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Abstract

0?! states) that uses the Hierar-

In this report we present a large manufacturing example (7.01 x 1
chical Interface-based Supervisory Control method that we presented in [14]. We discuss the application
of our method to the Atelier Inter-établissement de Productique (AIP), a highly automated manufac-
turing system. We describe the system, and our supervisor design, closing by discussing the results
of successfully applying our method to show that the system is nonblocking and that our supervisors

are controllable. This example demonstrates that our method can be applied to interesting systems of

realistic complexity that were previously far beyond our means.
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Chapter 1

Introduction and Overview

In the area of Discrete-Event Systems (DES), two common tasks are to verify that a composite system,
based on a cartesian product of subsystems, is (i) nonblocking and (ii) controllable. The main obstacle
to performing these tasks is the combinatorial explosion of the product state space. Although many
methods have been developed to deal with this problem (modular control [1, 16, 23, 27], decentralised
control [17, 24, 28], model aggregation methods [2, 3, 6, 10, 26, 31], and multi-level hierarchy [5, 8, 9,
18, 19, 25, 32]), large-scale systems are still problematic, particularly for verification of nonblocking.

In [14, 15], we presented the parallel case of a method called Hierarchical Interface-based Supervisory
Control that decomposes a system into a high level subsystem which communicates with n > 1 parallel
low level subsystems through separate interfaces, which restrict the interaction of the subsystems. The
method uses interfaces designed as DES, and a set of (local) consistency properties that can be used to
verify if a discrete-event system is globally nonblocking and controllable. As each clause of the definition
can be verified using a single subsystem, the complete system model never needs to be constructed; thus
offering significant savings in computational effort. This report will use the terminology and results of
[14], but will not restate them here for reasons of brevity. For convenience, we reproduce the paper in
Appendix A.

It is worth noting that Zhang et al. have developed algorithms that use Integer Decision Diagrams to
verify centralised DES systems on the order of 10?3 states [30, 29]. These results are complementary to
the hierarchical method illustrated in [14], as their approach can be used to verify many of the required
conditions, allowing HISC to scale to even larger systems.

To demonstrate the utility of our method, we now present its application to a large manufacturing

system, the Atelier Inter-établissement de Productique (AIP). We describe the system in detail, and



then discuss our supervisor design. We close by discussing the results of successfully applying our

method to show that the system is nonblocking and that our supervisors are controllable.

1.1 Overview of the AIP

In this section, we introduce the automated manufacturing system of the Atelier Inter-établissement de
Productique (AIP), as described in [4] and [7]. The AIP, shown in Figure 1.1, 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 where the pallets enter and leave the system. Pallets can be of type 1 or of type 2, and it is assumed

that the type of the pallet entering is random.

1/0 Station ﬂU

External loop 4

U

External

loop 1 J

Transport
Unit 4

DI

Assembly
Station 1
Transport Central Transport
Unit 1 loop Unit 3
Assembly
I J T Station 3
> Transport I
Unit 2 External
loop 3

External loop 2

(]

Assembly
Station 2

Figure 1.1: The Atelier Inter-établissement de Productique



1.1.1 Assembly Stations

The structure of the assembly stations is shown in Figure 1.2. Each station consists of a robot to
perform assembly tasks, an extractor to transfer the pallet from the conveyor loop to the robot, sensors
to determine the location of the extractor, and a raising platform to present the pallet to the robot. The
station also contains pallet sensors to 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 been performed).

External loop X
&3 &
>
o PSX.5 E
O O CJRW device X / O
SP X.2 4 D —
\
% A ES X Pallet gate X.2 Legend
Extractor X O  Pallet sensor
/N Extractor sensor
A ES X2 1 Read\ write device
Raising 1 Pallet stop
platform X Robot X Assembly /
station X \ Pallet gate

Figure 1.2: Assembly Station of External Loop X = 1,2, 3.

Whereas the assembly stations contain the same basic components, they differ with respect to
functionality. Station 1 is capable of performing tasklA and tasklB, while station 2 can perform
task2A and task2B. Station 3 can perform all four tasks as well as function as a repair station allowing
an operator to repair a damaged pallet. The assembly stations also differ with respect to reliability.
Stations 1 and 2 can break down and must be repaired, while station 3 is of higher quality and is assumed

never to break down. Station 3 is used to substitute for the other stations when they are down.



1.1.2 Transport Units

The structure of the four identical transport units are shown in Figure 1.3. The transport units are used
to transfer pallets between the central loop, and the external loops. Each one consists of a transport
drawer which physically conveys the pallet between the two loops, plus sensors to determine the drawer’s
location. At each loop, the unit contains a pallet gate and a pallet stop, to control access to the unit
from the given loop. The unit also contains multiple pallet sensors to detect when a pallet is at a gate,
drawer, or has left the unit. Also, each unit contains an R/W device located before the central loop

gate.

Legend -«
Pallet sensor
Drawer sensor

Read\ write devi
ead\ write device Central

Pallet stop lOOp T

Pallet gate

Transfer drawer

- S ~—[eo

QTX'S Sd
@X's sd
S dS

O €X'S$Sd

[

X

O TI'XSSd
N\ A XS 21e8 19[[ed

R\W device 5.X [

\|TD X
—_— )
7/
Oz 00%9
2E RgrY
s NX w
Transport g v
unit X —
External loop X D

Figure 1.3: Transport Unit for External Loop X =1,2,3,4



1.2 Control Specifications

For this example, we adopt the control specifications and assumptions used in [4] and [7] and restated
below. To this we add specification 7 to make the assembly stations more interesting.

Assumptions:
1. The system is initially empty.

2. Two types of pallets are randomly introduced to the system, subjected to assembly operations,

and then leave.
Specifications:

1. Routing: Pallets follow a certain route based on their type. A type 1 pallet must go first to
AS1, then AS2 before leaving the system. Type 2 pallets go first to AS2, then AS1 before leaving
the system. A pallet is not allowed to leave the system until all four assembly tasks have been

successfully performed on it.

2. Maximum capacity of external loops 1 and 2: The maximum allowed number of pallets in

either loop at a given time is one.

3. Order of pallets exiting from system: The pallets must exit the system in the following order:

type 1, type 2, type 1, ...

4. Assembly errors: When a robot makes an assembly error, the pallet is marked damaged and
routed to AS3 for maintenance. After maintenance, the pallet is returned to the original assembly

station to undergo the assembly operation again.

5. Assembly station breakdown: The robots of external loops 1 and 2 are susceptible to break-
downs. When a station is down, pallets are routed to assembly station 3 which is capable of
performing all tasks of the other two stations. When the failed station is repaired, all pallets not

already in external loop 3 are rerouted to the original station.

6. Maximum capacity of assembly stations: To avoid collisions, only one pallet is allowed in a

given station at a time.

7. Assembly task ordering: Assembly tasks are performed in a different order for pallets of

different types. For pallets of type 1, tasklA is perform before task1B, and task2A is performed



before task2B. For pallets of type 2, tasklB is perform before tasklA, and task2B is performed
before task2A.

1.3 System Structure

To cast the AIP into a parallel interface system, we break the system down into a high level, and seven
low levels corresponding to the three assembly stations and four transport Units, as shown in Figure

1.4. The high level, and each low level are described in the following chapters.

High level

GH Gn G14

Low level , { Low level , i Low level , i Low level ,
GL] G“ GL3 § G13 GL4§ G
AS1 AS3 TU1

Figure 1.4: Structure of Parallel System

The alphabet partition that we will use is ¥ := Ujcqq, . 7} [21,UXR;US4,] U X , with the individual
event sets defined below where r = TU1,TU2 when v = 4,5, and £k = AS1,AS2 when w = 1,2,

respectively:

Yy = {DetStnsUp, IsPalletCL.TU1, IsPalletCL.TUZ, IsPalletCL.TU3, IsPalletCL.TU/,
IsPalletEL.TU1, IsPalletEL. TU2, IsPalletEL. TUS3, IsPalletEL.TU4, NoPalletCL.TU1,
NoPalletCL.TU2, NoPalletCL.TUS3, NoPalletCL.TU/, NoPalletEL.TU1, NoPalletEL. TU2,
NoPalletEL.TUS3, NoPalletEL. TUJ, PalletArvGEL_2.AS3, QPalletAtCL.TU1, QPalletAtCL.TU2,
QPalletAtCL.TUS3, QPalletAtCL.TUY, QPalletAtEL.TU1, QPalletAtEL. TU2, QPalletAtEL.TUS,
QPalletAtEL. TU4, QStnUp.AS1, QStnUp.AS2, StnDun.AS1, StnDwn.AS2,

StnUp.AS1, StnUp.AS2}

Y1, = {DoneRead.AS1, DoneWrite.AS1, ExtrArvConv.AS1, ExtrArvPlatf.AS1, GClosesEL_2.AS1,
GOpensEL_2.AS1, IsTypel.AS1, IsType2.AS1, MvExtrToConv.AS1, MvEztrToPlatf.AS1,
PalletArvGEL_2.AS1, PalletLvAS.AS1, PalletLvGEL_2.AS1, PArvAtExtractor.AS1,



SL,

Y1,

PStopClosesEL_2.AS1, PStopOpensEL_2.AS1, QType.AS1, ReadLabel. AS1,

RelPallet. AS1, WrtCplT1A_1 B.AS1, WrtErr1A.AS1, WrtErr1B.AS1,

ProcTyp1.AS1, ProcTyp2.AS51, RTasksCpl.AS1,

RobDwn.AS1, AssmbErrA.AS1, AssmbErrB.AS1,

AError1A.AS1, AError1B.AS1, RobRprCpl.AS1, RtaskCpl1A.AS1,

RtaskCpl1B.AS1, Rtimeout.AS1, StrRobRepair.AS1, StrRtask1A.AS1,

StrRtask1B.AS1, StrRtimer.AS1}

{DoneRead.AS2, DoneWrite.AS2, Extr ArvConv.AS2, ExtrArvPlatf.AS2,
GClosesEL_2.A52, GOpensEL_2.AS2, IsTypel.AS2, IsType2.AS2,

MuvExtrToConv.AS2, MuExtrToPlatf. AS2, PalletArvGEL_2.AS2, PalletLvAS.AS2,
PalletLvGEL_2.AS2, PArvAtExtractor.AS2, PStopClosesEL_2.AS2, PStopOpensEL_2.A52,
QType.AS2, ReadLabel. AS2, RelPallet. AS2, WrtCplT2A_2B.AS2,

