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Abstract

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

We introduce a new interface structure called command-mir interfaces which
extends the previous approach (star interfaces) to now be able to represen 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 approacd by re-visiting a large manufacturing example
that was designedusing only star interfaces Finally, we present a complexity
analysis showing that the algorithm's time complexity is O(m?), wherem = n+ 1
is the total number of subsystems.

1 Intro duction

In the area of Discrete-Event Systems(DES), two common tasks are to verify that a
composite system,basedon a cartesianproduct of subsystemsjs (i) nonblocking and (ii)
cortrollable. The main obstacleto performing thesetasksis the combinatorial explosion
of the product statespace.Although many methods have beendewelopedto dealwith this
problem(modular cortrol [1, 17, 31, 46, 52, 56, decenralized cortrol [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.

One exceptionis the recen work of Zhanget al. [59, 60] who have recerly deweloped
algorithmsthat uselntegerDecisionDiagrams(an extensionof Binary DecisionDiagrams
(BDD:[7])) to verify certralized DES systemson the order of 107 states. This builds
upon the work by the model chedking/temp oral logic community [3, 16, 14, 15, 8, 25, 37,
38, 40, 47] who have successfullyjusedBDDs to handle systemsof similar size. Howewer,
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Zhang's work doesn't represen a hierarchical approad, but a more excient way to
represem DES and verify properties. This meansit should be possibleto useit to
complimert a hierarchical method for even better scalability.

To deal with the complexity of large scale systems,the software engineeringcom-
munity has long advocated the decompsition of software into modules (componerts)
that interact via well de ned interfaces(e.qg., [23, 42, 41, 43]). Recerly the supervisory
cortrol comnmunity has begunto advocate a similar approad [18, 27, 28 30]. These
approadhesdewelop well de ned interfacesbetweencomponerts to provide the structure
to allow local cheds to guarartee global properties sud as cortrollabilit 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-kasel supervisory control (HISC), that decompses
a systeminto a high level subsystemwhich communicateswith n | 1 parallel low level
subsystemshrough separateinterfaces. This method preserted a set of interface consis-
tency propertiesthat canbe usedto verify if adiscrete-een system(DES) is nonblocking
and cortrollable. As ead clauseof the de nition canbe veri ed usinga singlesubsystem,
the complete system model never neededto be constructed, o®eringsigni cant savings
in computational e®ort.

One limitation of the method wasthe de nition of its interface structure, which we
will refer to as star interfaces This structure was too restrictive as it was not able to
represem state information about the low levels. We introduce a new type of interface
called command-gir interfacesthat is similar, but can cortain state information. We
show that star interfaces are a special case,and extend the results for star interfacesto
include the more generalcommand-g@ir interfaces.

We illustrate the useof command-ir interfacesby re-visiting a large manufacturing
example[26] with an estimated closed-lmp statespacesizeof 7£ 107! that was designed
using only star interfaces Finally, we presen a complexity analysisfor the method
and shaw that the algorithm's time complexity for evaluating a systemis O(m?), where
m = n + 1is the total number of subsystems.

2 Serial Case and Command-pair Interfaces

Before we discussstar interfaces and introduce command-gir 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 arerestricting ourselesto only onelow level(n = 1).

In this setting, we have a master-slave system, where a high level subsystemsendsa
commandto a low level subsystemwhich then performs the indicated task and sends
bad a reply. Figure 1 shows conceptually the structure and information °ow of the
system. We call this the serial caseas commnunication occursin a serial fashionbetween
the two subsystems.

To capture the restriction of the °ow of information imposedby the interface, the
alphabet of the plant (8) is split into four disjoint alphabets: 8, 8., 8r, and §4. The
evernts in 8 are called high level eventsand the events in 8, low level eventsas these
ewverts appear only in the high level and low level models, respectively.

