SYNTHESIS OF HIERARCHICAL PROCEDURAL CONTROLLERS

Ross Baird, Maria Celeste Colantonio, Sandro Macchietto
Centre for Process Systems Engineering,
Imperial College of Science, Technology and Medicine, London SW7 2BY

ABSTRACT

This paper introduces Hierarchical Procedural Control
Theory. It builds on the properties of Decomposition
Theory to provide a mechanism to tackle large scale
problems in synthesising sequential controllers for
discrete-event batch operations. The generic behaviour
of all the controllers is modelled as a finte state machine
(FSM), enabling them to be combined and operated in
series and parallel by other sequential controllers in a hi-
erarchical structure. An application to a Clean in Place
process in a Batch Pilot Plant is shown.

1 INTRODUCTION

Procedural Control Theory (PCT) was first introduced
by Sanchez (1996). Tt provides a formal framework for
the synthesis of controllers that handle event-driven ac-
tivities in automated process plants. PCT derives from
Supervisory Control Theory (SCT) (Ramadge and Won-
ham, 1987) where the discrete-event system and its de-
sired behaviour are modelled as finite state machines
(FSMs) with controllable and uncontrollable transitions.
Sanchez (1996) derived a formalism to allow the en-
forcing of control actions in SCT in order to synthe-
sise sequential controllers for process systems. Specifi-
cations are given in terms of predicate and linear tempo-
ral logic and then translated into FSMs. The resulting
controllers are provably correct.

Further development by Alsop (1996) addressed large
problems in PCT by means of Decomposition Theory
in order to avoid state explosion. The complete proce-
dure can be decomposed in series and parallel opera-
tion of controllers. Although state explosion can then
be avoided, no methodology for synthesising the result-
ing overall hierarchical controller was given. It should
be noted this topic has been approached within SCT
(Hubbard and Caines, 1998) but not within PCT where
the focus is on 1ts application to the process industries.

This work presents a step forward for the synthesis of
provable correct hierarchical procedural controllers us-
ing Decomposition Theory. Smaller size low level con-
trollers are synthesised and then integrated by a higher
level procedural controller that contains all the informa-
tion regarding the order of execution of the lower con-
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trollers. The theoretical developments are illustrated on
a Clean in Place operation included in a flexible Batch
Pilot Plant.

In Section 2, the main aspects of Decomposition The-
ory are presented. Section 3 contains some previous
developments in Hierarchical PCT along with the new
results. Section 4 includes an application to the Clean
in Place operation on the Batch Pilot Plant. Finally,
some conclusions are drawn in Section 5.

2 DECOMPOSITION THEORY

PCT is based on FSMs, predicate and linear temporal
logic and therefore faces state explosion when dealing
with large problems. To be able to avoid this, Decom-
position Theory was developed (Alsop, 1996). Tt recog-
nises that not all elementary components are required by
every procedure and therefore smaller procedures oper-
ating on subsystems could be synthesised. In this work,
the lower level procedural controllers are considered as
procedural components that can be switched on and off
in series or parallel by the higher level controller. In this
sense, procedural components represent an aggregation
of the finer events and states at the “next layer” down
in the system. Rules were defined regarding when these
smaller procedural controllers can operate and how they
can interact with each other. Three main areas of rel-
evance to this work are Parallel Decomposition, Series
Decomposition and Procedure Initiation.

2.1  Parallel Decomposition

Parallel decomposition can be used when a process can
be partitioned into subsystems operating concurrently.
These subsystems, say z and y, must conform to the
condition that the alphabet, ¥, of shared transitions
contains only uncontrollable transitions, that is:

2, N3, C 5, (1)

This assures that the controllers C, and CYy, oper-
ate independently. If both controllers conform to their
respective specification then so does the whole system.
Thus, for a process M under parallel control from C,
and Cy, the closed loop behaviour is given by:

L(Ce1Cy/M) =P L(Ce) NPy L(Cy) N L(M) (2)



where P! is the inverse projection operator defined
by Wonham (1996). This is more easily understood if
the projection operator is first defined. The projection
operator Py, deletes from strings in a language all oc-
currences of events not in Xp:

Ps, ¥ - E;
_ o if o €3
Ps, (o) = { 13 iteg ¥,

The inverse projection ngl adds to all strings in a
language all transitions that are not in X,:

P5lLy ={s X" |Ps,s € L, }. (3)

The inverse projection operator then allows the asyn-
chronous product to synchronise on alphabets outside
each of the elementary components alphabets.