WrtErr2A.AS2, WrtErr2B.AS2, ProcTyp1.AS2, ProcTyp2.AS2,

RTasksCpl.AS2, RobDwn.AS2, AssmbErrA.AS2, AssmbErrB.AS2,

AError2A.AS2, AError2B.AS2, RobRprCpl.AS2, RtaskCpl2A.AS2,

RtaskCpl2B.AS2, Rtimeout.AS2, StrRobRepair.AS2, StrRtask2A.AS2,

StrRtask2B.AS2, StrRtimer.AS2}

{DetNProcPallet. AS3, DoneRead.AS3, DoneReset. AS3, Done Write. ASS,
ExtrArvConv.AS3, ExtrArvPlatf.AS3, GClosesEL_2.AS53, GOpensEL_2.AS3,
MuvExtrToConv.AS3, MuExtrToPlatf. AS3, PalletLvAS.ASS8, PalletLvGEL_2.AS3,
PArvAtExtractor.AS3, PStopClosesEL_2.AS3, PStopOpensEL_2.AS3, ReadLabel. AS3,
RelPallet.AS3, ResetAssmbInfo.AS3, WrtCplT1A_1B.AS3, WrtCplT2A_2B.AS3,
WrtErr1A.AS3, WrtErr1B.AS3, WrtErr2A.AS3, WrtErr2B.AS8, DoRepPallet. AS3,
PalletRepaired. AS3, RepNotNeeded. AS3, MaintCpl. ASS3, SigMaintT1A.AS3, SigMaintT1B.AS3,
SigMaintT2A.AS3, SigMaintT2B.AS3, QError.AS3, NoError.AS3,

IsErr1A.ASS3, IsErr1B.ASS3, IsErr2A.ASS3, IsErr2B.AS3, NoErr.AS3, QFErr1A.ASS, QErr1B.AS3,
QFErr2A.ASS, QErr2B.AS3, DetNProcPallet.AS3, CplT2A_2B.AS3, CplT1A_1B.AS3,
AssmbErr2A.AS3, AssmbErr2B.AS3, AssmbErr1A.AS3, AssmbErr1B.ASS,

IsCpl. AS3, IsTypel.AS3, IsType2.AS3, NotCpl. AS3, QCplT1A_1B.AS3, QCplT2A_2B.ASS3,
QType.AS8, ProcTyp1AsR1.AS3, ProcTyp2AsR2.AS3, ProcTyp1AsR2.AS3, ProcTyp2AsR1.AS83,
RTasksCpl.AS3, RtaskCpl1A.AS3, RtaskCpl1B.AS3, RtaskCpl2A.AS3, RtaskCpl2B.ASS,
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v

Sl

3

7

StrRtask1A.AS3, StrRtask1B.AS3, StrRtask2A.ASS, StrRtask2B.AS3}

{DoneRead.r, DrwArvCL.r, DrwArvEL.r, DrwAtCL.r,

DrwAtEL.r, GClosesCL.r, GClosesEL_1.r, GOpensCL.r,

GOpensEL_1.r, MuDrwToCL.r, MuDrwToEL.r, PalletArvDrwCL.r,

PalletArvDrwEL.r, PalletLvGCL.r, PalletLvGEL_1.r, PalletLvTUAtCL.r,
PalletLvTUAtEL_1.r, PStopClosesCL.r, PStopClosesEL_1.r, PStopOpensCL.r,
PStopOpensEL_1.r, QDrwLoc.r, ReadLabel.r, QError.r,

NoFError.r, IsErr1A.r, IsErr1B.r, IsErr2A.r, IsErr2B.r,

NoErr.r, QErr1A.r, QErriB.r, QErr2A.r, QErr2B.r,

QOpNeeded.r, OpNeeded.r, NotOpNeeded.r, IsCpl.r, IsTypel.r, Is Type2.r, NotCpl.r,
QCplT1A_1B.r, QCplT2A_2B.r, QType.r}

{DoneRead. TUS, DrwArvCL. TU3, DrwArvEL. TU3, DrwAtCL.TUS,

DrwAtEL.TUS8, GClosesCL.TU3, GClosesEL_1.TU3, GOpensCL.TUS,
GOpensEL_1.TUS, MuDrwToCL.TU8, MuDrwToEL.TUS3, PalletArvDrwCL.TUS,
PalletArvDrwEL. TUS, PalletLvGCL.TUS3, PalletLvGEL_1.TUS3, PalletLvTUAtCL.TUS3,
PalletLvTUAtEL_1.TUS3, PStopClosesCL.TUS8, PStopClosesEL_1.TUS3, PStopOpensCL.TUS3,
PStopOpensEL_1.TU3, QDrwLoc.TUS3, ReadLabel. TU3, SkipDwnOpChk.TUS3,
QFError.TU3, NoError.TUS3, IsErr1A.TUS, IsErr1B.TUS, IsErr2A.TUS, IsErr2B.TUS,
NoErr.TU3, QErr1A.TU3, QErr1B.TUS,

QFErr2A.TU3, QFErr2B.TUS3, QDwnOpNeeded_1D.TUS3, QDwnOpNeeded_2D.TU3,
QDuwnOpNeeded_BD.TU8, DunOpNeeded. TU3, NotDwnOpNeeded. TUS,

IsCpl. TUS, IsTypel. TU3, Is Type2. TU3, NotCpl. TUS,

QCplT1A_1B.TUS, QCplT2A_2B.TUS, QType. TUS}

{CorrType. TU4, DoneRead. TU/, DrwArvCL.TU4, DrwArvEL.TU/,

DrwAtCL.TU4, DrwAtEL.TU4, GClosesCL.TU/, GClosesEL_1.TU/,

GOpensCL.TUJ, GOpensEL_1.TU}, IsCpl. TU4, IsTypel. TU/4,

IsType2.TU4, MuDrwToCL.TU4, MuvDrwToEL.TU/, NotCpl. TU4,
PalletArvDrwCL.TUY, PalletArvDrwEL. TU4, PalletLvGCL.TU/, PalletLvGEL_1.TU/,
PalletLvTUAtCL.TUY4, PalletLvTUAtEL_1.TUJ, PStopClosesCL.TU4, PStopClosesEL_1.TUJ,
PStopOpensCL.TUJ, PStopOpensEL_1.TUJ, QCorrType. TU4, QCplT1A_1B.TU/,

QCpTI2A _2B.TU4, QDrwLoc. TU/, ReadLabel. TU/, Wrong Type. TU4}
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The models and supervisors developed for this example are based on the automata presented in [4]

and [7]. We have altered them to fit our setting, and we have extended them to fill in the missing details

{DoRpr.k, ProcPallet.k}

{ASDwn.k, ProcCpl.k, ProcErr.k, RobUp.k}

{ProcPallet.AS3}

{ProcCpl.AS83, ProcErr.AS3, PalletRepd.AS3}

{TrnsfToEL.r, TrnsfELToCL.r, LibPallet.r}

{NoTrnsfEL.r, TrnsfCplToEL.r, TrnsfCplToCL.r, PalletRlsd.r}
{TrnsfToEL3_Up, TrnsfToEL3_1D, TrnsfToEL3_2D, TrnsfToEL3_BD,
TrnsfELToCL.TUS3, LibPallet. TU3, }

{NoTrnsfEL.TUS, TrnsfCplToEL. TU3, TrnsfCplToCL.TUS3, PalletRIsd. TU3}
{ TrnsfToEL.TU}, TrnsfELToCL. TUJ, LibPallet. TUJ}

{NoTrnsfEL.TU4, TrnsfCplToEL. TUJ, TrnsfCplToCL.TU/, PalletRlsd. TU4}

of several events that were defined as “macro events” in the cited references.

In the DES diagrams that follow, uncontrollable events are shown in italics; all other events are

controllable. Initial states can be recognised by a thick outline, and marked states are filled. Finally, all

supervisors were designed by hand, using modular techniques.



Chapter 2

The High Level

The high level contains the 15 DES shown in Figure 2.1, which shows the definition of the high level’s
subsystem Gp, plant component Gy, and supervisor component Sg. They are defined to be the syn-

chronous product of the indicated automata.

Q ASStoreUpState.AS1 ~ ASStoreUpState.AS2  PalletArvGateSenEL _2.AS3
QueryPalletAtTU.TUl QueryPalletAtTU.TU2 QueryPalletAtTU.TU3
QueryPalletAtTU.TU4

L];, ManageTU1 ManageTU2 ManageTU3
ManageTU4 OFProtEL1 OFProtEL2
DetWhichStnUp HndlComEventsAS

Figure 2.1: High Level

The high level keeps track of the breakdown status of assembly stations 1 and 2, as well as enforces
the maximum capacity of external loops 1 and 2. It controls the operation of all transport units and all

assembly stations, as well as tracking the pallets progress around the manufacturing system.

2.1 Plant Component

We now discuss the plant models for the high level. The first set of models are DES ASStoreUpState.k,
where k = AS1, AS2. They are shown in Figure 2.2. These DES track the breakdown status of assembly

10



stations 1 and 2. They also disable processing pallets and initiate repairs when their respective station
is down. Our next DES is Pallet ArvGateSenEL_2.AS3, shown in Figure 2.3. This models the pallet
sensor at pallet gate 3.2, the gate which controls access to assembly station 3. It also ensures that
AS3 cannot start processing a pallet until a pallet arrives at the gate. The corresponding sensors for
assembly stations 1 and 2 are not shown here because they’re included as part of the nodes for the
assembly stations. The reason for this difference is that EL 3 is not restricted to the number of pallets

that it may contain, and the other loops are.

ProcPallet k

DoRprk ProcPallet k
A5k

Qstnlp.k

RebUp.k

RebUp.k

Figure 2.2: ASStoreUpState.k

CPalletAtEL

NoPalletEl.!
IzPalletELi

{sFa ”,.'E,FCL'I '
Mol toLd P tatcLi
PalletdrvGEL _2. 453 oraifertt.d QPalle i
& Prochalletasa o7 e
Figure 2.3: PalletArvGateSenEL_2.AS3 Figure 2.4: QueryPalletAtTU.i

The next set of DES are QueryPalletAtTU.i, where 1 = TU1, TU2, TU3, TU4. They are shown

in Figure 2.4. They provide a means to determine if a pallet is waiting to enter the indicated transport

11



unit at either the associated external loop or the central loop.

2.2 Supervisor Component

We now discuss the supervisors for the high level. The first are ManageTU1l and ManageTU2
shown in Figures 2.5 and 2.6, respectively. They are identical up to event relabelling. They control
the transferring of pallets between the central loop and the indicated external loops, and they permit
pallets on the central loop to pass through a transport unit (to be liberated) without being transferred
to its attached external loop. Pallets are liberated if the attached external loop is at maximum capacity
(determined by supervisors OFProtEL1 and OFProtEL2), the associated assembly station is down,
or the transport unit determines the pallet is not to be transferred (see the definition of the transport
unit subsystems, low levels 4-7).

