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A framework is presented for synthesizing logic feedback controllers for e®ent-dri®en
operations, which are used typically for startup and shutdown operations, emergency
procedures, and alarm handling. The framework encompasses techniques for discrete-
e®ent modeling of open-loop process beha®ior and operational specifications, as well as
the synthesis of feedback control mechanisms called procedural controllers. A procedu-
ral controller, if it exists, is mathematically guaranteed to satisfy its operational specifi-
cations. This is of particular importance for control systems in which high integrity and

( )correctness are required by design such as systems in which human life is at risk . The
notions introduced and the framework presented are illustrated with a small example.
The applicability of the framework to cases of industrial complexity is demonstrated by
synthesizing a procedural controller and implementing it as a control code for a section
of the operation of an automated multipurpose-multiproduct batch pilot plant.

Introduction

The operation of chemical plants involves a large number
of sequential and event-driven activities during plant startup
and shutdown, alarm handling, execution of emergency pro-
cedures, and equipment interlocking. In automated plants,
these activities are normally executed by control devices with
logic and numerical processing capabilities, such as pro-

Ž .grammable logic controllers PLCs and distributed control
Ž .systems DCSs . The generation of the control logic and its

associated implementation are key stages in the development
of new processes or the retrofitting of existing ones. Safety
considerations mandate that this logic and its implementa-
tion must guarantee correct normal operation of the plant
and the safe handling of abnormal situations.

Despite the extent to which discrete-event control systems
are used in practice, limited theoretical frameworks exist to
support their formal analysis and design. The need for such a
framework, as well as formal methods and tools for synthesis,
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verification and validation, has been stressed by academics
Ž .and industrialists Schuler et al., 1991 . The methods should

help to guarantee that the control logic and its implementa-
tion perform according to specification and are free from er-
rors that compromise the safe operation of the system. This
is particularly relevant in flexible production environments,
characterized by frequent changes in the product recipes,

Žproduction modes, and equipment configuration and, there-
.fore, in the required controllers .

Previous research on development of such control systems
for chemical processes has concentrated on two main topics,
including synthesis of operating procedures and verification.
The first topic deals with the design of a sequence of steps
that take a process from a given initial state to a desired
final state, while taking into account equipment and opera-
tional constraints. From the pioneering work by Rivas and

Ž .Rudd 1974 , several articles have been published employing
Žartificial intelligence Fusillo and Powers, 1987; Lakshmanan

.and Stephanopoulos, 1988 or a combination of AI and math-
Žematical programming methods Crooks and Macchietto,

.1992; Rotstein et al., 1994 . From the perspective of control
systems, the synthesis of operating procedures can be under-
stood as the search for open-loop optimal control trajec-
tories. The use of feedback to implement emergency pro-
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cedures and to deal with abnormal behavior has not been
Ž .studied. Yamalidou and Kantor 1991 identified the need

for feedback control to guarantee the execution of a given
event trajectory. However, they restricted their work to the
specific case of pipervalve networks modeled as high level
Petri Nets. Control policies were obtained as the result of an

Ž .MILP problem minimizing the number cost of control ac-
tions required to reach a final state. The firing in the net was
carried out in a feedback fashion following the predefined
policy.

The second related research topic, verification, is con-
cerned with the problem of determining whether a proposed
control law satisfies a set of specifications when used to con-
trol a given process. Several articles have been recently pre-

Žsented to verify discrete systems Moon et al., 1992; Park and
.Barton, 1997 or a combination of continuous and discrete

Ž .systems Dimitriadis et al., 1997 . The problem of how to de-
sign a control law guaranteed to satisfy certain specifications
is not considered in these articles. Verification, in fact, is
complementary to design. One can first design the controller
based on simplified process models and then verify the re-
sults using a suitable approach.