2.2 Series Decomposition

Series decomposition simplifies the problem of specifica-
tion by dividing operating procedures into smaller man-
ageable phases of operation. Defined within the operat-
ing specification are subgoals, which are states that the
process must pass through on the way to the overall op-
eration goal. The system is then decomposed between
these subgoals. For a process M under series control
from C7 and (5, the closed loop behaviour is defined
by:

L(C1—=Ca/M) = L(Ch).0.,. L(Ca) N L(Sgil M)y 4)
where 0., € ¥ is the completion transition or event that
signals that the system has reached the subgoal, ¢1, and
S&  defines the selfloop of o, at the subgoal state q;
in M. Note that 0., 18 an uncontrollable transition.

Procedure Initiation

If a procedural controller begins execution when the sys-
tem it is controlling is not in the correct initial state,
problems of system deadlock, livelock or uncontrolla-
bility may arise. Procedure Initiation Theory (Alsop,
1996), assures that a procedural controller’s initial state
was satisfied before it began execution. For this pur-
pose, system pre-checks were defined as:

L(C1/M) = 504, L(C1) N L(SE M), (5)

where 37 is the set of all possible strings that can be cre-
ated from the alphabet X1 and o, € ¥, is the transition
that represents the starting of the procedural controller.
This 1s an external event not in the controller’s alphabet
that 1s forced by an external source. Note that for the
controller being started it is an uncontrollable event.
The decomposition forms discussed above were proven
to conform to PCT with regard to maintaining the prop-
erties of nonblocking, conformance to specification and
controllability. However, Decomposition Theory does

not properly address the implementation of the resulting
procedural controllers as part of a controller hierarchy.
In parallel and series decomposition, the order of exe-
cution of the procedural controllers was determined a
priori. This makes the procedural controllers inflexible
and removes the option of reusability, a very desirable
practice.

The consideration of open loop behaviour before a
controller executes has been addressed but has been ne-
glected after operation, an especially important factor
in series operation. Otherwise, a controller may inhibit
the operation of other controllers that follow in the se-
ries.

Finally, the implementation of the higher procedure
that coordinates the operation of those procedures that
resulted from decomposition needs to be considered.
In fact, the coordinating controllers were implemented
manually thus reducing the impact of formally synthe-
sising the lower controllers.

In the following section, we present an extension to
the theory that enables a complete formal synthesis of
a hierarchy of procedural controllers.

3 HIERARCHICAL PROCEDURAL
CONTROL

Hierarchical PCT aims to overcome the above short-
comings by:

e developing techniques that create self contained
procedural controllers, thus increasing their reus-
ability, and

e creating a basis for modelling generic procedural
controller behaviour so that it can be used to for-
mally synthesise higher level coordinating proce-
dural controllers.

3.1 Before and After Erecution

In this section, previous modular PCT for pre-checking,
series decomposition and parallel decomposition (Alsop,
1996) is extended to consider the open loop behaviour of
a process before and after controller execution to enable
their proper use in hierarchical procedural controllers.

In PCT, the language produced by two controllers
operating in parallel is given by Eq. 2. If the alphabets
Yz and Xy are disjoint, parallel operation is trivial. But,
if transitions are shared between controllers, only when
both controllers are operating will they be permitted to
occur. This 1s due to the controllers not considering the
open loop behaviour of the process before they begin
execution. To consider open loop behaviour, pre-checks
are added. Likewise, for controllers operating in series
the open loop behaviour of the process before and after
all controllers have executed must be considered.