The corresponding supervisors for transport units 3 and 4 are DES ManageTU3 and ManageTU4,
shown in Figures 2.7 and 2.8. Supervisor ManageTU3 is similar to ManageTU1 except that it
always tries to transfer a waiting pallet to external loop 3 (EL 3 has no capacity restriction). Also, DES
ManageTUS3 first determines the breakdown status of assembly stations 1 and 2 before attempting to
transfer a pallet to EL 3. It also passes this information to TU3. Finally, DES ManageTU4 is the
same as ManageTU3 except that it does not determine the breakdown status of assembly stations 1
and 2.

The next set of supervisors are OFProtEL1 and OFProtEL2, shown in Figures 2.9 and 2.10.
These supervisors, identical up to relabelling, ensure that external loops 1 and 2 have at most one pallet
in them at a given time. These supervisors also coordinate pallet transfers to the external loops with
the operation of the appropriate assembly station.

The next supervisor the we discuss is DetWhichStnUp, shown in Figure 2.11. This supervisor is
used by supervisor ManageTU3 to determine the breakdown status of assembly stations 1 and 2. It
also encodes this information to be passed on to TU3.

The last supervisor in this section is HndlComEventsAS, shown in Figure 2.12. The supervisor
facilitates the lookup of the breakdown status of assembly stations 1 and 2 by multiple supervisors.
Supervisor HndlComEventsAS allows ManageTU1, ManageTU2, and DetWhichStnUp to be

designed independent of each other but not cause each other to deadlock.
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QPalletAtELTUT
QStnlp.AS T M v QStnlp.AS1
Stnllp.AS T StnllpAST QPalletAtCLTUT
StrlwnAST StnDwn. 451 CstnlUpas
TrnsfELToCLTUA Stnlp.Asi
SENDWR.AS T

IzPalletELTUA

=0
LibPallet. T IsPalietol TLH

TrnsfTeELTUA
QStnlp.ast
Stalp.d5t
Stnlwn. A51

Stallp. 51

O5tnldp.ast

PalletRlsd. TIL1
TrnsfCplTeELTUT

MoTrnsfELTU
StnDwn. 451

PalletRlsd. TIU1

LibPallet.TUA
O5tnlp.Aas
Stnllp. A5
Stnwn. 451

Figure 2.5: ManageTU1.

MNoPalletEL.TUZ
QPalletatCLTUZ

QPalletdtELTUZ
Qstnlp.A52

QOstnlp.As2
Sthllp 452 Sthllp A5z
Sthlwn.As2 SthlDwn.d52 O5thlpAas2
TrnsfELToCLTUZ Stallp.d52
Stnlwn As52

IsPalletELTUZ

S0
tsPalletCLTLE

LibPalletTUZ2
TrnsfToELTUZ
Q5thllp.Aasz
Stalls.A52
StnDwn. A52
Stnllp.d52

QstnUp.A52

PalletRlsd.TUZ
TrnsfCplTeELTUZ

MoTrnsfELTUZ
StnDwn. 452

PalletRlsd. TUZ

LibPallet.TUZ
Q5tnUp.Aas2
Stallp.ds2
Stnliwn A52

Figure 2.6: ManageTU2.
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NoPalletEL.TUS

QPalletAtELTUS TrnefELToE LTS QPalletAtCLTUS

IsPalletELTUS O TrnsfCplTeCLTUZ
:"2\_/

[ 4

tsPalletoL TUSE

NoPalletOL TS
TrnsfToeELI_Up

TrnsfTeEL2_1D
TrnsfTeEL3_2D
TrnsfToELI_BD

TrnsfCplTeELTUS

DetstnsUp
MoTrnsfELTUS

PalletRlsd. TU3

LibPallet.TU3

Figure 2.7: ManageTU3.

MNoPalletEl. TUS

QPalletAtEL TUS

TrnsfELTCLTUS QPalletatCLTUS

lsPalletEL TU

tsPalletCl. TUY

NoTrnsfEL TUS

PalletRlsd. TU4

LibPallet TU4

Figure 2.8: ManageTU4.

14



LibPallet.TU1 LibPallet. T

StalpAs1 isfalietL TU ]
TrasfToELTUA Stndwn s Stnllp 451
Sthallp A51 fsPalletCL.TU StnDwn.d51
StnDwn.A81 ProcPallet.As TrnsfELToCLTLUA

ProcCpl.ast lsPalletEL.TUA
ProcErr.A51
A50w A5

TrnsfCplTeELTU

TrhnsfCplTaeZLTUT

fsPalletCL T

Stallp AS1

LibPallet. T MNoTrnsfEL T

Stnfwen.A51

Sthllp A5
Stnlwn 51
Figure 2.9: OFProtELL.
LibPallet,TUZ LibPalletTUZ
Sthllp. 452 isPalletcL T2
TrnsfToELTUZ Sthlwn. A52 Sthllp.A52
Stnllp As2 tsPalletol.TUZ Stnfwn. 452
StnDwn.A82 ProcPallet.as? TrnsfELTaCLTUZ

ProcCpl.as2 lsPalletELTUZ2
ProcErr 852
A50w N A5 2

TrnsfCplToELTILZ

TrasfCplTeCLTUZ

fsPalletcl, TUZ

Statlp. A58
LibPallet. T2 MaTrnsfELTUZ

52

StnDwn 452

Stnllp.ds52
Stntwn. A52

Figure 2.10: OFProtEL2.
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Q5tnlp.Aas

LibPallet. TU3
ﬁiﬁgﬁﬁﬂ}? TrhsfTeEL3_2D
Qstrllp.AS2 LibPallet.TU3
Stnllp.A52 TrnsfToEL3_Up
Sthlwn 452
LibPallet.TU3 Q5tnllp.ast Q5tnllp.Asz

DetStnsUp . Stnllp.AST
M)

501 51

LibPalletTUZ
TrnsfTeELZ _BD

Stalhwn 452
StnDwn A51

LibPallet.TU3
TrasfTeEL2_1D

Stnfwn 52

O- QStnlp.ASz
57 Stnllp.d52 e
Figure 2.11: DetWhichStnUp.
StnUp.AS1 ' |
Stnpwn.AS1 .-,_ Q5tnlp.AST

MNoPalletCL TU
QPalletatCLTLA

QPalletAtCLTUZ jepgietcr. TU2

MNofglletol TUZ
Sthalln A52
Stalwn 452
Stallp 452
Stnlwn 452
Detstnslp

Qstnlp.As
Sthllp 457

StnDwn 451
Q5tnldpAsz

Figure 2.12: HndlComEventsAS.
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Chapter 3

Low Levels 1 and 2 (AS1 and AS2)

We now describe the low levels that represent assembly stations 1 and 2. As they are identical, we will
describe them collectively as low level subsystem w, where w = 1,2. We also define the companion index
k = AS1, AS2, which takes its values relative to w (eg. kK = AS1 when w = 1). As some DES presented
in this chapter are identical to those of Low level 8 (AS3), the index j is used in some diagrams. In this
chapter, we will always set j = k.

Low level w contains the 17 DES shown in Figure 3.1, which shows the definition of low level w’s
subsystem Gy, , plant component Gy, ., and supervisor component Sz,,. They are defined to be the

synchronous product of the indicated automata.

GLw
ASNewEvents.k CapGateEL_2.k DepGateNExtrSen.k
(;1“ Extractor.k PalletArvGateSenEL_2.k
PalletGateEL_2.k PalletStopEL_2.k PSenAtExtractor.k
QueryPalletTyp.k RWDevice.k Robot.k
RobotNewEvents.k

*J;Jw HndlIPallet.k HndlIPalletLvAS.k OperateGateEL_2.k
Intf-k-Robot.k DoRobotTasks.k

Figure 3.1: Low Level w

Low level w provides the functionality specified in its interface, shown in Figure 3.2. An assembly
station accepts the pallet at its gate, and then presents it to its robot for assembly. It then releases the
pallet, and reports on the success of the assembly operation. If the robot breaks down, this is reported

through the interface, and the pallet is released. Low level w then waits for a repair command to return
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the robot to operation.

It’s important to note that request event ProcPallet.k should be avoided while the robot is down.
While the robot is down, which answer event that follows event ProcPallet.k is random and thus mean-
ingless. This is a “fix” to satisfy the interface conditions and ideally the interface should have state

information that makes event ProcPallet.k unavailable until the robot is repaired.

3.1 Plant Component

We now discuss the plant models for low level w. We start with plant models ASNewEvents.k and
CapGateEL_2.k, shown in Figures 3.3 and 3.4. The first DES simply introduces new events that are
used by the assembly station’s interface.! Plant CapGateEL_2.k models how many pallets can fit into
gate w.2 at once. More importantly, it creates a dependency between pallets arriving and pallets leaving
the gate.

The next two plant models are DepGateNExtrSen.k and Extractor.k, shown in Figures 3.5 and
3.6. The first DES shows that a pallet must first leave gate w.2 before reaching the extractor, while the
second one specifies the behaviour of the extractor which moves a pallet between the conveyor belt and
the robot.

We now discuss plant models Pallet ArvGateSenEL_2.k, PalletGateEL_2.k, PalletStopEL_2.k
and PSenAtExtractor.k, shown in Figures 3.7, 3.8, 3.9, and 3.11. The first DES shows that the pallet
sensor at gate w.2 is gated by the event ProcPallet.k. The next two DES show the operation of pallet
gate w.2 and pallet stop w.2. Finally, DES PSenAtExtractor.k shows the dependency between a
pallet arriving at the extractor, and a pallet leaving the assembly station.

The next plant models are QueryPalletTyp.k and RWDevice.k, shown in Figures 3.12, 3.13, and
3.14. DES RWDevice.k models reading and writing to the pallet’s electronic label. DES QueryPal-
letTyp.k provides a means of determining the pallet’s type. QueryPalletTyp.k uses the data from
the last read operation performed by the Assembly station’s R/W device. If a read has not yet been
performed, the results are undefined.

We now describe the plant models for the assembly stations’ robots. The robots can perform two
assembly tasks each, can successfully complete the assembly, generate an assembly error, or break down.