The alphabets 8r and § 5 are called collectively interface events. Theseewens are
commonto both levels of the hierarchy and represeh comnunication betweenthe two
subsystems.The ewerts in 8, called requestevents represem commandssert from the
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high level subsystento the low level subsystem.The ewvents in § o are answereventsand
represem the low level'sresponsesto the requestevents.

In [27], Leduc et al. introducedthe conceptof star interfaces?! This interface struc-
ture was useful as it has a regular structure and is thus easyto construct. To de ne
a star interface, the designerselectsa set of requestevents and then for ead request
event the designerde nesa setof answerevents In essencethe designerde nesa map
Answer : 8g ! Pwr(84). For %2 8g, Answ er(¥ is the set of possibleanswers (re-
ferredto asthe answersei) the low level subsystentould provide after receivingrequest
% For consistencythe constrairts that the low levelsubsystenmust provide at leastone
responsefor ead requestit receiwes, and that 8§, doesnot cortain any unused everts
are added. Figure 2, shovs how a star interface, with n = j§gj (n, 0), is expressedisa
DES. The required structure for a star interface is given by DES G, . It is alsorequired
that the evert setof G, be setto 8 L8 but no restrictions on whether a requestor
answereventis cortrollable or uncortrollable are made.

We now introduce command-pir interfaces. Command-g@ir interfaces are similar
to star interfaces, the key di®erencebeing that the \star" shape is no longer required.
A command-g@ir interface still has a requestevent followed by an answer event, but
it can now cortain 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 thusthe samechoiceof potential
requestevents With a command-gir interface we can have a DES structure asin Figure
3. Requesteventsyz and Y2 might represen the regular behaviour of the system,while ®;
and %, represemn breakdovn and repair of the system. A command-gir interface allows
the °exibilit y of only having the repair evert eligible after a breakdowvn.

De nition: A DESG, = (X; 8/; » Xo; Xm) isacommand-g@ir interface if the follow-
ing conditions are satis ed:

(A) 8 = 8r[8A
(B) (82 L(G)))(8¥22 8Rr)s¥2 L(G))) s2 Ln(G))

lLeduc et al. referredto star interfacesas \in terfaces.” We are intro ducing the term star interfaces
to make it easierto refer to this type of interface structure.



(C) (852 Lm(G)))(8%2 §/)s%2 L(G))) %4624
(D) Lm(Gi) = f2g[ (87:8a\ L(G)))
(B) L(G/) 1 (Br:8A)"

The rst point saysthat G,'s ewvert setis restricted to requestand answereventsand
that the two setsare disjoint. Point B statesthat requesteventtransitions are only
de ned at marked states. Point C statesthat there are no answereventsde ned at
marked states. Point D sas that the marked languageof G, consistsof the empty
string, and strings that end in an answer event. Finally, Point E sas that in the
languageof G,, a requesteventalways occurs rst and then requestand answer events
alternate.

Finally, we shaw that star interfacesare a special caseof command-gir interfaces.

Prop osition 1 If DESG, = (X; 8/; » Xo; Xmm) Is astarinterface,thenG, is acommand-
pair interface.

Pro of: Seeproof in [32).

2.1 De nitions and Notation

For our setting, we assumethe high level subsystemis modelled by DES G4 (de ned
over evert set 8, [ 8r[ 8a), the low level subsystemby DES G, (de ned over ewert
set8 [ 8r[ 84 ), andthe interfaceby DES G, (de ned over 8g [ §4). Also, the high
levelwill meansync(Gy ; G,), and the low levelsync(G, ; G,).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 usefullanguages:

8 = 8gr[LS8a
8w := 8u[8r[S8A
8L = 8§ [8r[8A
Py :8"! TH
PL:8"%! L
P 87! Ch

H:=P/(L(Gh)); Hm:
L =P YL(GL)); Lm:
| = PiYL(G)); Im:

Pii(Lm(Gh)) 1 8°
Pit(Lm(GL)) 1 §°
Pi{Lm(G))) K §°

Whereasthe represemation of the system as given in Figure 4 (called the serial
subsystenmbasal form) is useful for verifying nonblocking asit simpli es the notation, it
ignoresthe distinctions betweenplants and supervisors. For cortrollabilit y, we needto
split the subsystemsnto their plant and supervisor componerts. We will do soasshown
in Figure 5.