In this article, a formal framework is proposed for the syn-
thesis of procedural control logic based on a control engi-
neering approach. That is, the problem of finding the se-
quence of control commands satisfying given operation goals
and constraints is posed as the synthesis of a feedback con-
trol law for a discrete-event model of the process. The con-
trol law is designed to satisfy well-defined structural proper-
ties while considering both normal and abnormal operation
of the process. The approach builds on techniques developed

Ž .for specification in software engineering Ostroff, 1989a and
Ž .control of event-driven processes Wonham, 1988 . Of partic-

ular relevance to this work is the supervisory control theory
Ž . Ž .SCT Ramadge and Wonham, 1987a,b , which gives general
foundations for the study of control issues for this class of
systems. The controlling mechanism proposed in SCT acts

Župon the process by disabling external actions such as prede-
.fined interlocks in such a way that it guarantees the process

behavior is restricted to a well-defined set of trajectories sat-
isfying operational specifications. The synthesis techniques
presented in this article build upon SCT, specializing the no-
tion of the control action to deal with forcible actions in an
explicit manner. In our experience, a control mechanism
which operates by sending commands to process actuators
rather than only by disabling controllable actions is closer to
those mechanisms used in the process industries.

A first attempt to introduce forcible actions within a proc-
ess control setting was done by relaxing the controllability
property of SCT, allowing the existence of controllable ac-

Žtions simultaneously with process-generated events Sanchez,
.1996 . However, a decision mechanism was not explicitly

defined leaving the problem of which control command to
execute to be resolved at the implementation stage. The ap-
proach presented here proposes a formal control mechanism
which clearly establishes the sequence of execution of control
commands in a deterministic fashion. In other words, the
procedural controller does not require an external decision
mechanism to drive the process in a safe fashion.

A motivating example discusses the conceptual require-
ments for the synthesis of a procedural control system for

Figure 1. Simple pressurized gas feed system.

event-driven operations. Then, the methodology and tools
employed to satisfy each of these requirements are pre-
sented. The notions of process and procedural controller
models are introduced. Tools for model building are also
given, while the capture of behavior specifications is dis-
cussed. The control paradigm and the mathematical back-
ground to perform the synthesis of the control law are pre-
sented. Once in possession of the mathematical machinery to
represent the process model, its desired behavior and tools
for synthesizing a feedback control law, a synthesis method is
presented. The application of the method is then illustrated
step by step using the motivating example presented earlier.
The applicability of the proposed paradigm for the synthesis

Žof a procedural controller for an industrial pilot plant in-
.cluding its implementation and experimental testing is

demonstrated, followed by a summary of conclusions and di-
rections for future work.

Motivating Example
The overall purpose of this work is best demonstrated us-

ing an example. The process equipment is shown in Figure 1.
A gas line is connected to a pressurized storage tank. The
tank is charged using onroff valve ®1 until reaching a prede-
fined pressure. In order to open valve ®1, an operator must
press the button provided. For safety reasons, if the operator
releases the button at any time during the operation, the valve
must be shut immediately even when the target pressure has
not been reached. It is also desirable to introduce a safety
system to supervise the normal operation and to override the

Žoperator actions if unsafe conditions arise that is, if the pres-
.sure goes beyond the target value by closing valve ®1 regard-

less of the button position.
The objective of the example is to synthesize the control

logic capturing the above requirements. This logic serves as
the high level specification for a feedback sequential control
system which can be either hardwired to the process or im-
plemented as software. Following a standard control engi-
neering paradigm, synthesizing the sequence logic involves the
following aspects:
Ž .1 Defining a Control Strategy. Issues such as adopting a

feedback or feedforward arrangement, or the capability of
issuing control commands are to be addressed.

August 1999 Vol. 45, No. 8 AIChE Journal1754



Ž .2 Process Modeling. A framework and tools must be
provided for constructing mathematical models for the proc-
ess, the controller, and the closed-loop behavior generated by
their interaction.
Ž .3 Specification Modeling. The modeling of control ob-

jectives must also be formalized. These are expressed in terms
of desired properties that the closed-loop system must fulfill,
as well as undesired situations that are to be avoided. In the
gas system example, a possible specification is that, whenever
the operator releases the onroff button, the gas charge must