This behaviour is modelled in Robot.AS1 and Robot.AS2, shown in Figures 3.15, and 3.16. DES

! Actually, event RelPallet.k coordinates between supervisors HndIPalletLvAS.k and HndPallet.k, the release of the
pallet from the assembly station. It’s the exception.
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ProcPallet.k

Proccpl.k ProcPallet, k
ProcErr.k ProcCplk
ASDw.k ProcErr. k
B0 1. b
DoRpr.k RelPallet.k
RobUp.k Q
2 <0
Figure 3.2: Interface to Low Level w. Figure 3.3: ASNewEvents.k
PalletdriraEL_2 .k PalletdriGEL _2 .k PalletLpoEL_2) PalletlpGEL_2)
50 : 51 52 50 : 51 : 52
Palfetl pGEL_2 .k Palletl O EL_ 2k Parvditxtractor, PArvatExtractor,
Figure 3.4: CapGateEL_2.k Figure 3.5: DepGateNExtrSen.j

MvExtrTaPlatf.j

Q )
so 51
ExtrdrvCony) Extrdrveiatf.
L 2
O @
<3 MyExtrToCony. <2

Figure 3.6: Extractor.j
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Figure 3.9: PalletStopEL_2.j
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PalletlvASS

Figure 3.11: PSenAtExtractor.j

CClosesEL_2.
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PalletLnSEL_2.)
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Figure 3.8: PalletGateEL_2.j
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RTasksCplk
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Figure 3.10: RobotNewEvents.k
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Figure 3.12: QueryPalletTyp.k



DoneRead 451 Readlabel.&s51 Donefead 452 Readlabel.asz
WriCplT14_18.451 ﬁr%gpg&2§s_gﬁ.ﬂs2
g WrtErr1A.A51 ] FtErr24,
Donelrite 51 WHEFFTB.AS 1 DonelWritedss WrtErr2E.A52
52 52
Figure 3.13: RWDevice.AS1 Figure 3.14: RWDevice.AS2

RobotNewEvents.k, shown in Figure 3.10, introduces new events used by the robots’ supervisors.

3.2 Supervisor Component

We now discuss the supervisors forlow level w. We start with supervisors HndlPallet.AS1 and Hndl-
Pallet.AS2, shown in Figures 3.17 and 3.18. These supervisors handle the task of processing a pallet
once it reaches the extractor for their respective assembly station. They read the pallet’s label, present
the pallet to the robot, and have the robot perform the appropriate tasks on the pallet. The super-
visor then allows the pallet to leave the assembly station and reports on the success of the processing
operation by updating the pallet’s label, and through the station’s interface.

We now discuss supervisor HndIPalletLvAS.k, shown in Figure 3.19. Upon receiving the signal
(event RelPallet.k) from supervisor HndlPallet.k, HndlPalletLvAS.k opens the pallet stop and allows
the pallet to leave the assembly station.

The next supervisor OperateGateEL_2.k, is shown in Figure 3.20. Once a pallet has arrived at
gate w.2, the supervisor opens the gate and allows the pallet to enter. This supervisor, in conjunction
with HndIPalletLvAS.k, guarantees that there is at most one pallet in the assembly station at a given
time.

We now examine the supervisors for the assembly stations’ robots. We start with supervisor Intf-

k-Robot.k shown in Figure 3.21. It defines the tasks that the robot can perform.
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Figure 3.15: Robot.AS1
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Figure 3.16: Robot.AS2
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Supervisors DoRobotTasks.AS1 and DoRobotTasks.AS2, shown in Figures 3.22 and 3.23, con-
trol 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 success of the assembly operation, and they handle

repairs when the robot breaks down.
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Figure 3.22: DoRobotTasks.AS1
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Chapter 4

Low Level 3 (AS3)

We now describe the low level that represents assembly station 3. Low level 3 contains the 27 DES
shown in Figure 4.1, which shows the definition of low level 3’s subsystem Gr,, plant component Gr,,,

and supervisor component Sr,. They are defined to be the synchronous product of the indicated

automata.
f GL3
L3 | ASNewEvents.AS3 CapGateEL_2.AS3 DepGateNExtrSen.AS3
Extractor.AS3 PalletGateEL_2.AS3 PalletStopEL_2.AS3
PSenAtExtractor.AS3 RWDevice.AS3 PalletMaint ProcPallet.AS3
RepPalletNewEvents  DetOpNProcNewEvents QueryTypNCpl.AS3
ChkErr.AS3 QueryErrNewEvents.AS3 Robot.AS3
RobotNewEvents.AS3
s0 s1

Lf,; HndIPallet.AS3 HndlPalletLvAS.AS3 OperateGateEL_2.AS3
Intf-AS3-RepairPallet Intf-AS3-DetOpNProc DoMaintenance
DetNProc Intf-RepairPallet-QueryErrors.AS3 E::gggl’?’ |'b||‘:'|5533
Intf-D NProc-R A DoChkErr.A DoR Tasks.A .
ntf-DetOpNProc-Robot.AS3 0ChkErr.AS3 oRobotTasks.AS3 PalletRepd.AS3

Figure 4.1: Low Level 3 Figure 4.2: Interface to Low Level

3.

Low level 3 provides the functionality specified in its interface, shown in Figure 4.2. It describes the
behaviour of assembly station 3, which is very similar to stations 1 and 2. The main differences are that
station 3 can repair damaged pallets, is assumed not to breakdown, and it can substitute for either AS1

or AS2 when they are down.

4.1 Plant Component

We now discuss the plant models for low level 3. As low level 3 is so similar to low levels 1 and 2,

several of its plant models are identical up to relabelling, to those of low levels 1 and 2. In particu-
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lar, DES DepGateNExtrSen.AS3, Extractor.AS3, PalletGateEL_2.AS3, PalletStopEL 2.AS3
and PSenAtExtractor.AS3 can be obtained by setting variable ; = AS3 in Figures 3.5, 3.6 and 3.8
to 3.11.

The next plant models are ASNewEvents.AS3, CapGateEL_2.AS3, and RWDevice.AS3,
shown in Figures 4.3, 4.4, and 4.5. The first DES simply introduces new events that are used by the
assembly station’s interface.! Plant CapGateEL_2.AS3 models how many pallets can fit into gate
3.2 at once. More importantly, it creates a dependency between the event ProcPallet.AS3 and pallets
leaving the gate. As event ProcPallet.AS3 is dependent on a pallet arriving at gate 3.2 (see Figure
2.3), this creates a dependency between pallets arriving and pallets leaving the gate. Finally, DES
RWDevice.AS3 models reading and writing to the pallet’s electronic label.

We now describe the plant models for repairing pallets tasks. These tasks consists of checking if a
pallet is damaged, and if so, repairing it. It is assumed that the pallet has only sustained one assembly
error, and thus only the first error found is repaired. We start with plant models RepPalletNewEvents
and PalletMaint, shown in Figures 4.6 and 4.7. The first DES simply introduces new events that are
used by related supervisors. The second DES models informing the operator of the type of error
encountered, and waiting for the repair to be complete.

We now discuss the plant models for tasks related to querying if a pallet has been damaged. These
tasks consist of determining if a pallet has been damaged, and if so, what type of error has been sustained.
Only the first error encountered is reported. We start with plant models QueryErrNewEvents.AS3
and ChkErr.AS3, shown in Figures 4.8 and 4.9. The first DES simply introduces new events that are
used by related supervisors. The second DES provides a means to query about specific assembly errors.

We now describe the plant models for tasks related to determining which operations are needed to
be performed on the pallet. Tasks consist of determining the assembly operations needed by the pallet,
based upon the task completion data read from the pallet’s label. The required assembly task is then
performed. For simplicity and to prevent assembly station 3’s resources from being monopolised, tasks
for only one assembly station are performed, and then the pallet is released. For example, if the pallet
is of type 1, and all assembly tasks are still pending, then tasklA and task1B will be performed, and
then the pallet would be released.

! Actually, event RelPallet.AS3 coordinates between supervisors HndlPalletLvAS.AS3 and HndPallet.AS3, the
release of the pallet from the assembly station. It’s the exception.
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Figure 4.9: ChkErr.t, with ¢t = AS3 Figure 4.10: RobotNewEvents.AS3

We start with plant models DetOpNProcNewEvents and QueryTypNCpl.AS3, shown in Fig-
ures 4.11 and 4.12. The first DES simply introduces new events that are used by related supervisors.
The second DES provides a means of querying the type and assembly status of a pallet.

We now discuss the plant components for the assembly station’s robot. Assembly station 3’s robot is
similar to the robots in stations 1 and 2, with the difference that this robot is assumed not to breakdown,

and can substitute for the other two robots when they are down. The plant models are shown in Figures

4.13 and 4.10.

4.2 Supervisor Component

We now discuss the supervisors for low level 3. We start with supervisor HndlPallet.AS3, shown in
Figure 4.16. DES HndlPallet.AS3 handles the task of processing a pallet once it reaches the extractor.
It first reads the pallet’s label, and performs any needed repairs. If repairs were required, the pallet’s
label is updated, the pallet is released, and the results reported through the station’s interface. If no
repairs were required, the pallet is presented to the robot, and the appropriate tasks are performed
on the pallet. The supervisor then allows the pallet to leave the assembly station and reports on the

success of the processing operation by updating the pallet’s label, and signalling through the station’s
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Figure 4.11: DetOpNProcNewEvents Figure 4.12: QueryTypNCpl.AS3, with ¢t = AS3

interface.
We now discuss supervisor HndIPalletLvAS.AS3, shown in Figure 4.14. Upon receiving the signal
(event RelPallet.AS3) from supervisor HndIPallet.AS3, HndlPalletLvAS.AS3 opens the pallet stop

and allows the pallet to leave the assembly station.

The next supervisor OperateGateEL_2.AS3, is shown in Figure 4.15. Once a pallet has arrived
at gate 3.2, the supervisor opens the gate and allows the pallet to enter. This supervisor, in conjunction
with HndlPalletLvAS.AS3, guarantees that there is at most one pallet in the assembly station at a
given time.

We now describe the supervisors for repairing pallets tasks. We start with supervisor Intf-AS3-
RepairPallet, shown in Figure 4.17. It defines the tasks required for repairing pallets.

We now discuss supervisor DoMaintence, shown in Figure 4.19. This supervisor checks if the pallet
is damaged and needs repair. If so, it informs the operator of the type of error, waits for the pallet to
be repaired, and then reports the results. If no repairs are required, then that is reported.

We now discuss the supervisors for tasks related to querying if a pallet has been damaged. We start
with supervisor Intf-RepairPallet-QuerryErrors.AS3, shown in Figure 4.18. It defines the tasks
required for querying if a pallet has errors.

We now discuss supervisor DoChkErr.AS3, shown in Figure 4.20. The supervisor sequentially
checks for all four possible assembly errors, and reports on the first one it finds. If no errors are present,

then that is reported.