We next de ne the high level plant to to be G, and the high level supervisor to be
Sy (both de ned over event set 8,4). Similarly, the low level plant and sugervisor are

2The operation sync is the syndronous product operation from CTCT [56].
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G and S, (de ned over ewvert set§,, ). To be consistet with the serial subsystentasel
form, we de ne the following idertities for the high and low level subsystemsas below.
We will referto this newrepresemation asthe serial systemgeneal form asthe original
represemation can be recoveredfrom applying theseidentities.

Gh = sync(Gi;Su) GL = sync(G;S.)

We can now de ne our °at sugervisor and plant as well as someusefullanguagesas
follows:

Plant := sync(Gy; G.) Sup := sync(Sy; S.; G))
H = P/JL(Gy); Hs = P/ [L(Sh); u 8°
L= P/ 'L(G); Ls = P 'L(SL); u8®

G4 S,
High level {A%

G, =syndG, S,)
High level
Low level

G[? SL
G, =syndG, S,)

Figure 4: Two Tiered Structure of the Sys- Figure 5: Plant and Supervisor Subplart
tem. Decomposition

Finally, we will be using the eligibility operator in our de nitions. For a language
L u §8° and astring s 2 8%, the operator Elig, : 8°! Pwr(8) is de ned asfollows:

Elig, (s) := %2 §js¥%2 Lg

2.2 Serial Interface Prop erties and Theorems

We now presett the interfacerequiremers that the systemmust satisfy to ensurethat it
interacts with the interface correctly. We then de ne the nonblocking and cortrollabilit y
requiremerns ead level must satisfy. Referto [32] for a more detailed explanation of the
requiremerts. The only di®erencebetweenthesede nitions and the onesin [27, 2§ is
that the de nitions now all refer to command-g@ir interfaces instead of assumingstar
interfaces. We are abusing notation by not changing the de nition's namesto re°ect
this sincea command-pir interface is also a star interface and would thus satisfy the
previousversionof the de nitions.



Serial Interface Consisten t: The systemcomposedof DES Gy, G. and G,, is serial
interface consistentwith respectto the alphabet partition 8 := 8 8, [8r [ 84,
if the following properties are satis ed:

Multi-lev el Prop erties

1. The event setof Gy is 8,4, and the event setof G, is §.
2. G, isacommand-pir interfacefor the alphabet partition 8 := 8, 8, [_8r[_8A

High Level Prop erties

3. H8A\ I p H
Low Level Prop erties
4. L8gr\ I pL

5. (852 §%8r\ L\ I) [Elig,,,(s8°) \ §a = Elig, (s) \ §a]
where Eligyy (s87) = [ 1252 Eligy, (sl)

6. (882 L\ 1)[s21m) (91287)SI2Lm\ In]

Serial Level-wise Nonblocking: The systemcomposedof DES Gy, G_, and G,, is
said to be serial level-wisenonblaking if the following conditions are satis ed:

() Hy\ I'hym=H\ I  nonblaking at the high level
(n Ly\ Iy =L\ I nonbleking at the low level

We now de ne the cortrollabilit y requiremers for ead level. We adopt the standard
partition 8 = 8, 8, splitting our alphabet into uncontrollable and controllable events.

Serial Level-wise Controllable: The systemcomposedof plant componers G4, G,
supervisors Sy, S., and interface G,, is said to be serial level-wisecontrollable
with respect to the alphabet partition 8 = 84 8, [8r[8a, if the following
conditions are satis ed:

() The alphabet of G; and Sy is 84, the alphabet of G and S, is §,,., and
the alphabet of G, is §,

(1) (Ls\ 1)8,\ L Ls\ |
(1) Hs8u\ (H\ 1) p Hs.

