollable.

We now present our nonblocking theorem for parallel interface systems. It states
that, to verify if a parallel systemis nonblocking, it is su±cient to check that each of its
serial systemextractions is serial level-wisenonblocking and serial interface consistent.
The di®erencebetweenthesetheoremsand the onesin [27, 28] is that they now usethe
command-pair interface de¯nitions.

Theorem 3 If the nth degree (n ¸ 1) parallel interfacesystemcomposed of DES GH ;
GL 1 ; : : : ; GL n ; GI 1 ; : : : ; GI n , is level-wisenonblocking and interfaceconsistent with respect
to the alphabet partition § := _[ k2f 1;:::;ng[§ L k

_[ § Rk
_[ § A k ] _[ § H , then

L(G) = Lm (G), where G = sync(GH ; GL 1; : : : ; GLn ; GI 1; : : : ; GI n )

Pro of: Seeproof in [32].

Next, we present our controllabilit y theorem for parallel interface systems. It states
that, to verify if a parallel systemis controllable, it is su±cient to check that each of its
serial systemextractions is serial level-wisecontrollable.

Theorem 4 If the nth degree (n ¸ 1) parallel interfacesystemcomposed of plant com-
ponents GH ; GL 1 ; : : : ; GL n , supervisors SH ; SL 1 ; : : : ; SL n , and interfaces GI 1 ; : : : ; GI n , is
level-wisecontrollable with respect to thealphabet partition § := _[ k2f 1;:::;ng[§ L k

_[ § Rk
_[ § A k ]

_[ § H , then

(8s 2 L(Plan t ) \ L(Sup)) EligL (Plan t )(s) \ § u µ EligL (Sup )(s)

where Plan t := sync(GH ; GL 1 ; : : : ; GL n ) is the system's°at plant , and
Sup := sync(SH ; SL 1 ; : : : ; SL n ; GI 1 ; : : : ; GI n ) is the system's°at supervisor.

Pro of: Seeproof in [32].
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4 Application to the AIP

Wenow revisit anapplication to a largemanufacturing system,the Atelier Inter-¶etablissement
de Productique (AIP) discussedin [26], to illustrate the useof command-pair interfaces.
The AIP, shown in Figure 9, is a highly automated manufacturing system consisting
of a central loop (CL) and four external loops (EL), three assembly stations (AS), an
input/output (I/O) station, and four inter-loop transfer units (TU). The I/O station is
wherethe pallets enter and leave the system. Pallets can be of type 1 or of type 2, and
it is assumedthat the type of the pallet entering is random.

4.1 Assembly Stations

The structure of the assembly stations is shown in Figure 10. Each station consistsof a
robot to performassembly tasks,an extractor to transfer the pallet from the conveyor loop
to the robot, sensorsto determine the location of the extractor, and a raising platform
to present the pallet to the robot. The station also contains pallet sensorsto detect a
pallet at the pallet gate, the pallet stop, and to detect when a pallet has left the station.
Finally, the assembly station contains a read/write (R/W) device to read and write to
the pallet's electronic label. The pallet label contains information about the pallet type,
error status, and assembly status (which tasks have beenperformed).

Whereasthe assembly stations contain the samebasic components, they di®er with
respect to functionality. Station 1 is capableof performing two separatetasks denoted
task1A and task1B, while station 2 can perform tasks task2A and task2B. Station 3
can perform all four of thesetasks as well as functioning as a repair station allowing an
operator to repair a damagedpallet. The assembly stations also di®er with respect to
reliabilit y. Stations 1 and 2 can break down and must be repaired, while station 3 is of
higher quality and is assumednever to break down. Station 3 is usedto substitute for
the other stations when they are down.