Open loop behaviour is modelled by the term X7 . It
represents any transition strings that occur when con-
troller 7 is not operating. External commands, mod-
elled by the external transitions ¢;, and o.,, are also
required to start the controller and monitor when 1t fin-
ishes. They are uncontrollable transitions, associated
with process responses, that model the assessment of
the current process state when an external source re-
quests controller ¢ to be started. Because they are un-
controllable, the rules of prohibiting sharing transitions
are not violated. So, Eq. 2 becomes:

L(CptCy/M) = PHY: 0, L(Cy).00, X5}
P00, L(Cy) 00, X5}
9o me o@m
L(85% 80,2 S Son? M), (6)

N
n oy
where g, 1s the initial state of controller ¢ and @, is
the set of marked states for controller <.

Similarly,

L(Cl—>CQ/M) = E*.O'SI.L(Cl).O'Cl.0'52.[/(02).0'62.2*
N LSEsEmsisdmy. (1)

1 82
Traditionally, series controllers have been synthesised
from the same transition alphabet. However, this is
a conservative approach which is not necessary. Then
Eq. 7 is augmented by adding the inverse projection
operator P~1:

L(Ci = C3/M)

= Pfl{ET.Usl.L(Cl).Ucl.0'52.21‘.0'62.21‘}
PS04, 85.00,.05,. L(C).00,. 55}
L(S3 S St S M), (8)

N
N o1
On closer inspection, Eq. 8 (series operation) is very
similar to Eq. 6 (parallel operation). The difference
between the two modes of operation, parallel and se-
ries, lies in the use of the start and completion tran-
sitions in the controller terms. For parallel operation,
each controller term only contains the start and com-
pletion transitions for that controller. This is because
during parallel operation each procedural controller is
not concerned when the others start or complete their
execution. For series operation, where the order of con-
troller execution is very important, all controller terms
contain the start and completion transitions of all the
controllers operating in the series.

3.2 Procedural Components

As it has been already said, Hierarchical PCT uses start
transitions o5, and completion transitions o.,. These
are external transitions not in the controllers’ al-
phabets (o5,,0¢, € X;), that are forced or observed by
another controller. The group of external transitions
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Figure 1: Finite State Machine representing a procedu-
ral component.

that control the operation of a procedural controller are
termed Procedural Transitions. These transitions can
include start and complete transitions plus pause, hold,
stop and abort, to name a few. The ISA-588.01 interna-
tional standard present a way of modelling these proce-
dural transitions as an FSM. In PCT, the model can be
reduced to a simple three state elementary component
as shown in Fig. 1. These FSMs, termed procedural
components (Baird, 2000), can be used like any other
elementary component to form part of another proce-
dural component. Operating specifications are deter-
mined by either the rules regarding which controllers
are permitted to operate concurrently, or specifications
given by the designer regarding the order of execution
of the lower level procedural controllers. Using these
specifications, a provably correct higher level procedural
controller is synthesised. In doing so, no flag variables
(Elsag-Bailey, 1992) are required as the use of procedu-
ral components eliminates their need.

The practice is propagated through the complete con-
troller hierarchy by creating a procedural component for
each higher level procedural controller and synthesising
an even higher level procedural controller, with as many
hierarchical levels as desired. In other words, the proce-
dural controller at each level is a procedural component
of the complete controller.

3.3 Integrating Controllers of Different Levels

The languages generated by procedural controllers op-
erating in parallel and series are defined by Eqs 6 and
8. When a higher level procedural controller is synthe-
sised, a language of procedural transitions is generated
to specify the order of execution of the lower level proce-
dural controllers. This language is added to produce the
language generated under hierarchical control. In the
following, the first three terms on the right hand side
of the equations will be referenced as controller terms
and the fourth term as the modelling term. The sym-
bol A\ represents parallel operation with a coordinating
hierarchical controller, Cyier. Then, Eq. 6 becomes:

L(CoANC, /M) = Prl L(Chicr)

hier

N P Y 0, L(Cy).o0, X5}



N P00, L(Cy) .00, 55
N L(SEe S8 ST S M), (9)

which represents the language generated by two proce-
dural controllers operated in parallel by a higher level
procedural controller.