32



RiaskOpl1B.A53
AssmbErr18.453

StrRtask2B.A53

£5 gz 135850/ Ddolsd

»
s

Figure 4.14

StrRtask2A.A53

RigskCpl2d.453
AssmbErr24.453

StrRtask1B.AS3

RiaskOpl1A.453
dssmbErr14.453

StrRtask1A.A53

RiaskiplZB AS3
dssmbErr28.453

Figure 4.13: Robot.AS3

oTToD
533 233
[l o
~ 010 = T [
=S o
gﬁ o (] = a =
2w o S
[ =] I
w0y ) g L
L) i E o
-0 m g
r )
r-J o
o =
%) N
=]
= Ln
o 0J
=)
=
T
o+
T
L
& ¥
2 i
()]
e, S ~ )
) — = ]
= - < o =
o o =5 ™
= - =
M = E':- L
[ (1] m
E = m —
% m |r‘_ Im
T r D T
[ R In o
LaX} a o I
i [k}
: HndIPLvAS.AS3 Figure 4.15: OperateGateEL_2.AS3

33



0zs

LS

ESP Al AP 1x3

=1

)= PR ER T

ESFAA4maliog

ESYAUCTC] 3ETN N

ESP'aZA43 LSSy

ESPH A3 QUSSR

ESEAUOT0 | BEIAR

s

ESP AU PR3

SLs

ESP AN OAIPAIXT

9s

O

ESHZATHM

ESPAddmauog

25 d LT

ESF A ii4maliog

S AUSTo L3RI

ESPALONAP A% 3

L=

9

S5 LTHM

ESPrAA4maliod

E5%13]|Bd|2d

ESP'a L 44T GLUISSP

. ESEAUCTC | BETAK

Zls ESF'F L A43qLUISSE

ES AL LR IN N
gs

ESPAUONAP A3

aLs

O

L=

L M= Pl [ bR FL

ESP A aliog

ESFaAmalog

E5%718|[Bd| =Y

LL

S ALY LLIdD
ESYAUOD0 L3RI K

ESP AL OAIP NS

S ALY LLId D3

gs O\U

ESY Az WZLIdD

HndlPallet.AS3

34

58| BdoeddNIBd
ESF0IENRAINT

£s
5

ESR B doL X3

Figure 4.16

P ESy'papaanionday
ESypadedayys||ed

Z

ESYOIUqUssylasay .

£syis||eddaged
5

ESpriasayauogd g

0s

ESpphayaiog

ESk|aqelpesy

58] [ed| 8y ESFA0I04IN TP AL S

£sypdayial|ed

ESyd 04

5y 3edd



QErrort

DoRepPalletas3 50 i 51
MoErrort
O IsErridt
1sErrigt
=0

; =1 tsfrr2dt
PalletRepaired. 453 ISErroBt

RepMotNeeded A53

Figure 4.17: Intf-AS3-RepairPallet Figure 4.18: Intf-RepairPallet-QuerryErrors.AS3,
with t = AS3

RepMotMesded 453

53
MoErrords3

QErrorfAs3

DoRepPallet.as3

s0 ISErr14.453

SigMaintT14.453

{sErr2B.d453

PalletRepaired.4s3

lsfrr2d. 453

SigMaintTZa.A58

.-. SigMaintT2E.A53
<B
Mafntcnl ASS

Maintcnl A83

57

Figure 4.19: DoMaintence

35



CQErr1A.L CErr1B.t

QErrort NoErr.t

0 52

MNoErr.t

IsErr1B.¢

MoErrort

DQErrZﬁ..t
53
IsErr2d.t DetMProcPallet.fsa

ot Q
50 21

CplT1A_1B.AS3
CplT24_2B.A53

istrr2E.t

¥ AdssmbErr 14,453
(e QErr2B.t AssmbErr 1B.453
s MoErrt vt AssmbErr2d.4A53
AssmbErr28.453
Figure 4.20: DoChkErr.t, with ¢ = AS3 Figure  4.21: Intf-AS3-
g g
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We now describe the supervisors for tasks related to determining which operations are needed to be
performed on the pallet. We start with supervisor Intf-AS3-DetOpNProc, shown in Figure 4.21. It
defines the tasks required for determining which operations are needed to be performed on the pallet.

We next discuss supervisor DetNProc, shown in Figure 4.22. This supervisor determines the next
set of tasks pending for the pallet, performs them and then reports on the results.

We now discuss the supervisors for the assembly station’s robot. We start with supervisor Intf-
DetOpNProc-Robot.AS3, shown in Figure 4.23. It defines the tasks that the robot can perform.

The supervisor for the robot is given in Figure 4.24, and labelled DoRobotTasks.AS3. It’s essen-

tially a combined version of supervisors Robot.AS1 and Robot.AS2, minus breakdowns.
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Chapter 5

Low Levels 4 and 5 (TU1 and TU2)

We now describe the low levels that represent transport units 1 and 2. As they are identical, we will
describe them collectively as low level v, where v = 4,5. We also define the companion indexes X = 1,2,
and r = TUIL, TU2, who take their values relative to v (eg. X =1 and r = TU1 when v = 4). Finally,
for this chapter the variables ¢ and 7 in the diagrams should be both set to 7.

Low level v contains the 25 DES shown in Figure 5.1, which shows the definition of low level v’s
subsystem G, plant component Gy, , and supervisor component S;,. They are defined to be the

synchronous product of the indicated automata.

f GLV
Lv CapGateCL.r CapGateEL_1.r CapTUDrwToExit.r

CapTUDrwToGateCL.r CapTUDrwToGateEL_1.r  PalletGateCL.r
PalletGateEL_1.r PalletStopCL.r PalletStopEL_1.r
QueryDrwLoc.r RWDevice.r TUDrawer.r
TUNewEvents.r ChKErr.r QueryErrNewEvents.r
CheckOpNeededNewEvts.r ~ QueryTypNCpl.r

JLV HndIComEvents.r HndILibPallet.r HndITrnsfELToCL.r
HndITrnsfToEL.r Intf-r-QueryErrors.r Intf-r-CheckOpNeeded.r
DoChkErr.r DetIfOpNeeded.r

Figure 5.1: Low Level v

Low level v provides the functionality specified in its interface, shown in Figure 5.2. The transport
units are used to transfer pallets between the central loop, and the external loops (ie. TU1 transfers
pallets between CL and EL 1). Transport unit X has two entry points for pallets, gate 5.X on the
central loop, and gate X.1 on the external loop. If a pallet is at gate X.1, low level v transfers the

pallet to the central loop. If a pallet is at gate 5.X, low level v can be requested to liberate the pallet
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(allow it to pass through and continue on the central loop), or to transfer the pallet to the external
loop. When requested to transfer a pallet to the EL, low level v will only transfer the pallet if the pallet
is undamaged, and if the next assembly task required by the pallet is performed by the external loops

assembly station, and the station is not down.

LibPallet.q
TrhsfToELQ

PalletRlsd.q TrnsfTeE Lg
MNoTrnsfELQ
MoTrnsfELq TrosfCplToELg
TrnsfCplToELa TrnsfELToCLY
TrnsfCplToCLg
TrnsfELToCLg LibPallet.q
PalletRlsd.q
TrnsfiCplToCLyg ;
52 S0
Figure 5.2: Interface to Low Level v. Figure 5.3: TUNewEvents.q

5.1 Plant Component

We now discuss the plant models for low level v. We start with plant models TUNewEvents.r,
CapGateCL.r, and CapGateEL 1.r, shown in Figures 5.3, 5.4, and 5.5. The first DES simply
introduces new events that are used by the transport unit’s interface. Plant CapGateCL.r models
how many pallets can fit into gate 5.X at once. More importantly, it creates a dependency between
events TrnsfToEL.r and LibPallet.r and pallets leaving the gate. As events TrnsfToFEL.r and LibPallet.r
are dependent on a pallet arriving at gate 5.X, this creates a dependency between pallets arriving
and pallets leaving the gate. Similarly, DES CapGateEL_l.r creates a dependency between event
TrnsfELToCL.r and pallets leaving gate X.1, and thus between pallets arriving and pallets leaving the
gate.

We now discuss plants CapTUDrwToExit.r, CapTUDrwToGateCL.r, and CapTUDrwTo-
GateEL_l.r, shown in Figures 5.6, 5.7, 5.8. DES CapTUDrwToExit.r creates a dependency between
pallets arriving at the transport drawer and pallets leaving the transport unit. DES CapTUDrwTo-
GateCL.r creates a dependency between pallets leaving gate 5.X and arriving at the transport drawer.
DES CapTUDrwToGateEL_l.r creates a dependency between pallets leaving gate X.1 and arriving

at the transport drawer.
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Next we discuss plants PalletGateCL.r, PalletGateEL_1.r, PalletStopCL.r, and
PalletStopEL_1.r, shown in Figures 5.10, 5.11, 5.12, 5.13. These DES show the operation of pallet
gates 5.X, X.1 and pallet stops 5.X, X.1, respectively.

The next plant models are QueryDrwLoc.r, TUDrawer.r, and RWDevice.r, shown in Figures
5.14, 5.15, and 5.16. DES TUDrawer.r models the operation of the transport drawer, while DES
QueryDrwLoc.r stores the location (at the central loop or at EL X) of the transport drawer and
provides a means of querying the location. Finally, DES RWDevice.r models reading from the pallet’s
electronic label.

We now discuss the plant models for tasks related to querying if a pallet has been damaged. These
tasks consist of determining if a pallet has been damaged, and if so, what type of error has been sustained.
These plant models, QueryErrNewEvents.r and ChkErr.r, are identical to those discussed on page
29 after substituting ¢t = r.

We now discuss the plant models for tasks related to determining if a pallet needs to be transfered
to transport unit X’s attached external loop for assembly operation. We start with plant models
CheckOpNeededNewEvents and QueryTypNCpl.r , shown in Figures 5.9 and 4.12 (see page 32,
with ¢ = r). The first DES simply introduces new events that are used by related supervisors. The

second DES provides a means of querying the type and assembly status of a pallet.

5.2 Supervisor Component

We now discuss the supervisors for low level v. We start with supervisor HndlComEvents.r, shown in
Figure 5.17. This supervisor allows HndlLibPallet.r, Hnd1TrnsfELToCL.r, and HndlTrnsfToEL.r
to be designed independent of each other but not cause each other to deadlock even though they use
common events.

We now discuss supervisor HndlLibPallet.r, shown in Figure 5.19. The supervisor handles liber-
ating pallets. It allows a pallet at gate 5.X on CL, to pass through the transport unit without being
transfered to EL X.

We now discuss supervisor HndlTrnsfELToCL.r, shown in Figure 5.20. The supervisor handles
transporting pallets from EL X to the central loop.

We now discuss supervisor HndlTrnsfToEL.r, shown in Figure 5.21. The supervisor handles
transporting pallets from the central loop to EL X. It only transfers pallets if they are undamaged, and

if the next assembly task required by the pallet is performed by assembly station X.
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We now discuss the supervisors for tasks related to querying if a pallet has been damaged. These
supervisors, Intf-r-QuerryErrors.r, and DoChkErr.r, are identical to those discussed on page 32
after substituting ¢ = 7.