We now presert our main results for this chapter, the serial interface nonblaking
theorem and the serial controllability theorem. As the serial level-wisenonblaking, se-
rial level-wiseControllable, and serial interface consistentde nitions can be evaluated
by examining only one level of our systemat a time, we now have a meansto verify
nonblocking of our system using local cheks. The di®erencebetween these theorems
and the onesin [27, 2§ is that they now usethe command-gir interface de nitions.?

3Note, the cortrollabilit y results here, and later for the parallel case,are automatic from [27, 28] as
they don't rely on the speci ¢ structure of the star interface, just its event set. They are included for
completeness.



Theorem 1 If the systemcomposel of DES Gy, G, and G, is serial level-wise non-
blocking and serialinterfaceconsisten with resygct to the alphalet partition 8§ := 84 8, [8r
L84, then

L(G) = Lm(G), whee G = sync(Gy;G.;G))
Pro of: Seeproof in [32].

Theorem 2 If the systemcomposeal of plant compnents Gy, G, sugervisors Sy, S,
and interface G,, is serial level-wise cortrollable with resgpct to the alphalet partition
8 =848 [8r[8A, then:

(852 L(Plant)\ L(Sup)) ENig, (pian1y(S)\ §u K Eligy (sup)(S)
whee Plant = sync(Gy; G ) and Sup = sync(Sy;S.;G)).

Pro of: Seeproof in [32).

3 Parallel Case

In Section 2, we descriked the serial casefor the HISC method where the number of
low levels(n) is restricted to one. We now descrike the more generalsetting where we
haven , 1low levels Figure 6 shovs 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 independer low levels, communicating with ead low levelin
parallel through a separateinterface. We will referto the number of low levels n, asthe
degree of the system.

High Level ZH

; Z ; G, High level

A
ZRI Al ZR"V ZA" G|1 G|n
Interface , | eoe @M _________________________
ZRI v ?Z anv TZAn Low Level 1 ELOW Level n
Low Level | Low Level , G, G,

Figure 6: Parallel Interface Block Dia- Figure 7: Two Tiered Structure of Parallel
gram. 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 systeminto the following
analogouspairwise disjoint alphabets: 8, 8r;, 84;, and 8,, with j = 1;:::;n.

For an n" degreeparallel system,we assumethe high level subsystenis modelled by
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low level subsystemis modelled by DES G, (de ned over ewvert set &, [ 8r, [8a,)
the j™ interface by DES G, (de'ned over evert set§g [ §4,), and that the overall
system has the structure shovn in Figure 7. Furthermore, we will refer to the j low
levelto meansync(G, ; G, ) and we will assumethat the alphabet partition is speci ed

.....

In order to simplify the notation in proofs, we now introducethe following event sets,
natural projections, and useful languages.For the remainder of this section,the index |

§,:= 8l 84
§IH - [j2f1;:::;ng§|j [ §H
8, = 88y

P :8"! 'H

F)||_j 1871 ij

P :8°!1 °

j I
H:= P/} (L(Gh)); Hnm:
Lj = PIiL?(L(GLj ): Lm
lj =P YL(G)); I

Pii(Lm(Gn)) K &°
Pilt(Lm(GL,)) M §°
Pi '(Lm(Gy)) M &°

3.1 General Form

As in the serial case,we needto be able to decompsethe nth degree(n , 1) parallel
interface systeminto its plant and supervisor componerts.
We now de ne the high level plant to to be G, and the high level sugervisor to be

Su (both de ned over §,). Similarly, the jth low level plant and supervisor are G
and S, (de ned over §,;). We now de ne the high level subsystemand the j th jow level
subsystenas follows:

Gh = sync(Gy; Su) Gy, = sync(G; Si))

The readershould note that the de nition of a parallel interface systemthat we presen
herein terms of plant and supervisorcomponerts, is the geneal form of sud systems.We
will referto the original form showvn in Figure 7, usedto simplify nonblocking de nitions
and proofs, asthe parallel subsystentasal form.