For series operation of two procedural controllers un-
der the control of a higher level procedural controller
(symbolised by &), the order of procedural transitions,
Tsy.0c,-Os,.0c, 18 contained within L(Chier). Then, Eq.
8 results in:

L(C14x Co/M) Prier L(Chier)
Pr WUsto,, L (Ch).0¢,. 27}
P2_1{E* Osy- (Cz) Ocy- 3}

L(SP 882 87 83m2 M) (10)

0'52

> D D

which is identical to Eq. 9. From the above, we can
consider the general case of a higher level controller,
Chier, coordinating several procedural controllers. The
set of lower level controllers is denoted by C!, where
cl ={Cy,05,C3,..,C;, .., Cy} and C; is a generic lower
level controller. Thus, the language generated by a
higher level controller coordinating n lower level con-
trollers in C7 is:

L(Chier A CTJM)
= ,thirL(ChleT)

(ﬂ P 6y, .L(Ci)ﬂ'icxr})

i=1
(U L(S?:z’s?,z"’M)) , (11)
i=1

where A stands for hierarchical coordination.

The inverse projection operator, Ph_iir, in the above,
enables the high level controller to synchronise on events
in the lower controllers, conforming to the rules of par-
allel and hierarchical decomposition, Xp;., N X; = 0.

D

3.4  Properties of Hierarchical Control

Let us show that the properties of PCT are preserved
when a process is placed under the control of a hierar-
chical procedural controller.

Theorem 1 For hierarchical systems, the closed loop
behaviour generated by Chier and C; on M conforms to
specification S if Chier generates a closed loop behaviour
on Hpier that conforms to specification Spier and sim-
arly C; generates a closed loop behaviour on H; that
conforms to specification S;.

Proof
In hierarchical control theory, the language generated by

the specification is:
L(S)" = Pg,.., L(Shier )N (ﬂ PR 00, L(C).01,. 57 })

where Spier defines how the speczﬁcatzons S; wnteract;
S; specifies the operation of the process components, and
L(S) represents specification that includes the starting
and completion events, o; ,0;. & ¥, to coordinate the
operation of the lower level controllers. Therefore,

L(S) = Ps(L(59)").

For a hierarchical control structure to conform to spec-
tfication, it must satisfy,

L(Chier ACT /M) C L(SY
from which it follows that

Py L(Chicr ACT /M) PsL(S)

C
c L(S).

The language generated by a higher level controller
coordinating n lower level controllers in CT operating
on M is:

L{Chier AC; /M)
=Pg  L(Chier) N (ﬁl Pg}{ET.UiS.L(Ci).UiC.EQ‘})
N (CJ L(Sng:'Sﬁ:”M)) from Eq. 11
Since, =
U LS5 857 )
=P5) L(Hpier) O (ﬁ pillL(sﬁ‘}sﬁszi))
Substituting in equation 11 =
L{Chier AC; /M)
= P5t LChir) 0 ( (1 P51 (S5, L) 1,57} )

NP5 L(Hpier) O (ﬂP AR sﬁmzH))
1

= ,Pih {L(ChleT) N L(ther)}
N (ﬂ ’le ({ETO’ZSL(CZ)O'ZCE:}
i=1
NL(ST SO0 H:))
= ,Pihl L(Chier/Hhier)

N (O Pl Uis.L(C’i/Hi).UiC.E:f})

CPs L(Shier) N (m ng{zy.%.L(Si).aic.zy})
i=1
C L(S) o

In the following we make use of:

Lemma 1 Pill{E?.Us.Lm(Ci).O'c.E?} and L(S?SDSgcmM)

are nonconflicting if H; is internally consistent with M .



Theorem 2 For hierarchical systems, the closed loop
behaviour generated by Chier and C; on M s nonblock-
g if
1. Chier, C; and M are nonblocking, and
2. Pgl L (Chier), P5HE; .06 L (Ci).00.57} and
L(S?SDSgcmM) are nonconflicting and trim.