We now discuss the supervisors for tasks related to determining if a pallet needs to be transfered
to the transport units external loop. We start with supervisor Intf-r-CheckOpNeeded.r, shown in
Figure 5.18. It defines the tasks required to determine if a pallet needs to be transfered.

We now discuss supervisors DetIfOpNeeded.TU1 and DetIfOpNeeded.TU2, shown in Figures

5.22 and 5.23. These supervisors determine if the pallet needs to be transfered to external loop X for

assembly operation.
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Chapter 6

Low Level 6 (TU3)

We now describe the low level that represents transport unit 3. Low level 6 contains the 29 DES shown
in Figure 6.1, which shows the definition of low level 6’s subsystem G, plant component Gr,, and

supervisor component Sr,. They are defined to be the synchronous product of the indicated automata.

&7
§ CapGateCL.TU3 CapGateEL_1.TU3 CapTUDrwToExit.TU3
L6 | CapTUDrwToGateCL.TU3 CapTUDrwToGateEL_1.TU3 PalletGateCL.TU3
PalletGateEL 1.TU3 PalletStopCL.TU3 PalletStopEL_1.TU3
QueryDrwLoc.TU3 RWDevice.TU3 TUDrawer. TU3
TUNewEvents. TU3 ChkErr.TU3 QueryErrNewEvents. TU3
CheckDwnOpNeededNewEvts QueryTypNCpl.TU3

J HndlComEvents. TU3 HndILibPallet. TU3 HndlSelCheck.TU3
L6 | HndITrnsfELToCL.TU3 HndITrnsfToEL.TU3  Intf-TU3-QueryErorrs.TU3
Intf-TU3-CheckDwnOpNeeded DoChkErr.TU3 HndIBothStnDwn
HndlComEvents ChkDwn HndIStn1Dwn HndIStn2Dwn

Figure 6.1: Low Level 6

Low level 6 provides the functionality specified in its interface, shown in Figure 6.2. Low level 6
describes the behaviour of transport unit 3, which is very similar to TU1 and TU2. It differs in how
it decides if a pallet should be transferred from the central loop to external loop 3. First, all damaged
pallets are to be transferred to EL 3 for maintenance. Second, if an assembly station is down and it
performs the next pending task for the pallet, then the pallet is to be transferred. As low level 6 must
know the breakdown status of assembly stations 1 and 2, this information is passed in explicitly as

separate request events (see Figure 6.2, transitions from state sg to s1).

48



TrnsfToEL3_Up

LibPallet.TUZ
forade NoTrnsfELTUZ

TrnsfTeEL3_Up
TrnsfTeEL3_1D

Trns;ToEL3_2D TrasfCplTeELTUS

TrnsfToEL3_BD TrasfELTaCLTUS

Pallethlsd.TU3 TrnsfCplToCLTU3
LibPallet.TUZ

PalletRl=d. TU3
SkipDwrnOpChkTUZ
TrisfToEL3_1D
TrnsfToEL3_20
TrisfToEL3_BD

o
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TrnsfCplTeELTUS
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TrosfCplToCLTUZ

Figure 6.2: Interface to Low Level 6. Figure 6.3: TUNewEvents. TU3

6.1 Plant Component

We now discuss the plant models for low level 6. We start with plant models TUNewEvents. TU3,
and CapGateCL.TU3, shown in Figures 6.3 and 6.4. The first DES simply introduces new events
that are used by the transport unit’s interface.! Plant CapGateCL.TU3 models how many pallets can
fit into gate 5.3 at once. More importantly, it creates a dependency between events TrnsfToEL3_Up,
TrnsfToEL3_1D, TrnsfToEL3 2D, TrnsfToEL3_BD, and LibPallet. TU3 and pallets leaving the gate.
As events TrnsfToEL3_ Up, TrnsfToEL3 1D, TrnsfToEL3_ 2D, TrnsfToEL3_BD, and LibPallet. TU3 are
dependent on a pallet arriving at gate 5.3, this creates a dependency between pallets arriving and pallets

leaving the gate.

COpensCLTUZ
CClosesCLTUI
CoOpensEL_1.TU2
CClosesEL_1.TU3

TrnsfTeEL3_Up
TrnsfELToCLTUZ

TrnsfTeELI_Up

TrnsfToEL3_Up !
LibPallet.TUZ

LibPallet.TU3
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Figure 6.4: CapGateCL.TU3
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Figure 6.5: HndlComEvents. TU3

! Actually, event SkipDwnOpChk.TUS is used by supervisor HndlSelCheck.TUS3 to indicate that AS3 does not need
to substitute for AS1 or AS2 (ie. both are up).
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The next 11 plant models are identical to those of low levels / and § and are shown in Figures 5.5
to 5.8, and 5.10 to 5.16, with 1 = TU3.

We now discuss the plant models for tasks related to querying if a pallet has been damaged. These
tasks consist of determining if a pallet has been damaged, and if so, what type of error has been
sustained. These plant models, QueryErrNewEvents.TU3 and ChkErr.TU3, are identical to those
discussed on page 29 after substituting ¢t = TU3.

We now discuss the plant models for tasks related to determining if a pallet needs to be transfered
to transport unit 3’s attached external loop for assembly operation. This is a based on the next pending
tasks for the pallet, and the breakdown status of the assembly station that would normally perform
these tasks.

We start with plant models CheckDwnOpNeededNewEvts and QueryTypNCpl.TU3, shown
in Figures 5.9 and 4.12 (see page 32, with ¢ = TU3). The first DES simply introduces new events that
are used by related supervisors. The second DES provides a means of querying the type and assembly

status of a pallet.

6.2 Supervisor Component

We now discuss the supervisors for low level 6. We start with supervisor HndlComEvents.TU3,
shown in Figure 6.5. This supervisor allows HndlLibPallet. TU3, HndlTrnsfELToCL.TU3, and
HndlTrnsfToEL.TU3 to be designed independent of each other but not cause each other to deadlock
even though they use common events.

The next supervisor we discuss is HndlSelCheck.TU3, shown in Figure 6.7. This supervisor
assists supervisor HndlTrnsfToEL.TU3 by mapping the request events signalling a transfer to EL 3
and containing the breakdown status of assembly stations 1 and 2, to the appropriate events used by
supervisor Intf-TU3-CheckDwnOpNeeded.

We now discuss supervisor Hnd1TrnsfToEL.TU3, shown in Figure 6.8. The supervisor handles
transporting pallets from the central loop to EL 3. It only transfers pallets if they are damaged, or if
an assembly operation is required by the pallet as a substitute for a down assembly station.

The next two supervisors for node TU3, HndlLibPallet. TU3 and HndITrnsfELToCL.TU3, are
identical to those of nodes TU1 and TU2 and are shown in Figures 5.19 and 5.20, with ¢ = TU3.

We now discuss the supervisors for tasks related to querying if a pallet has been damaged. These

supervisors, Intf-TU3-QuerryErrors.TU3, and DoChkErrTU3, are identical to those discussed on
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page 32 after substituting ¢t = TU3.

We now discuss the supervisors for tasks related to determining if a pallet needs to be transfered
to the unit’s attached external loop for assembly operation. We start with supervisor Intf-TU3-
CheckDwnOpNeeded, shown in Figure 6.9. It defines the tasks required to determine if a pallet
needs to be transfered.

We now discuss supervisor HndlComEvents_ChkDwn, shown in Figure 6.10. The supervisor
allows HndlStn1Dwn, HndIStn2Dwn, and Hnd1BothStnDwn to be designed independent of each
other but not cause each other to deadlock even though they use common events.

The remaining supervisors are HndlStn1Dwn, Hnd1Stn2Dwn, Hnd1BothStnDwn. They are
shown in Figures 6.11, 6.12, and 6.13. These supervisors determine if the pallet needs to be transfered
to TU3’s attached external loop for assembly operation. DES HndlStn1Dwn handles the case that
only AS1 has broken down. It checks if the next tasks pending for the pallet are handled by AS1, and
if so, the pallet is to be transferred. DES HndlStn2Dwn performs the identical task for the case AS2
has broken down. DES HndlBothStnDwn handles the case both assembly stations are down. In this

case, it is sufficient to check that the pallet still has assembly tasks pending.
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Chapter 7

Low Level 7 (TU4)

We now describe the low level that represents transport unit 4. Low level 7 contains the 19 DES shown

in Figure 7.1, which shows the definition of low level 7’s subsystem Gp,, plant component Gr,,, and

supervisor component Sz,,. They are defined to be the synchronous product of the indicated automata.

GL7
517 CapGateCL.TU4 CapGateEL_1.TU4 CapTUDrwToExit. TU4
CapTUDrwToGateCL.TU4 CapTUDrwToGateEL_1.TU4 PalletGateCL.TU4
PalletGateEL_1.TU4 PalletStopCL.TU4 PalletStopEL_1.TU4
QCorrectType QTasksCpl QueryDrwLoc.TU4
RWDevice. TU4 TUDrawer. TU4 TUNewEvents. TU4

HndIComEvents.TU4  HndILibPallet. TU4 HndITrnsfELToCL.TU4
HndITrnsfToEL.TU4

Figure 7.1: Low Level 7

QCplTTA_1B.TUS
QCpTIZA_2B.TU4

50 ::::::::: sl

fsCpl U4
Motp! TUY

Figure 7.2: QTasksCpl

Low level 7 provides the functionality specified in its interface, shown in Figure 5.2 (See page 40,

with ¢ = TU4). It describes the behaviour of transport unit 4, which is very similar to TU1 and TU2.

Low level 7 differs in how it decides if a pallet should be transferred from the central loop to external

loop 4, which contains the I/O station (the I/O station is where pallets enter and leave the system).

As pallets are required to leave the system in a particular order (ie. type 1, type 2, type 1, ...), Low

level 7 keeps track of the type of the last pallet to be transferred to EL: 4 and will only transfer the

current pallet if it is of the type required by the sequence, and if all required assembly tasks have been

successfully performed on the pallet.
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7.1 Plant Component

We now discuss the plant models for low level 7. We start with plant models QTasksCpl, and QCor-
rectType, shown in Figures 7.2 and 7.3. The first DES provides a means to query the assembly status
of the pallet. QTasksCpl uses the data from the last read operation performed by TU4’s R/W device.
If a read has not yet been performed, the results are undefined. The second DES stores the type of last
pallet to be transferred to EL 4, and provides a means to determine if the current pallet is of the next

required type.

The remaining plant models for low level 7 are identical to those for TU1 and TU2 and are shown

in Figures 5.5 to 5.8, and 5.10 to 5.16, with ¢+ = TU4, and ¢ = TU4.