Ž .be stopped that is, valve ®1 must close .
Ž .4 Analysis. Establishing the realizability of the specifi-

cations is a key issue before embarking into the synthesis of a
control law. For example, in the gas system, it is desirable to
know whether it is possible to avoid all the situations where
the pressure is high and the valve is still open.
Ž .5 Control Law Synthesis. This activity generates a con-

trol law that guarantees the system will follow the desired
behavior in spite of disturbances. This implies the ability to
prove theoretical properties on how the synthesized control
law will perform when coupled to the process. For example,
it is desirable to guarantee that the control law can cope with
all the foreseeable abnormal behavior, such as an unexpected
release of the onroff button by the operator, and that it can
force the system to stay within the predefined acceptable be-
havior.
Ž .6 Verification. The closed-loop system is analyzed via

simulation or verification techniques using more detailed
Žprocess models Moon et al., 1992; Park and Barton, 1997;

.Sanchez et al., 1998 .
Ž .7 Implementation. The control law is refined and imple-

mented as control software.
The first five issues mentioned above are addressed in the

following three sections of the article. The objective is to build
a formal framework for synthesizing controllers for the class
of dynamic systems under consideration. The last issue, im-
plementation, is discussed as part of the case study presented
later in this article.

Modeling
This article is concerned with processes characterized by

Ž .the occurrence of discrete events discrete-event systems in
which time issues are treated in a qualitative manner. Thus,
the process dynamics are characterized as feasible sequences
of events, rather than continuous evolution of variables with

Ž .the progress of time. Finite state machines FSMs and their
Ž .associated languages Hopcroft and Ullman, 1977 have been

found to provide a suitable modeling framework for these
processes. An FSM is a state-transition structure where the
relationship between states and transitions is given by a par-
tial function. Here, a class of FSMs is used in which each
state is labeled. Its mathematical definition is

P s Q, V n® , S , d , z , q , Q� 40 m

where Q is the set of states: qgQ, V n® is the set of state-
�Ž . Žvariables: ® ; js1 . . . n number of state-variables defin-j q ®
.4ing state q , S is the set of transitions: s gS, d is the

state-transition function, defined as a partial function d :S=

Q™Q, z is the state-variable transition function, defined as
a partial function z :S=V n® ™V n® , q is the initial state, and0
Q is the set of marked states.m

Ž .A state-®ariable ® , js1 . . . n describes the state of anj q ®
Želementary component of the process such as the position of

.an onroff valve and the status of a pump and is character-
Ž � 4.ized by a domain of possible values such as open, closed .

A system is assumed to be fully described by a set of n®
state-variables at any given moment. A state qgQ is defined
by an assigned set of n state-variables. For instance, con-®
sider a system composed of one elementary component, an
onroff valve. The state-variable describing this component is

� 4‘‘ valve position’’ and its domain is open, closed . Therefore,
a model of this system has two states in total. It follows that a
model of two onroff valves considering all possible combina-
tions is composed of four states with two state-variables in
each state.

In addition to the domain values, two more symbols may
be assigned to a state-variable: ` , which symbolizes all thej
possible values that state-variable j can take and `Ej, whichj
represents all the possible values for state-variable j, except
those in the set E . These symbols are introduced to handlej
incomplete information in the modeling of either the process
or the specifications during the specification stage.

Transitions are instantaneous events leading from one
source state to a destination state and change only one state-
variable value. S is the set of process transitions, and SU is
the set of all process trajectories composed of transitions in
S. The partial function d :S=Q™Q defines the relation be-
tween states and transitions, while the partial function z :S=
V n® ™V n® does the same for state-variables and transitions.
The partial function d is extended inductively for strings.
Note that if z and V n® are excluded from P, a standard FSM
is obtained. The set of transitions is partitioned into two dis-

Ž .joint subsets SsS DS Wonham, 1988 , in which S isc u c
the subset of controllable transitions and S is the subset ofu
uncontrollable transitions. Controllable transitions are con-

Žtrol inputs to the process such as sending a command to
.open a valve , while uncontrollable transitions are associated

Žwith the process responses such as a signal indicating the
. Žposition of the valve or input disturbances such as an opera-

.tor pressing an emergency stop button .
The initial state q is a unique state, while the set of marked0

states Q distinguishes states of special significance for them
system, for instance, states where operation can be held or in
which a task is completed may be considered as marked.