4.2 Transp ort Units

The structure of the four identical transport units is shown in Figure 11. The transport
units are usedto transfer pallets betweenthe central loop, and the external loops. Each
one consistsof a transport drawer which physically conveys the pallet betweenthe two
loops,plus sensorsto determinethe drawer's location. At each loop, the unit contains a
pallet gate and a pallet stop, to control accessto the unit from the given loop. The unit
also contains multiple pallet sensorsto detect when a pallet is at a gate, drawer, or has
left the unit. Also, each unit contains a R/W devicelocatedbeforethe central loop gate.

4.3 Using Command-pair In terfaces

In [26], the AIP was modelled using only star interfaces. The systemwas designedas a
7th degreeparallel interface systemasshown in Figure 12,with the low levelsrepresenting
the three assembly stations, and four transfer units. For full designdetails, refer to [32].

The designof the low levelfor assembly station 1 waspoorly suited to beingmodelled
by star interfaces. This can be seenby examining its star interface, shown in Figure 13.
We seethat the AS1 hastwo requestevents,ProcPallet.AS1 and DoRpr.AS1. Clearly, it
only makessenseto do a repair, after the answereventASDwn.k has occurred. Also, it
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Figure 9: The Atelier Inter-¶etablissement de Productique

Figure 10: Assembly Station of External
Loop X = 1; 2; 3.

Figure 11: Transport Unit for External Loop
X = 1; 2; 3; 4

AS 2 AS 3 TU 1 TU 2 TU 3 TU 4AS 1

High level

GI1 GI2 GI3 GI4 GI5 GI6 GI7

Figure 12: Structure of Parallel System
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doesn't make senseto try to processa pallet while the AS is down. With star interfaces,
all request eventsare always possiblebecauseof the \star" structure, so we couldn't
model this. With command-pair interfaces, this is easily accomplishedas in Figure 13.
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Figure 13: Interfacesfor Assembly Station 1

In particular, representing the assembly station asa star interface is di±cult because
of Poin t 5 of the serial interface consistentde¯nition. This point says that after a request
event has occurred (such as ProcPallet.AS1), then all answer events that the interface
says can follow the event (ie. for star interface, events at state 1) must be possibleafter
at most a sequenceof low level events. However oncethe station is down, the physical
events ProcCplAS1 and ProcErrAS1 can't occur until it has been repaired. How this
wasresolved in [26] can be seenin Figure 14 whereevents RobDwn.AS1,RtasksCpl.AS1,
RobUp.AS1,and AssmbErrA/B.AS1 roughly correspond to the station's answerevents
and ProcType1/2.AS1 and DoRpr.AS1 roughly correspond to the requestevents.We see
that the answer eventshave the correct physical meaning most of the time, but if the
robot is down (state s11) and a requestto processa pallet is made,all answereventsare
possibleand which one occurs is randomly selectedand has no physical meaning. This
allows Poin t 5 to be satis¯ed and as long as the high level is careful to never try to
processa pallet while AS1 is down, this situation will never be encountered. This ugly
kludge is unnecessaryif command-pair interfacesare used.

To ¯nish converting the AIP example to use command-pair interfaces, we need to
make someadditional changes. As assembly station 2 is identical upto relabelling, we
needto modify it as well. To present the changesto the two assembly stations, we will
describe them collectively as low level subsystemw, wherew = 1; 2. We also de¯ne the
companionindex k = AS1; AS2, which takesits valuesrelative to w (eg. k = AS1 when
w = 1).

The ¯rst changesare to the interface for low level w, shown in Figure 15. This is
identical to the interfaceshown in Figure 13, but generalizedto include the interfacefor
station 2. The next required changeis to supervisor In tf-k-Rob ot.k , shown in Figure
16, who de¯nesthe tasksthat the robot can perform. It is changedto the DES in Figure
18.

The last required change is to supervisors DoRob otT asks.AS1 and DoRob ot-
Tasks.AS2, shown in Figures14 and 20, who control the operation of the robots. They
make sure that the assembly tasks are performed in the correct order for a given type
of pallet, they report on the successof the assembly operation, and they handle repairs
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Figure 14: DoRobotTasks.AS1

whenthe robot breaksdown. They are changedto the DES in Figures19, and 21, where
states14 and 15 have beendeleted.