IsTrpel . TUS

CorrTEpe TUd
50

ISColTU4 57

WrongType TL4

10F NotCpl Tu4

1sTppel TUL

IsColTUL NotCplTU4

N QCorrType.TU4
@

NotCpl T4

CorrTrpe TUE

1sTppes, TUY

zE

Figure 7.3: QCorrectType
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7.2 Supervisor Component

We now discuss the supervisors for low level 7. We start with supervisor HndlTrnsfToEL.TU4,
shown in Figure 7.4. The supervisor handles transporting pallets from the central loop to EL 4. It only
transfers the current pallet if it is of the type required by the exit sequence, and if all required assembly
tasks have been successfully performed on the pallet.

The remaining three supervisors for low level 7 are identical to those for TU1l and TU2 and are

shown in Figures 5.17, 5.19 and 5.20, with ¢ = TU4 and ¢ = TU4.
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512 513
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Chapter 8

Results and Conclusions

In this Chapter, we evaluate our system to determine if it satisfies the parallel case interface conditions,

and is thus controllable and nonblocking. We then discuss the results, and present our conclusions.

8.1 Evaluating Properties

We now wish to show that the system shown in Figure 1.4 and defined in Chapters 2-7 is controllable
and nonblocking. That is to say, its corresponding flat system is nonblocking, and its flat supervisor is
controllable for its flat plant. As explained in [14], a system’s flat supervisor is the synchronous product
of all interfaces and supervisors in the system, and a system’s flat plant is the synchronous product of
all plant models.

To verify controllability and nonblocking, we will use Theorems 1 and 2 from [14]. To apply the
theorems, we must verify that the system is level-wise non-blocking, level-wise controllable, and interface
consistent. As we have a parallel system of degree n = 7, this means we must verify that the seven serial
extraction systems are serial level-wise non-blocking, serial level-wise controllable, and serial interface
consistent.

Our first step is to show that sets g, Xg;, Xa;, and Xz, (j =1,...,7) are pairwise disjoint. This
can be seen by inspection from their definitions on page 6.

Next, we define the j**serial extraction system, system(j), where j =1,...,7. !

GH(]) = sync(GH, G]l, ceey G[(jil), GI(]‘+1)’ ey GIn)

!The operation sync is the synchronous product operation from CTCT [27].
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gH J = Sync(gH’ GII’ R GI(]',l), GI(]'+1)’ ttt GIn)
Su(j) = Sm
GL ] = GL.

j
= 0,
= SL‘

(4)

(4)

(4)

(4)

(4) j
Gi(j) = G,

(4)

(4)

(4)

(4)

(4)

J

Sa() = Ukefty e, -1, G0, my 21 U
X)) = ELj
Yr(j) = g
Yay) = Ya

J

= B () USL(j) USR(j) UZa())

We now apply our research tool to the seven serial extraction systems and we find that they are
all serial level-wise non-blocking, serial level-wise controllable, and serial interface consistent. We can
thus conclude that the system is level-wise non-blocking, level-wise controllable, and interface consistent.
This allows us to conclude by Theorems 1 and 2 of [14], that the flat system is nonblocking and that

the system’s flat supervisor is controllable for the flat plant.

8.2 Discussion of Results

The AIP was an excellent example for our method due to its size and complexity. The system was
quite large, containing 181 DES in total, with an estimated closed-loop state space of 7.01 x 10%'. This
estimate was calculated by determining the closed-loop state space of the high level, and each low level
and then these values were multiplied together to create a worst case state estimate. The computation
ran for 25 minutes, using 760MB of memory. The machine used was a 750MHz Athlon system, with
512MB of RAM, 2GB of swap, and running Redhat Linux 6.2. A standard nonblocking verification was

also attempted on the monolithic system, but it quickly failed due to lack of memory.
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8.3 Conclusions

In this report we presented a large manufacturing example that uses the parallel case of the Hierarchical
Interface-based Supervisory Control method. This example demonstrates that our method can be applied
to interesting systems of realistic complexity. Because the interface conditions can be verified using
only one subsystem at a time, we were able to quickly verify a large system that was previously far
beyond our means. Also, since subsystems can be verified independently, requiring only the relevant
interface DES, we were able to model and design each subsystem separately. This permitted parallel
development, requiring no interaction once the interfaces were defined. Also, the resulting system is
easier to understand as each subsystem can be understood independently. Finally, we have a high degree
of re-usability as any individual subsystem can be replaced without requiring the other subsystems to

be altered or re-verified.
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Appendix A

Parallel Paper

In this appendix, we reproduce the paper below ([14]) as a reference, since this report uses terminology

and results from it.

Hierarchical Interface-based
Supervisory Control: Parallel Case

R.J. Leduc,"? W.M. Wonham,! and M. Lawford?

!Dept. of Electrical and Computer Engineering, University of Toronto

2Dept. of Computing and Software, McMaster University

email: leduc@control.toronto.edu, wonham@control.toronto.edu, lawford@mcmaster.ca

Abstract - In this paper we present a hierarchical method that decomposes a system into a high level
subsystem which communicates with n > 1 parallel low level subsystems through separate interfaces,
which restrict the interaction of the subsystems. We first define the setting for the serial case (n =1),
and then generalise it for n > 1. We present a definition for an interface, and define a set of interface
consistency properties that can be used to verify if a discrete-event system (DES) is nonblocking and con-
trollable. Fach clause of the definition can be verified using a single subsystem; thus the complete system
model never needs to be constructed, offering significant savings in computational effort. Additionally,

the development of clean interfaces facilitates re-use of the component subsystems.
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A.1 Introduction

In the area of Discrete-Event Systems (DES), two common tasks are to verify that a composite system,
based on a cartesian product of subsystems, is (i) nonblocking and (ii) controllable. The main obstacle
to performing these tasks is the combinatorial explosion of the product state space. Although many
methods have been developed to deal with this problem (modular control [1, 23, 27], decentralised control
[17, 24, 28], model aggregation methods [2, 3, 6, 26, 31], and multi-level hierarchy [5, 9, 18, 19, 25, 32]),
large-scale systems are still problematic, particularly for verification of nonblocking.

To deal with the complexity of large scale systems, the software engineering community has long
advocated the decomposition of software into modules (components) that interact via well defined
interfaces (e.g., [20, 21, 22]). Recently the supervisory control community has begun to advocate a
similar approach [12, 15, 8, 13]. These approaches develop well defined interfaces between components
to provide the structure to allow local checks to guarantee global properties such as controllability [8]
or nonblocking [12].

In this paper, we present an interface-based hierarchical method to verify if a system is nonblocking
and controllable, extending the work in [13]. For the purposes of the present paper, we restrict ourselves
to bi-level systems where the system is split into a high level subsystem which interacts with n > 1
parallel low level subsystems via separate interface DES, which regulates the subsystems’ interaction.
The most significant feature that distinguishes the work from [8] is the results regarding nonblocking.

In the remainder of the paper we first describe the setting for the serial case (n = 1), which was
introduced in [13]. We present a definition for an interface, and define a set of (local) consistency
properties that can be used to verify if a discrete-event system is globally nonblocking and controllable.
We then extend our definitions to the general case of n > 1. In the companion paper [11] we discuss the
application of the method to a large manufacturing example with an estimated closed-loop state space

size of 7 x 102!,

A.2 Serial Case

With the serial case of hierarchical interface-based supervisory control, what we are proposing is a
master-slave system, where a high level subsystem sends a command to a low level subsystem, which
then performs the indicated task and sends back a reply. Figure A.1 shows conceptually the structure

and information flow of the system. We call this the serial case as communication occurs in a serial
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fashion between the two subsystems.

High level

High Level 2y,

i:/:’i Pis Pas -5 PoE 1

“ ZR m ZA Answer( p,)
‘ Interface ‘
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Low Level %2
m a
-
o
X,

Figure A.1: Interface Figure A.2: Interface Speci- Figure A.3: Two Tiered
Block Diagram. fication. Structure of the System.

To capture the restriction of the flow of information imposed by the interface, the alphabet of the
plant (X) is split into four disjoint alphabets: Xy, X1, Xg, and £ 4. The events in Xy are called high
level events and the events in ¥;, low level events as these events appear only in the high level and low
level models, respectively.

The alphabets X and X 4 are called collectively interface events. These events are common to both
levels of the hierarchy and represent communication between the two subsystems. The events in X g,
called request events, represent commands sent from the high level subsystem to the low level subsystem.

The events in 3 4 are answer events and represent the low level’s responses to the request events.

A.2.1 Interface Definitions and Notation

To define an interface, the designer selects a set of request events, and then for each request event, the
designer defines a set of answer events. In essence, the designer defines a map Answer : X — Pwr(Z4).
For p € X r, Answer(p) is the set of possible answers the low level subplant could provide after receiving
request p. For consistency, we add the constraints that the low level subsystem must provide at least
one response for each request it receives, and that 3 4 does not contain any unused events. Figure A.2
shows how an interface is expressed as a DES. The required structure for an interface is given by DES
Gr.

For our setting, we assume the high level subsystem is modelled by DES Gy (defined over event set

YgUXRUXY), the low level subsystem by DES G, (defined over event set ¥, UXpUX 4 ), and the
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interface by DES G (defined over Y U X 4). Also, the high level will mean sync(Gy,Gy),t and the
low level sync(GL,Gr). The overall structure of the system is displayed in Figure A.3.

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

useful languages:

E[ = ZRUEA
E[H = EHL.JERL.JEA
EIL = ELUZRL:JEA

P[HIE*—) E}H

PIL DI 2}1/

Finally, we will be using the eligibility operator in our definitions. For a language L C ¥* and a string

s € ¥*, the operator Elig; : ¥* — Pwr(X) is defined as follows:
Elig;(s) := {0 € X|soc € L}

A.2.2 Serial Interface Consistency and Nonblocking

We now present the interface requirements that the system must satisfy to ensure that it interacts with
the interface correctly. We then define the nonblocking requirements each level must satisfy. Refer to

[13] for a more detailed explanation of the requirements.

Serial Interface Consistent: The system composed of DES Gy, G, and Gy, is serial interface con-

sistent with respect to the alphabet partition ¥ := X5 UX, UX g UX 4, if the following properties

are satisfied:

Multi-level Properties

!The operation sync is the synchronous product operation from CTCT [27].
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1. The event set of Gy is X1y, and the event set of G, is Xyr.
2. Gy is an interface for the alphabet partition ¥ := Xy UX; UXrUX4

High Level Properties

3. HXANT CH

Low Level Properties

4. LYprNT CL
5. (Vs e E*EXrNLNTI) [Elig,~7(s3}7) N X4 = Eligz(s) N X4]
where Elig,~7(sX7) := Ujes; Elig,q7(s)

6. (VseLNTI)[s€Ly= (€] sle LNy

Serial Level-wise Nonblocking: The system composed of DES G, G, and Gy, is said to be serial

level-wise nonblocking if the following conditions are satisfied:

(D) HnNZy=HNZI nonblocking at the high level

(I) L, NZ, =LNZ nonblocking at the low level

A.2.3 Serial Level-wise Controllability

For nonblocking we were only concerned with the high and low level subsystems, ignoring distinctions
between plants and supervisors. For controllability, we need to split the subsystems into their plant and
supervisor components. We will do so as shown in Figure A.4.