Elementary models are generated individually for each sin-
Žgle part of the process such as valves, measuring devices,

.and switches as FSMs. Only one state-variable is associated
Žwith each elementary model such as ‘‘ valve position’’ or

.‘‘level status’’ . A transition is always associated with a
Žchange in the state-variable value such as if the current value

of state-variable ‘‘ valve position’’ is ‘‘open’’ and transition
‘‘ valve is closing’’ occurs, in the next state of the model, the
value of state-variable ‘‘ valve position’’ will become

.‘‘closed’’ . Thus, in a more complex model generated from
several elementary models, the partial function z :S=V n® ™

V n® defines which state-variable is changing under the execu-
tion of a given transition. Also, an ordered set of state-varia-

Ž .bles ® , js1 . . . n is associated with each state q. There-j q ®
fore, a homomorphism b :Q™V n® is defined such that
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Ž .Sanchez, 1996

w x w xb d s , q sz s , b qŽ . Ž .

Homomorphism b is particularly useful when building
specifications, as will be shown in the next section.

During the closed-loop operation, it is important to guar-
antee that certain states are visited. Reachability properties

Žare formalized using the following definitions Wonham,
.1988 :

The reachable state subset Q is the set of states which canr
be reached from the initial state

< UQ : qgQ 'sgS , d s , q s q 1� 4Ž . Ž .r 0

The coreachable state subset Q , is the set of states fromcr
which a marked state can be reached.

< UQ : qgQ 'sgS , d s , q gQ 2� 4Ž . Ž .cr m

An FSM M is reachable if all states qgQ can be reached
from q . M is coreachable if all marked states qgQ can be0 m
reached. A machine which is reachable and coreachable is
said to be trim.

A set of finite strings of transitions generated by an FSM is
Ž .called a regular language L Hopcroft and Ullman, 1977 , that

is

U <L: sgS d s, q !� 4Ž .0

The symbol ! is used here to denote ‘‘is defined.’’ In other
words, if the model of a system is given by an FSM P, then

Žits feasible behavior that is, the trajectories from the initial
.state is described by the language generated by P. Lan-

guages are thus a compact representation for process behav-
ior, and, together with their operators, provide a useful
framework complementary to FSMs. In the following para-
graphs some other standard properties and operators from

Ž .Automata theory Ramadge and Wonham, 1987b used in this
work are presented.

UThe prefix closure L of a language L:S is the language
which possesses all the prefixes of the strings of L

U U� 4L: sgS r' tgS , stg L

The prefix closure of a language L realized by an FSM P
is the set of partial strings generated from the initial state of
P, which can be extended to a complete string belonging to
L. In this work P is described as an FSM; thus, is always the

Ž . Ž . Ž .case that L P is closed, that is, L P s L P .
Ž .The language intersection of two languages L M and1

Ž . Ž . Ž . Ž . ŽL M , L R s L M F L M is given by Hopcroft and2 1 2
.Ullman, 1977

U <L R : sgS sg L M H sg L M� 4Ž . Ž . Ž .1 2

The marked language of an FSM is defined by the set of
strings from the initial state which terminate at a member of

the set of marked states Qm

<L M : sg L M d s, q gQ� 4Ž . Ž . Ž .m 0 m

L represents all the trajectories finishing at states consid-m
ered relevant to the process, such as the completion of nor-
mal or emergency operation steps or conditions in which the

Ž .process can be safely halted. If the language L M reaches
all the marked states of a given FSM M, then it is said that
M is nonblocking. That is

L M s L MŽ . Ž .m

ŽThus, if an FSM M is reachable and coreachable that is,
. Ž .trim , M is nonblocking Wonham, 1988 .

Model building
The construction of a process model takes place in three

main stages:
Ž .1 The elementary components of the process are identi-

fied and suitable models are proposed. Here an ‘‘input-
output’’ view of the process is adopted in which all the com-
ponents of the process are identified and then modeled ‘‘as
seen’’ by the control system. These components are typically
instruments, actuators, and software devices built into the
process.
Ž .2 The overall process model is generated from the inter-

action among the elementary components identified in stage
1. The events modeled in each component can, in principle,
take place in parallel. This is represented in this work by
interleaved modeling.
Ž . Ž3 Often, extra causal behavior must be considered such

as certain states or sequences must be excluded from the
.model, because they are physically infeasible . For instance,

in the motivating example, if the pressure line valve is closed
and failures are not considered, then the pressure should not
increase.