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

Plant := sync(Gy; G ,;:::;Q,) Sup = sync(Sy; S, S, Gy i Gry)
H = PIJL(Gy); Hs:= PiiL(Sn); u §°
Lj = PIiL:}-L(G-j); LSj = PIiL?L(SLj); H8"°



3.2 Serial System Extraction

As the ewvert set of ead low levelis mutually exclusive from the ewvert setsof the other
low levels,we can considerthe parallel interface systemasn serial interface systemshy
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, shavn conceptually in Figure 8 in terms of
subsystems. Below we give the generalform of the de nition. The parallel subsystem
form of the de nition can be obtained by using the identities Gy = sync(Gy; Sh),
GL = sync(G; S.), and G, = sync(G,;; S).

1" Serial System Extraction n" Serial System Extraction
G, (1) G,(1) G, (n) G,(n)
G, % G, g G[n; G, é G”ﬁ GII g G](n-l) g G, g
High level(1) oo | High level(n)

Low Level(1) Low Level(n)

G.(D) |G, (1) G, (n) |G, (n)

Guﬁ Gn; GL"% Glng

Figure 8: The Serial SystemExtraction

jth Serial System Extraction: For the nth degree(n , 1) parallel interface system
composedof DES Gy; G ,;:::5 G, Su; SLysiin S, Gy Gy, , with alphabet

denotedby systentj ), is composedof the following elemerts:
Gi(j) = sync(Gy; Giy; i Gy, s Giyay s 00 Giy)
SH(J) = SH ’ G_(J): G_j ) SL(J): SLj ) G|(J): G|j
§H (J) = [—ka L (i 1);(+2) ;:::;ng§|k [_§H
§L(J) = §LJ' ’ §R(j):: §RJ‘ ’ §A(j):: §Aj
8(j) = 8w(U)L8L(G)LErU)LEAG)
- § i [_ka (i 1);(j+1);:::;ng§Lk
3.3 Parallel Case De nitions and Theorems

In this sectionwe presen a set of properties that are equivalert to their serial interface
courterparts. The only di®erencebetweenthesede nitions and the onesin [27, 2§] is
that they now usecommand-gir interfacesinstead of assumingstar interfaces.

Interface Consisten t: The nth degree(n , 1) parallel interface systemcomposedof
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interface consistent.

Level-wise Nonblocking: The nth degree(n , 1)parallel interface systemcomposed

level-wisenonblaking.

We now extend serial level-wisecontrollability to the parallel case.We adopt the stan-
dard partition 8 = 8,8, splitting our alphabet into uncontrollable and controllable
events.

Level-wise Controllable: The nth degree(n , 1) parallel interface systemcomposed

.....

level-wisecontrollable.

We now presert our nonblocking theorem for parallel interface systems. It states
that, to verify if a parallel systemis nonblocking, it is suxcient to ched that ead of its
serial systemextractions is serial level-wisenonblaking and serial interface consistent.
The di®erencebetweenthesetheoremsand the onesin [27, 28] is that they now usethe
command-g@ir interface de nitions.

Theorem 3 If the nth degree (n, 1) parallel interface systemcomposel of DES Gy ;

Pro of: Seeproof in [32].

Next, we presert our cortrollabilit y theorem for parallel interface systems. It states
that, to verify if a parallel systemis cortrollable, it is suzcient to ched that ead of its
serial systemextractions is serial level-wisecontrollable.

Theorem 4 If the nth degree (n , 1) parallel interface systemcomposeal of plant com-

L84, then
(8s2 L(Plant)\ L(Sup)) Elig, (pian1)(S)\ 8u K Elig (sup)(s)

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

We now revisit an application to alargemanufacturing system,the Atelier Inter-§tablissemen
de Productique (AIP) discussedn [26)], to illustrate the useof command-@ir interfaces.
The AIP, shavn in Figure 9, is a highly automated manufacturing system consisting

of a certral 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 ertering is random.