Proof
L(Chier AC; /M)
= Pg) L(Chier) NP5 Y705 L(Cy).00. 57}
NL(SF8Zm M) and if cond. 1 holds

= P5) Ln(Chier) NP ST .00 Lin (Ci).00. X7}
L (SE08Em M) and if cond. 2 holds

= P5) . Lin(Chier) VPG HES 06 Lin (Cy).00. 57}
(L (S22 82 M)

= L (Chier ACs /M) using Fq. 11 O

4 CASE STUDY

The Hierarchical PCT briefly introduced above has been
applied to a Clean in Place (CIP) unit in the Flexible
Batch Pilot Plant in the Centre for Process Systems
Engineering at Imperial College. The unit is used to
prepare cleaning fluid for its use in other sections of the
plant. Fig. 2 shows a diagram of the CIP Unit.
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Figure 2: Batch Pilot Plant CIP Unit Schematic Dia-
gram.

The Detergent Service Unit Operation supervises the
preparation of hot caustic solution in the CIP tank. In
total, 17 process devices are affected by this unit oper-
ation. The unit operation can be described as a series
of three phases: filling the tank, preparing the deter-
gent and rinsing the surrounding pipework. Procedure
Fill fills the CIP tank from empty with fresh water via
pump P6 and valves AV1-16 and AV1-25. Procedure
Detergent, comprises two sub procedures, Heat and Dose
which are started once the contents of the tank are be-
ing recirculated through Heat Exchanger HE3 using P6.

Procedure Rinse uses fresh water to flush the surround-
ing pipework and remove any detergent residue.

As shown by Fig. 3, the Unit Operation includes
series and parallel decomposition resulting in a hierar-
chical procedural controller. Relating this to what was
presenting in section 3, the procedures Fill, Heat, Dose
and Rinse are low level controllers, Criii, Crreat, Cpose,
Crinse € CT. Procedure Detergent Service is the higher
controller that coordinates the others and thus contains
the transitions Osritiy Ocrins Tspetergent’ Tepetergents TS Rinse
and o¢p,, ... Procedure Detergent is both a lower level
and higher level controller as it coordinates the opera-
tion of C'heqr and Cpese but is coordinated by Deter-
gent Service at a higher level. Thus, Detergent contains
the transitions s, ,, Ccyonss Tspo.. a0d 0cp ..., and also
has a procedural component representation in Detergent
Seruvice.

To show that the six smaller procedural controllers
are permitted to operate in the given order, the alpha-
bets of the languages generated by each of the con-
trollers must be compared. This ensures the controllers
can operate independently and without conflicting. The
simplest way to do this is to compare the sets of el-
ementary ComPOHthS, EFill ) EDetergenta EHeata EDosea
and Fpripse, to see what devices and thus transitions
are shared between controllers. Fig. 3 lists each con-
troller’s elementary component set as part of the initial
state specification.

We first consider the series operation of Procedure
Fill and Procedure Detergent. They share 9 elementary
components:

EFill N EDetergent
={AV1—-22 AV1—25 AV1— 16,151 — 1,
P10, AV1 — 14, AV1 — 10, P6, IC'1 — 8}.
Checking the initial and goal states of each common
elementary component in each of the controllers, we see
that their goal states in Procedure Fill is the same as
their initial states in Procedure Detergent.

Likewise, Procedure Detergent and Procedure Rinse
can operate in series as the 7 common elementary com-
ponents are in the correct state when Procedure Deter-
gent terminates and Procedure Rinse starts:

EDetergent N ERinse
={AV1 - 22 AV1 — 25, AV1 — 16,
AV1— 14 AV1— 10, P6,IC1— 8}.
Finally, Procedures Heat and Dose do not share any
controllable transitions and thus can operate in parallel,
as shown by:
Ereat N Epose = 0.

A comparison of results between implementing a sin-
gle controller and multiple controllers in a hierarchy is
given in Table 1. For a single controller with 17 elemen-
tary components the model’s potential size is too large
for a single overall controller to be synthesised.