The implementation of the second and third stages re-
quires the introduction of two FSM operators, the asyn-

Ž .chronous and the synchronous products Heymann, 1990
adapted to incorporate state-variables.

Asynchronous Product. The FSM interleaved model is
constructed by applying the asynchronous product operator
to all the elementary process models. The following defini-
tion takes into consideration the existence of state-variables
in each state by constructing the state-variable vector explic-
itly:

Ž5.Definition 1: Asynchronous Product of FSMs . Given two
� X 4 � XFSMs M : s gS ; q , q gQ and M : mgS ; q , q g1 1 1 1 1 2 2 2 2

4Q , in which S FS s0u , the asynchronous product M s2 1 2 R
5M M is given by the interleaving of states of each machine1 2

M :d s , q s qXŽ .R R R

d m , q s qYŽ .R R

and

S sS DSR 1 2
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where the state variables ® , ® X , ® Y gV :V =V of the newq q q R 1 2R R R

machine R are given by the cartesian product of state-varia-
bles for each corresponding state

® s ® , ®Ž .q q qR 1 2

® X s ® X , ®Ž .q q qR 1 2

® Y s ® , ® XŽ .q q qR 1 2

® , ® X gV and ® , ® X gVq q 1 q q 21 1 2 2

Synchronous Product. During the controller synthesis and
the model construction, it is necessary to calculate the inter-

Žsection of trajectories among different FSMs that is, the lan-
.guage intersection of the machines involved . For regular lan-

guages, this is equivalent to a product in which, from a given
state of each machine, only identical transitions are consid-
ered. This is named the synchronous product. For specifica-
tion modeling, the ambiguities introduced by an FSM when
handling explicitly state-variables due to the symbols ` andj
`Ej are resolved using suitable information from any of thej
FSMs being intersected by substituting refined state-variable
values in the resultant state from the intersection. The above
is captured in the following definition.

( )Definition 2: Synchronous Product § . Given two FSMs M1
and M , the synchronous product M s M §M is given by2 R 1 2
the language intersection of both FSMs

M :d s , q s qXŽ .R R R

and

S sS FS , s gSR 1 2 R

Ž . Ž . Ž . Ž Ž . .where L R s L M F L M and z s , ® takes the re-1 2 j qR
Ž Ž . . Ž Ž . .fined state-variable value from z s , ® and z s , ® .j q j q1 2

In other words the synchronous product is given by the
FSM that realizes the language intersection in which
Ž . Ž . Ž .1 Every trajectory is in L M and L M .1 2
Ž .2 The refined state-variable value from states in either

FSMs M or M is assigned to the resultant state-variable of1 2
the product. If different refined values are given by each ma-
chine, then the product is not defined.

ŽWhen state-variables are not required such as during the
.controller synthesis , the language intersection operator

Ž .Hopcroft and Ullman, 1977 is used. This is equivalent to
Ž .the standard synchronous product Heymann, 1990 . It is im-

portant to stress that a FSM resulting from the synchronous
Žproduct of two trim FSMs is not necessarily trim Wonham,

.1988 .

Control law representation: procedural controller
A procedural controller is a feedback device driving the ex-

ecution of controllable transitions in a given process. In this
work, procedural controllers are modeled using the FSM for-
malism. A restriction is imposed on the FSM structure of a

Žprocedural controller, in which either controllable at most
.one, that is, the one to be enforced or uncontrollable transi-

tions may occur at each state.

Definition 3: Procedural Controller. A procedural con-
troller is an FSM:

� 4Cs X , S , g , x , X ,0 m

Ž .in which for each xg X, s gS such that g s , x !, one of
the following is true:

1 s gS H ;s gS , g s , x is undefined .Ž . Ž .Ž .u c c c
X X X<2 s gS H ;s s /s gS , g s , x is undefined .Ž . Ž . Ž .Ž .c

If an FSM represents a model of a process P, then the
controller C executes synchronously with the process and in
this way ‘‘controls’’ it. The closed-loop system CrP is given by
the synchronization of the process and the procedural con-

Ž .troller Kumar et al., 1991 . The closed-loop behavior is given
by the language intersection of the process P and the con-

Ž . Ž . Ž . Žtroller C, L CrP s L P F L C Ramadge and Wonham,
.1987b .