4.1 Assembly Stations

The structure of the asserbly stations is shavn in Figure 10. Eac station consistsof a
robot to performasserbly tasks,an extractor to transferthe pallet from the conveyor loop
to the robot, sensorsto determine the location of the extractor, and a raising platform
to presen the pallet to the robot. The station also cortains pallet sensorsto detect a
pallet at the pallet gate, the pallet stop, and to detect when a pallet hasleft the station.
Finally, the asserbly station cortains a read/write (R/W) deviceto read and write to
the pallet's electroniclabel. The pallet label contains information about the pallet type,
error status, and asserbly status (which tasks have beenperformed).

Whereasthe assembly stations cortain the samebasic componerts, 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 aswell as functioning as a repair station allowing an
operator to repair a damagedpallet. The assermbly stations also di®er with respect to
reliability. Stations 1 and 2 can break down and must be repaired, while station 3 is of
higher quality and is assumednewer to break down. Station 3 is usedto substitute for
the other stations when they are down.

4.2 Transport Units

The structure of the four identical transport units is shown in Figure 11. The transport
units are usedto transfer pallets betweenthe certral loop, and the external loops. Each
one consistsof a transport drawer which physically conveysthe pallet betweenthe two
loops, plus sensorgo determinethe drawer's location. At ead loop, the unit cortains a
pallet gate and a pallet stop, to cortrol accesgo the unit from the givenloop. The unit
also contains multiple pallet sensorgo detect when a pallet is at a gate, drawer, or has
left the unit. Also, ead unit corntains a R/W devicelocated beforethe certral loop gate.

4.3 Using Command-pair Interfaces

In [2€], the AIP was modelled using only star interfaces. The systemwas designedas a
7" degreeparallel interface systemasshawn in Figure 12, with the low levelsrepreseting
the three assembly stations, and four transfer units. For full designdetails, referto [32).

The designof the low levelfor asserbly station 1 waspoorly suited to being modelled
by star interfaces. This can be seenby examiningits star interface, shovn 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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doesn't make senseo try to processa pallet while the AS is down. With star interfaces,
all requesteventsare always possible becauseof the \star" structure, so we couldn't
model this. With command-gir interfaces, this is easily accomplishedasin Figure 13.

Sar Interface Command-Pair Interface
ProcPallet.AS1 ProcPallet.AS1
G| Gl /\
«—> @1 —>@ < 1
0 ProcCpl.AS1, 0 ProcCpl.AS1, >
ProcErrAS1, ProcErrAS1 @]
ASDwn.AS1 2 %
(o) ]
Py °. 3
S o S >
s 2 % @
> g ¥
4] >
@ 3 DoRprASl |2

.,

2

Figure 13: Interfacesfor Assenbly Station 1

In particular, represeting the asserbly station asa star interface is dixcult because
of Point 5 of the serial interface consistentde nition. This point saysthat after arequest
event has occurred (sudh as ProcPallet.AS1), then all answer eweris that the interface
says can follow the evert (ie. for star interface, everts at state 1) must be possibleafter
at most a sequenceof low level events. Howewver oncethe station is down, the physical
evernts ProcCplAS1 and ProcErrAS1 can't occur until it has beenrepaired. How this
wasresohedin [26] can be seenin Figure 14 whereeverts RobDwn.AS1,RtasksCpl.AS1,
RobUp.AS1,and AssmbErrA/B.AS1 roughly correspnd to the station's answerevents
and ProcTypel/2.AS1 and DoRpr.AS1 roughly correspnd to the requestevents. We see
that the answereventshave 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 occursis randomly selectedand has no physical meaning. This
allows Point 5 to be satis ed and as long as the high level is careful to newer try to
processa pallet while AS1 is down, this situation will never be encounered. This ugly
kludge is unnecessaryf command-gir interfacesare used.