Figure 15: Interface to Low Levelw-cp. Figure 16: Intf-k-Robot.k

We now apply our research tool to the seven serial extraction systems(the two we
modi¯ed and the ¯v e original systemsfrom [26]) and we ¯nd that they are all serial
level-wisenon-blocking, serial level-wisecontrollable, and serial interface consistent. We
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Figure 17: Interface to Low Levelw. Figure 18: Intf-k-Robot.k-cp

Figure 19: DoRobotTasks.AS1-cp

15



Figure 20: DoRobotTasks.AS2

Figure 21: DoRobotTasks.AS2-cp
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can thus concludethat the systemis level-wisenon-blocking, level-wisecontrollable, and
interface consistent. This allows us to concludeby Theorems 3 and 4, that the °at
systemis nonblocking and that the system's °at supervisor is controllable for the °at
plant.

5 Complexit y Analysis

To aid in investigating hierarchical interface-based supervisory control, we have devel-
oped software routines to verify that a system satis¯es the conditions serial level-wise
nonblocking and controllable, and serial interface consistent. The routines were devel-
oped by Leduc during his collaboration with SiemensCorporate Research and they use
the algorithms described in [32].

Analyzing the stepsrequired to verify the above conditions, we seethat they consist
of verifying systemproperties(ie. is GI a command-pair interfaces), high level properties
(ie. doesGH satisfy Poin t 3 of the serial interface consistent de¯nition) and low level
properties (ie. does GL satisfy Poin t 4 of the serial interface consistent de¯nition).
We next note that all the properties to be veri¯ed for the high level have an equivalent
property for the low leveland thuswecantreat the high levelasa low levelfor our analysis.
If wegroupthe veri¯cation of the systempropertieswith the low level properties,verifying
two \lo w levels" (components) can be usedas an upper bound for verifying the system.

The next logical step would be to perform an analytic analysis of the worst case
time complexity for evaluating a \lo w level." Unfortunately, to do this we would require
program sourcecode to provide details of the data structures used and how they are
accessed.The only sourcecodeavailableis copyrighted by Siemensandcannotbereleased.
Instead, we follow the advice of Goodrich et al. [21] and use experimental algorithm
analysisto estimate the worsecasetime complexity for per component analysis. As we
will see,this is su±cient as the per component complexity only contributes a constant
term to the overall complexity of evaluating a system.

To perform this analysis,wewill assumethat the running time for onecomponent is of
the form t(x) = bxc with x the state sizeof our component and for someconstants b> 0
and c > 0. We then usethe power test discussedin [21] to experimentally determinethe
worst caserunning time to be t(x) = (8:56£ 10¡ 9)x3 which makesthe algorithm O(x3).
SeeChapter 6 of [32] for details on this process.

We next considerverifying an nth degreeparallel interface system. To do this, we
must check that 3n + 1 event setsare pairwisedisjoint and check that n serial extraction
systemsare serial level-wisenonblocking and controllable,and serial interface consistent.
We let m = n + 1 be the number of components to be veri¯ed. We alsoassumethat the
statespace(x) of each component and the cardinality of the system'sevent set (§) are
boundedwith upper bounds N ¸ 0 and N§ ¸ 0, respectively. We further assumethat
the cardinality of event sets § H , § L 1 ; : : : ; § L n , § R1 ; : : : ; § Rn and § A 1 ; : : : ; § A n is each
boundedby N§ 0 ¸ 0 (ie. j§ H j · N§ 0).