We next define the high level plant to to be G, and the high level supervisor to be Si (both defined
over event set Xyg). Similarly, the low level plant and supervisor are G, and Sy, (defined over event set

¥11). We can now define our flat supervisor and plant as well as some useful languages as follows:

Plant := sync(Gy, Gr) Sup := sync(Sy, Si, Gy)
H := P;; L(Gn), Hs := P,y L(Sg), cx*

L := P;;'L(GL), Ls := P;;'L(S1), cy

We now define the controllability requirements for each level. We adopt the standard partition

¥ = %, UX,, splitting our alphabet into uncontrollable and controllable events.
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High level
Low level

Figure A.4: Plant and Supervisor Subplant Decomposition

Serial Level-wise Controllable: The system composed of plant components Gy, Gr, supervisors
Sy, S, and interface Gy, is said to be serial level-wise controllable with respect to the alphabet

partition ¥ := Xz UX UN i U, if the following conditions are satisfied:

(I) The alphabet of Gy and Sy is Xy, the alphabet of G, and Sy, is ¥, and
the alphabet of G is X;

(I) (LsNT)S,NLCLsNT

(I1) HgX, N (HNT) C Hs.

A.3 Parallel Case

In Section A.2, we described our method for the serial case where the number of low levels (n) is
restricted to one. We now extend our work to the more general setting where we have n > 1 low levels.
Figure A.5 shows conceptually the structure and flow 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 separate interface. We will refer to the number
of low levels, n, as the degree of the system.

As in the serial case, in order to capture the restriction of the flow of information imposed by
the interface, we partition the alphabet of the system into the following analogous pairwise disjoint

alphabets: YXp, YXg., 4., and Y., with j =1,....n.
J J J
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Figure A.5: Parallel Interface Block Diagram. Figure A.6: Two Tiered Structure of Parallel
System

For an n'* degree parallel system, we assume the high level subsystem is modelled by DES G 7 (defined
over event set Ujer1 o3 [Er;UX ;] U Bg). For j € {1,...,n}, the 3t low level subsystem is modelled
by DES G, (defined over event set X7, UX g, UXy,), the 4§t interface by DES G 1; (defined over event
set Y, ux 4;), and that the overall system has the structure shown in Figure A.6. Furthermore, we
will refer to the j** low level to mean sync(Gy, ;»G1;) and we will assume that the alphabet partition is

specified by ¥ := Ujcqy,. o} [E1;UXR;USA,] U g and that the flat system is taken to be:

G= sync(GH, GLI,..., GLnaGIU“-aGIn)

In order to simplify the notation in proofs, we now introduce the following event sets, natural

projections, and useful languages. For the remainder of this section, the index j is defined to have range

{1,...,n}.
Ejj = ER]. U ZA].
Yrmi= Ujeq, n)2r U e
EIL]- = ELJ.UE[].

PIH Y= E}H
Prr,. : ¥ — E?LJ’
Py S

H:= P g(L(GH)), Hm:=Pig(Lm(Gu)) CIT*
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A.3.1 General Form

As in the serial case, we need to be able to decompose the nth degree (n > 1) parallel interface system
into its plant and supervisor components.

We now define the high level plant to to be G, and the high level supervisor to be S (both defined
over Xyp). Similarly, the jth low level plant and supervisor are Gr; and Sr;(defined over ;). We

now define the high level subsystem and the j th 1ow level subsystem as follows:
GH = sync(gH, SH) GLj = sync(ng, SLj)

The reader should note that the definition of a parallel interface system that we present here in terms
of plant and supervisor components, is the general form of such systems. The form we defined above
(in terms of high and low level subsystems) is a special case of the general form, achieved by applying
the above identities for Gy and Gpr,;. We will refer to the original form, used to simplify nonblocking

definitions and proofs, as the parallel subsystem based form.

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

Plant := sync(gH, ng, ‘e ,gLn) Sl.lp = SyIlC(SH, SLU “e ,SLn, G[l, ey an)
H := P;;L(Gn), Hs := P;;L(Sg), C%*

L; := P L(Gr,), Ls; = P L(Sy;), €%

A.3.2 Serial System Extraction

As the event set of each low level is mutually exclusive from the event sets of the other low levels, we
can consider the parallel interface system as n serial interface systems by choosing one low level and
ignoring the others. This will allow us to reuse our existing definitions 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 A.7 in terms of subsystems. Below we give the
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general form of the definition. The parallel subsystem form of the definition can be obtained by using

the identities Gy = sync(Gy, Sy), G, = sync(Gr, Si), and Gr; = sync(ng, SLj).

1" Serial System Extraction n" Serial System Extraction
G, (1) G,(1) G (n) G,(n)
G, ﬁ G, g G[n.‘z_ G, g GHﬁ G, ‘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 GH?Z G, G, g

Figure A.7: The Serial System Extraction

jth Serial System Extraction: For the nth

degree (n > 1) parallel interface system composed of
DES QH, ng, ey gLn, SH, SLU e ,SLn, GII, ey GIn, with alphabet partition Y= Oke{l,...,n}
(21, ULk, US4, ] U S, the j* serial system extraction, denoted by system(j), is composed of the

following elements:

Gu(j) = syne(Gu, G, ..., G1y 1y, Gryonys ---» Gr,)
Su(j) == Suw, GuL()=0r;, Sc(j) =358, , G1(j) =Gy
i) = Uket, o (G-1), (1), n) 21 U SH
Yr(d) = Zr;, Zr()=ZXgr;, Xa(j) =Ty
() = Ba()UBL()UBr() UBa())

= B = Uke(l, s (1), (j+1), o} 2La

After examining the definition of the serial system eztraction, we see that for n = 1, a parallel
interface system reduces to a single serial interface system. We thus see that a serial system is a special

case of a parallel system.
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A.3.3 Parallel Case Definitions and Theorems
In this section we present a set of properties that are equivalent to their serial interface counterparts.

Interface Consistent: The nth degree (n > 1) parallel interface system composed of DES Gy,
Gr,,.-.-.,GL,,Gr,,...,Gy,, is interface consistent with respect to alphabet partition 3 := Uke{l,...,n}

[£1, U8k, US4, ] U Sy, if:

(Vje{1,...,n}) The jth serial system extraction of the system is serial interface consistent.

Level-wise Nonblocking: The nth degree (n > 1)parallel interface system composed of DES Gy, Gy, ,
..., Gr,.,Gr,,...,Gr1,, is level-wise nonblocking with respect to the alphabet partition ¥ :=

Ukeqt,...n} B, UBR, U4, ] U Xy, if:

(V5 €{1,...,n}) The jth serial system extraction of the system is serial level-wise nonblock-

ng.

We now extend serial level-wise controllability to the parallel system case. We adopt the standard

partition ¥ = ¥, U X, splitting our alphabet into uncontrollable and controllable events.

Level-wise Controllable: The nth degree (n > 1) parallel interface system composed of DES Gy, Gr,,,
...»6r,,8m,Sys---,SL,,, Gy ---,Gr,, is level-wise controllable with respect to alphabet parti-

tion X := Uke{l,...,n}[ELkUZRkOEAk] U EH, if:

(Vj €{1,...,n}) The jth serial system extraction of the system is serial level-wise control-

lable.

We now present our nonblocking theorem for parallel interface systems. It states that, to verify if a
parallel system is nonblocking, it is sufficient to check that each of its serial system extractions is serial

level-wise nonblocking and serial interface consistent.

Theorem 1 If the nth degree (n > 1) parallel interface system composed of DES Gy,
Gr,,...,GL,,Gr,,...,Gr,, is level-wise nonblocking and interface consistent with respect to the alpha-
bet partition ¥ := Ugeqr,. o} [21, U8R, U4, ] U Xg, then

L(G) = Lyu(G), where G =sync(Gyg, Gri,..., Grn,Gr1,---,Grn)
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Proof: See [15].

Next, we present our controllability theorem for parallel interface systems. It states that, to verify
if a parallel system is controllable, it is sufficient to check that each of its serial system extractions is

serial level-wise controllable.

Theorem 2 If the nth degree (n > 1) parallel interface system composed of plant components Gu, Gr,,,
...»,Gr, , supervisors Sg, Sr,, - ..,SL,, and interfaces Gr,, ... ,Gr,, is level-wise controllable with respect

to the alphabet partition X := Uke{l,...,n}[ELkUERkUEAk] U Xy, then
(Vs € L(Plant) N L(Sup)) Eligyprant)(s) N Zu C Eligysup)(s)

where Plant := sync(Gy, Gr,,--.,GL,) is the system’s flat plant, and

Sup := sync(Su, St,,---,5L,,Gr,,--.,Gr,) is the system’s flat supervisor.

Proof: See [15].

A.4 Conclusions

Hierarchical interface-based supervisory control offers an effective method to model systems with a
natural client-server architecture. The method offers an intuitive way to model and design the system.
Using multiple low level subsystems allows the subsystems to be independently modelled and verified,
but still allowing a high degree of concurrent operation. As each requirement can be verified using
only one subsystem, the entire plant model never needs to be constructed or traversed (in computer
memory), offering potentially significant savings in computation.

It is clear from the definitions in Sections A.2, and A.3, that once we have defined our interface and
event partition, evaluating our high and low level subsystems for compliance can be done independently
of each other. This means we can evaluate one high (low) level subsystem and use it with any low (high)
level subsystem that satisfies the low (high) level portion of our definitions for the given interface and
event partition. This provides us with the infrastructure required for component reuse.

We present a full example application of the theory based on the automated manufacturing system
of the Atelier Inter-établissement de Productique (AIP) [4, 7] in the companion paper [11]. The AIP

system is broken down into a high level and seven low levels corresponding to the three assembly stations
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and four transport Units. In total, the example contains 181 DES, with an estimated closed-loop state
space of 7 x 10%!.

The analysis in [11] finds the system to be interface consistent, level-wise nonblocking, and level-wise
controllable. Thus we can conclude by Theorems 1 and 2, that the flat system is nonblocking and that
the system’s flat supervisor is controllable for the flat plant. For further details of the application, we

refer the reader to [11].
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