To nish cornverting the AIP exampleto use command-pir interfaces, we needto
make someadditional changes. As asserbly station 2 is identical upto relabelling, we
needto modify it aswell. To presen the changesto the two asserbly stations, we will
describe them collectively as low level subsystemw, wherew = 1;2. We alsode 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, shovn in Figure 15. This is
identical to the interface shavn in Figure 13, but generalizedto include the interface for
station 2. The next required changeis to supervisor Intf-k-Rob ot.k , shovn in Figure
16, who de nesthe tasksthat the robot can perform. It is changedto the DES in Figure
18.

The last required changeis to supervisors DoRob otT asks.AS1 and DoRob ot-
Tasks.AS2, shown in Figures 14 and 20, who cortrol the operation of the robots. They
make sure that the asserbly tasks are performedin the correct order for a given type
of pallet, they report on the succesof the asserbly operation, and they handle repairs

13



Figure 14: DoRobotTasks.AS1

whenthe robot breaksdown. They are changedto the DES in Figures19, and 21, where
states 14 and 15 have beendeleted.

Figure 15: Interfaceto Low Levelw-cp. Figure 16: Intf-k-Robot.k
We now apply our researt tool to the sewen 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-blacking, serial level-wisecontrollable, and serial interface consistent We
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Figure 17: Interfaceto Low Levelw. Figure 18: Intf-k-Robot.k-cp

Figure 19: DoRobotTasks.AS1-cp
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Figure 20: DoRobotTasks.AS2

Figure 21: DoRobotTasks.AS2-cp
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canthus concludethat the systemis level-wisenon-blacking, 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 sugervisor is cortrollable for the °at
plant.

5 Complexit y Analysis

To aid in investigating hierarchical interface-taseal supervisory control, we have dewel-
oped software routines to verify that a system satis es the conditions serial level-wise
nonblacking and controllable, and serial interface consistent The routines were dewel-
oped by Leduc during his collaboration with SiemensCorporate Researt and they use
the algorithms descriked in [32).

Analyzing the stepsrequiredto verify the above conditions, we seethat they consist
of verifying systemproperties(ie. is G, a command-gir interfaces, high level properties
(ie. doesGy satisfy Point 3 of the serial interface consistentde nition) and low level
properties (ie. does G, satisfy Point 4 of the serial interface consistent de nition).
We next note that all the propertiesto be veri ed for the high level have an equivalert
property for the low leveland thuswe cantreat the highlevelasalow levelfor our analysis.
If we groupthe veri cation of the systempropertieswith the low level properties, verifying
two \low levels" (componerts) 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\low level." Unfortunately, to do this we would require
program sourcecade to provide details of the data structures used and how they are
accessedThe only sourcecdeavailableis copyrighted by Siemensand cannotbereleased.
Instead, we follow the advice of Goodrich et al. [21] and use experimertal algorithm
analysisto estimate the worse casetime complexity for per componert analysis. As we
will see,this is suzcient asthe per componert complexity only cortributes a constart
term to the overall complexity of evaluating a system.

To performthis analysis,we will assumehat the running time for onecomponert is of
the form t(x) = bx® with x the state sizeof our componernt and for someconstartis b> 0
and c > 0. We then usethe power test discussedn [21] to experimertally determinethe
worst caserunning time to be t(x) = (8:56£ 10 ®)x® which makesthe algorithm O(x3).
SeeChapter 6 of [32] for details on this process.

We next considerverifying an n'" degreeparallel interface system. To do this, we
must ched that 3n + 1 evert setsare pairwisedisjoint and ched that n serial extraction
systemsare serial level-wisenonblaking and controllable, and serial interface consistent
Welet m = n+ 1 be the number of componerts to be veri ed. We alsoassumethat the
statespace(x) of eadr componert and the cardinality of the system'severt set (8) are
boundedwith upper boundsN , 0 and Ng , O, respectively. We further assumethat

boundedby Ngo, O (ie. j8yj - Nso).