Ž .A procedural controller can either be in: 1 a state in which
Ž .one of a set of uncontrollable transitions occurs; or 2 a state

in which it forces the execution of the only controllable tran-
sition defined. In this way, a controller acting synchronously
with a process preempts the occurrence of any of the uncon-
trollable transitions that can occur from the current process
state. The possible exclusion of behavior generated by uncon-
trollable transitions from the closed-loop behavior relies on
the assumption that controllable transitions can preempt un-
controllable transitions. Even though this assumption may
appear to be strong, it is largely a modeling issue. That is, if a
controllable transition has slow dynamics, it can always be
partitioned into two transitions: a fast controllable one, rep-
resenting the execution decision, and an uncontrollable tran-
sition, representing the slow system response to that decision.
The assumption allows the possibility of disabling some un-
controllable events by preempting them with the execution of
controllable transitions.

The procedural controller FSM is defined in such a way
Žthat no decision branching points exist that is, there is no

need for an external mechanism to decide which controllable
.transition to execute at a given state . This facilitates the re-

finement and translation of the procedural controller into
control code or hardwired logic.

Specification of Closed-Loop Behavior
The correct and complete specification of the desired

closed-loop behavior is a key step in the synthesis of any
event-driven control system. Desired and undesired process
behavior must be prescribed for both normal and abnormal
operations. However, this specification task has proved to be

Ž .cumbersome even for simple cases Brooks et al., 1990 . It is
difficult to provide specification methods enabling a compact
and unambiguous representation of the operational objec-
tives and constraints. In practice it is common to find under-
specified systems which behave unexpectedly in situations not
considered by the system designer. This is of particular con-
cern in safety critical systems, which have received great at-

Žtention by the software engineering community Abrial et al.,
. Ž .1996; Fitzgerald et al., 1997 . Sanchez 1996 adapted for their

August 1999 Vol. 45, No. 8AIChE Journal 1757



use in process applications logic-based specification tech-
niques from software engineering that have proven to be ef-
fective in handling complexity and size of realistic engineer-
ing specifications while maintaining compatibility with the
synthesis framework for the controller mechanisms proposed
here. In the following paragraphs a summary of these tech-
niques is presented. Predicate logic is used to prescribe states
that the system must avoid during operation. These states are
termed forbidden states, while temporal logic does its part
for dynamic behavior including safety and liveness properties.

Specification of forbidden states using predicate logic
The use of predicate statements as static specifications has

Ž .been studied in the past by Ramadge and Wonham 1987a
Ž .and Kumar et al. 1991 . Predicates are associated with states

in Q, and it is shown that there exists an isomorphism h be-
tween the family of all predicates pg PP associated with Q
and the Boolean lattice of the power set of Q under the cor-
respondence

h:Ql PP q :qgQ and p q s1� 4Ž .

Therefore, the terms ‘‘state’’ or ‘‘predicate statement’’ can
be considered essentially the same in this context. Given the
existence of the isomorphism h:Ql PP and homomorphism
b :Q™V n® defined earlier, it is possible to represent in terms
of predicates the state-variables corresponding to its isomor-
phic state such that

H p s b hy1 p s ® , pg PP, js1 . . . nŽ . Ž . Ž . y1Ž . j ®Ž .h p

This suggests that a state in the predicate logic domain is
given by the conjunction of atomic formulas representing the
different state-variables of the given state

h q s a H a H . . . H aŽ . 1 2 n ®

where a , a , . . . , a gF are atomic propositions represent-1 2 n ®

ing the state-variables and F is the set of atomic proposi-
tions.