It canbe shown that verifying 3n+ 1 event setsarepairwisedisjoint canbe performed
by 9

2m2 ¡ 15
2 m + 3 empty intersectiontestswhich areeach (from [48]) O(N 2

§ 0). The whole
processis thus O( 9

2m2N 2
§ 0 ¡ 15

2 mN 2
§ 0 + 3N 2

§ 0) = O(m2).
To verify the n serial extraction systems, wemust perform the per component analysis

2n times. As the per component analysisis O(x3) = O(N 3), the systemanalysisis thus
O(2n ¢N 3) = O(2mN 3 ¡ 2N 3) = O(m) as N is a constant. Combining the two steps,
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we ¯nd that verifying a nth degreeparallel interfacesystemis O(m2 + m) = O(m2). In
practice, the 2mN 3 is much larger than the 9

2m2N 2
§ 0 term and thus the algorithm behaves

as if it is O(m). Of course,this only remainspractical as long asN isn't so large that it
contributes a prohibitiv ely large constant term.

We next comparethe HIS method to verifying non-blocking of the the synchronous
product of our m components. Basedon the work of Rudie [48], it can be shown (see
[32] for details) that the monolithic algorithm is O(N 2m ) and thus our algorithm scales
signi¯cantly better. To illustrate this, let's examinethe two algorithms for a fewvaluesof
N , N§ 0, and m. Table 1 shows the results for terms T1 = N 2m , and T2 = 2mN 3 ¡ 2N 3 +
9
2m2N 2

§ 0 ¡ 15
2 mN 2

§ 0 + 3N 2
§ 0. We seethat even for m = 2 (serial system)and N = 106, our

approach is six ordersof magnitudebetter. To put this into perspective, if our algorithm
ran for onehour, the monolithic algorithm would require 114years!

m = 2 m = 9

N N § 0 T1 T2 T1 T2

103 102 1012 2 £ 109 1054 1:60 £ 1010

106 102 1024 2 £ 1018 10108 1:60 £ 1019

Table 1: Parallel Algorithm Comparison

Of course, there is a cost for this increasein computational e±ciency. The trade-
o® is a more restrictive architecture. The interface approach restricts knowledgeabout
internal details of components, and only allows supervisors to disable local events and
interface events. As similar interface-basedapproaches are common in both hardware
and software, we are con¯dent that our method will be widely applicable.

UPD ATE: The analysis presented here relies on the assumption that the states-
paceof each component is bounded by the constant N . As long as this assumption is
reasonable,the analysis is correct. For the DES GH ; GL 1 ; : : : ; GL n ; GI 1 ; : : : ; GI n , this
assumptionis reasonable.

However, when analyzing the conditions interface consistent, level-wisenonblocking,
and level-wisecontrollable,we must construct serial extraction systems(seeSection3.2)
to analyzethe corresponding serial conditions. For example, to verify that the parallel
interface systemis interface consistent, we must verify that all n serial systemextrac-
tions (subsystemform) are serial interface consistent. To verify the latter condition, we
must usethe component GH (j ) := GH jj sGI 1 jj s : : : jj sGI ( j ¡ 1)

jj sGI ( j +1)
jj s : : : jj sGI n with the

serial algorithms we developed in [32]. Unlike the DES GH , component GH (j ) grows
proportionally to n, thus the assumptionthat GH (j ) is boundedby N is questionable.
In this view, the above analysisis a bit too optimistic and is thus more in line with an
averageor best caseanalysis. This doesnot meanthat the approach doesnot have great
potential to scale.For a good scalability discussion,see[29].

6 Conclusions

Hierarchical interface-based supervisory control o®ersan e®ective method to model sys-
tems with a natural client-server architecture. By introducing command-pair interfaces,
we have extendedthe modelling °exibilit y for interfaces by allowing the representation
of low level state information, enablingmany new systemsto be easilycast as low levels.
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From examining the de¯nitions in Sections2, and 3, it's clear that each requirement
can be veri¯ed using only onesubsystem.This meansthat the entire plant model never
needsto be constructed or traversed(in computer memory), o®eringpotentially signif-
icant savings in computation. We have shown this concretelyby proving that the time
complexity for analyzing a system by our method is O(m2) (m = n + 1 is the total
number of subsystems),as comparedto a monolithic analysiswhich is O(N 2m ) (N ¸ 0
is an upper bound for the statespaceof the subsystems).
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