Detergent Service

Initial: Procedures Fill, Detergent and Rinse are al Idle.
Procedure: Start Fill, Wait until Fill is Complete, Start Detergent,

Wait until Detergent is Complete, Start Rinse, Wait until Rinseis Complete.
Goal: Procedures Fill, Detergent and Rinse are all Complete.

?
Fill

Initial: AV1-22, AV1-16 Open; AV1-10, AV1-14, AV1-15, AV1-20,
AV1-24, AV1-25DDV1-8 Closed; P6, P10 Idle; 1S1-1 Uncovered

Procedure: Close AV1-22,

Open AV1-25, AV1-10

Start P6

Wait Until  1S1-1 becomes Covered

Stop P6

Close AV1-10, AV1-25

Open AV1-22

Goal: AV1-22, AV1-16 Open; AV1-10, AV1-14, AV1-15, AV1-20,
AV1-24, AV1-25, DDV 1-8 Closed; P6, P10 Idle; 1S1-1 Covered

Detergent
Initial: AV1-22, AV1-16 Open; AV1-10, AV1-14, AV1-15, AV1-20, AV1-24,
AV1-25, DDV1-8 Closed; P6 and Procedures Heat, Dose Idle
Procedure: Close AV1-22,0pen AV1-25, AV1-14
Start P6, Heat, Dose; Wait Until Heat and Dose
Complete; Stop P6; Close AV1-14, AV1-25; Open AV1-22
Goal: AV1-22, AV1-16 Open; AV1-10, AV1-14, AV1-15, AV1-20, AV1-24,
AV1-25, DDV 1-8 Closed; P6 and Procedures Heat, Dose Complete

Heat
Initial: 1C1-8 Disabled; 1T1-17 Low
Procedure: Enable|C1-8,
Wait until 1T1-17 becomes High
Disable IC1-8
Goal: IC1-8 Disabled; IT1-17 High

Dose
Initial: P10 Idle; 1S1-3 Low
Procedure: Start P10,
Wait until 1S1-3 becomes High,
Stop P10
Goal: P10 Idle; 1S1-3 High

Rinse
Initial:AV1-22, AV1-16 Open; AV1-10, AV1-14, AV1-15,
AV1-20, AV1-25, AV1-24, DDV1-8Closed; P6 Idle; Timer Idle

Procedure: Open AV1-10
Start P6, Start Timer
Wait Until Timer Expires
Stop P6, Close AV1-10

Goal: AV1-22,AV1-16 Open, AV1-10,AV1-14, AV1-15,
AV1-20, AV1-25, AV1-24, DDV1-8 Closed; P6 Idle; Timer Expireg

Figure 3: Controller Hierarchy for Detergent Service
Unit Operation.

From the table, it is seen that the total number of
potential states generated by the 6 smaller models is less
than 6% of the potential size for the single model. From
the practical point of view, specification of 6 problems
each of order (O(103) is much easier than to obtain one
of order (O(10°).

The above shows that decomposition combined with
hierarchical PCT aids in avoiding state explosion when
synthesising sequential controllers for process plants, thus

providing a practical tool for the operation designers.
This example 1s part of a larger case study performed
in Baird (2000) involving over 35 process devices.

Controller No. of Potential | Cont.

Comps | Model Size Size

| Single | 17 | 196 608 | |

Fill 12 4 096 15
Detergent 12 4 096 43
Heat 2 4 4
Dose 2 4 4
Rinse 11 3072 7
Coordinating 3 27 7
Total 11 291 80

Table 1: Summary of Synthesis Results for CIP Prepa-
ration Unit Operation

5 (CONCLUSIONS

The Hierarchical PCT presented extends the proper-
ties of Decomposition Theory within PCT to provide a
mechanism for its application to large scale problems.
Modelling the generic behaviour of a procedural con-
troller as an FSM, they can be combined and controlled
by other procedural controllers forming a Hierarchical
Procedural Controller. The operation of a Clean in
Place unit using the new development was illustrated.
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