Specification of dynamic beha©ior using temporal logic
Quantitative time is not treated by the modeling structures

presented in the previous section. This relies on the assump-
tion that the system dynamics are governed by events. The
passage of time is then associated with the function d that
imposes an order of execution on the FSM transitions.
Therefore, dynamic behavioral specifications deal only with
this type of qualitative-time characteristic, such as the se-
quencing of events or the eventual execution of a determined

Ž .action. Temporal logic TL is a modal logic in which opera-
tors are interpreted in a qualitative time domain. In the
present work, a restricted syntax has been chosen from the

Ž .framework devised by Ostroff 1989b and Thistle and Won-
Ž .ham 1986 based on Manna-Pnueli’s linear temporal logic

Ž . Ž .LTL system Manna and Pnueli, 1982 .
LTL Syntax. The formulas used in this work are con-

structed using the following scheme, expressed in BNF nota-

tion

}
< <w xp pHt ™ `p t 3Ž .Ež /

The first element of a formula must be either a predicate p
representing a state or a predicate p and a ‘‘next transition’’

Ž .symbol t . This is followed by the implication symbol ™ .
The righthand side of the formula is either a LTL operator

Ž .‘‘next’’ ` operating over a predicate p describing a state, or
}

Ž .an exclusive disjunction of ‘‘next transition’’ symbolsE
describing the following actions to be executed.

LTL Semantics. Standard semantics are used for Scheme
Ž . Ž .3 Goldblatt, 1992 . A frame is a pair F s S, R , where S is a

nonempty set and R:S=S is a binary relation. A model is a
Ž . Striple Ms S, R, V , with V:F™2 . The function V assigns

Ž .to each atomic formula agF, a subset V a of S. In other
Ž .words, V a defines the elements of S in which a is true.

A formula A is true in model M, denoted M * A, if it is
true at all elements in M, that is, if M * A, ;sgS. A for-s

Ž .mula A is valid in frame F s S, R , denoted F * A, if F * M
Ž .A, ;Ms S, R, V based on F. In other words, a valid for-

mula is a formula which is true in all elements of every model.
ŽA scheme is said to be valid in a frame respectively, true in a

. Žmodel if all instances of the scheme are valid respectively,
.true . Then, it is said that the frame validates the scheme.

Translation of LTL Formulas into FSMs. The translation
of LTL formulas into the structures used for the controller
synthesis is based on a homomorphism for the scheme men-
tioned above. A detailed discussion of the translation process

Ž .is presented in Sanchez 1996 . This homomorphism defines
sufficient conditions to guarantee that the resultant FSM is a
LTL model in which the LTL formula holds and is a subset
of a LTL frame in which the LTL formula is valid. A LTL
frame for a given process is provided by the asynchronous

Žproduct of all elementary process components that is, the
interleaved behavior that the elementary components can

. Žgenerate . Having developed this frame, a LTL model that
. Žis, an FSM is constructed for each dynamic specification that

.is, LTL formula modeled by the scheme described above and
employing the same elementary process components utilized
in the construction of the LTL frame. Consequently, if the
behavior prescribed in the LTL formula cannot be repre-
sented by the combination of the behavior of elementary pro-
cess components in an interleaved fashion, then the formula
is not true and, therefore, not valid. In other words, the re-
quired dynamic specification cannot be achieved.

The first step in the translation of a given LTL formula is
to identify or create the appropriate state in the FSM domain
from where to start the translation. Such a state must contain
the same state-variable values as the predicate p modeling
the first state of the LTL formula under consideration. This

Žis accomplished by constructing a lattice Davey and Priest-
. Ž .ley, 1990 in which the greatest lower bound glb is a state

containing the initial state-variable values given by the LTL
Ž .formula and the least upper bound lub is its com-

plement. Once the initial state of the LTL formula under
translation has been created, the rest of the LTL formula is
constructed using the appropriate morphism. At each step of
the translation procedure, the validity of the LTL formula is
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established by checking that each transition leads to the ap-
propriate state-variable value using the elementary FSM pro-
cess models. The result is an FSM modeling all the allowable
process sequences of state-transitions which satisfy the dy-
namic specification. Examples are presented in the section
Solution to the Motivating Example.

Controllability Analysis and Controller Synthesis
Using the modeling formalisms proposed in the previous

section, the specifications prescribing the desired behavior are
captured. However, assuming that the specifications describe
feasible behavior, it is not always possible to guarantee that a
procedural controller satisfying the proposed specifications
exists because either there may not exist sufficient degrees of

Ž .freedom that is, control actions in the system or more infor-
mation may be needed for resolving indeterminacies regard-
ing the process behavior. Thus, there is the need to introduce
the notion of a controlling mechanism and, together with it, a
framework to characterize the system’s closed-loop behavior.