It canbe shown that verifying 3n+ 1 event setsare pairwisedisjoint canbe performed
by 2m?;j Lm+ 3 empty intersectiontests which are ead (from [48]) O(NZ;). The whole
processis thus O(Im2NZ,j £mNZ,+ 3NZ) = O(m?).

To verify the n serial extraction systemswe must perform the per componert analysis
2n times. As the per componert analysisis O(x3) = O(N3), the systemanalysisis thus
O(2n¢N3 = O(2mN3; 2N3%) = O(m) asN is a constart. Combining the two steps,
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we nd that verifying a n'" degreeparallel interface systemis O(m? + m) = O(m?). In
practice, the 2mN 2 is much larger than the 2m2N 2, term and thus the algorithm behaves
asif it is O(m). Of course,this only remainspractical aslong asN isn't solargethat it
cortributes a prohibitiv ely large constart term.

We next comparethe HIS method to verifying non-blocking of the the syndironous
product of our m componerts. Basedon the work of Rudie [48], it can be shavn (see
[32 for details) that the monolithic algorithm is O(N ™) and thus our algorithm scales
signi cantly better. Toillustrate this, let's examinethe two algorithms for a few valuesof
N, Ngo, and m. Table 1 showsthe resultsfor terms T, = N?™, and T, = 2mN 3 2N3+
Im2NZ i mNZ+ 3NZ,. We seethat evenfor m = 2 (serial system)and N = 10°, our
approad is six ordersof magnitude better. To put this into perspective, if our algorithm
ran for one hour, the monolithic algorithm would require 114 years!

[ I m=2 m=9 |
[N [Neo [T [Te [T [T |
10° [ 107 [[ 102 | 2£ 10° || 10°® | L60E 100
10° | 107 ||| 107 | 2£ 10™® || 10™® | L.60€ 107

Table 1: Parallel Algorithm Comparison

Of course,there is a cost for this increasein computational exciency. The trade-
o®is a more restrictive architecture. The interface approad restricts knowledge about
internal details of componerts, and only allows supervisorsto disable local everts and
interface events. As similar interface-basedapproadesare commonin both hardware
and software, we are con dent that our method will be widely applicable.

UPD ATE: The analysis presened here relies on the assumptionthat the states-
paceof eadr componert is boundedby the constart N. As long as this assumptionis

assumptionis reasonable.

Howewer, when analyzing the conditions interface consistent, level-wisenonblaking,
and level-wisecontrollable, we must construct serial extraction systems(seeSection3.2)
to analyzethe correspnding 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 componert Gy (j) := GujjsGi,jjs:::isGi, ,isGi ., lisi1]jsGi, with the
serial algorithms we deweloped in [32). Unlike the DES Gy, componert Gy (j) grows
proportionally to n, thus the assumptionthat Gy (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 bestcaseanalysis. This doesnot meanthat the approad doesnot have great
potertial to scale.For a good scalability discussion,see[29].

6 Conclusions

Hierarchical interface-tasal supervisory control o®ersan e®ectie method to model sys-
tems with a natural client-server architecture. By introducing command-@ir interfaces,
we have extendedthe modelling °exibilit y for interfaces by allowing the represemation
of low level state information, enablingmany new systemsto be easilycastaslow levels.
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From examining the de nitions in Sections2, and 3, it's clearthat ead requiremer
can be veri ed using only one subsystem.This meansthat the ertire plant model never
needsto be constructed or traversed(in computer memory), o®eringpotentially signif-
icant savings in computation. We have shown this concretely by proving that the time
complexity for analyzing a system by our method is O(m?) (m = n + 1 is the total
number of subsystems),as comparedto a monolithic analysiswhich is O(N2") (N . 0
is an upper bound for the statespaceof the subsystems).
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