Completeness and controllability analysis
Within the proposed framework, two concepts are of par-

ticular relevance:
v completeness
v controllability.
The notion of completeness declares a controller capable

of tracing all trajectories that can arise during the closed-loop
operation while controllability defines the set of trajectories
in which the process can safely exist.

�Definition 4: Completeness. An FSM Ms X, S, g , x ,0
4 �X is complete with respect to a given process P s Q, S, d ,m

4 U Ž .q , Q if for sgS and s gS , the conditions g s, x !0 m u u 0
Ž .and d ss , q ! imply that one of the following assertions isu 0

true:
Ž . Ž .1 g ss , x !; andu 0
Ž . Ž . Ž .2 's gS s.t. g ss , x !Hg sS , x is undefined.c c c 0 u 0
That is, any extension of s with one of the uncontrollable

transitions realizable by the process must be also generated
Ž .by the controller Ramadge and Wonham, 1987b or there

exists a controllable transition preempting the occurrence of
uncontrollable transitions.

Definition 5: Controllability. A language K : L is said to
be controllable with respect to a language L if ;sg K either:
Ž .1 sS g LH sS g K ; oru u
Ž . Ž . Ž .2 's gS s.t. ss g K H sS F K s0u .c c c u
That is, for every state in an FSM generating a controllable

language K either:
Ž .1 All the uncontrollable transitions end in one of the

wstates of the FSM and this is the controllability concept as
Ž .xproposed in SCT Ramadge and Wonham, 1987b ; or

Ž .2 There is at least one controllable transition leaving the
state and ending in another state of the FSM. This means
that even if there are uncontrollable transitions leading out-
side the FSM, it is possible to synthesize a controller that can
preempt them by proper control actions and keep the process
in the desired state space. Clearly, the aim is to synthesize
procedural controllers that are complete, and, when run in
synchronization with the process to be controlled, generate
controllable languages. The following proposition relates both
properties. The proof is included in Appendix A.

Proposition 1: Given a process P and a procedural con-
Ž . Ž .troller C, then L CrP is controllable with respect to L P if

C is complete.
At each state, there may exist several controllable actions

to execute and, therefore, several complete procedural con-
trollers with corresponding controllable languages. The union
of two procedural controllers is not, in general, a procedural
controller and no ‘‘minimal restrictive’’ solution, in the SCT

Ž .sense, exists Golaszewski and Ramadge, 1987 . However, as
in SCT, it is possible to show that the union of two control-
lable languages is controllable:

Theorem 1: Given an arbitrary set of languages K i: L
and NsD K i, if ; i, K i is controllable with respect to Li
then N is controllable with respect to L.

The proof of this theorem is given in Appendix B. From
Theorem 1, it follows that given a language K : L, there is a
unique and well-defined supremal controllable sub-language
of K with respect to L.

Definition 6: Supremal Controllable Sub-Language. The
supremal controllable sub-language K ≠ of a given language
K : L is given by

≠ � X XK sD K : K : K
X 4and K is controllable with respect to L

Superstructure of procedural controllers
The language representing the closed-loop behavior of a

system controlled by a complete procedural controller is in-
Ždeed controllable with respect to the system language see

.Proposition 1 . However, not every controllable sub-language
can be generated by a procedural controller. For instance,
consider the FSMs shown in Figure 2 generating languages K
and L. Continuous line arrows represent controllable transi-
tions, while uncontrollable transitions are shown as dashed

( ) ( )Figure 2. Language generators for: a the system L
( ) ( )and b the specification K .
uncontrollable transitions; controllable transi-

tions.
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Figure 3. Two alternative procedural control structures.

lined arrows. The language K is controllable with respect to
L, but no procedural controller capable of generating K ex-
ists. In order to obtain a complete procedural controller, one
must force only one of the two transitions enabled at state q.
Thus, for the example in Figure 2, there are two procedural
controllers generating controllable behavior within K as
shown in Figure 3.

Although there is no minimally restrictive procedural con-
troller, it is useful to have a compact description of the
closed-loop behavior which the process can safely undertake

Žand from which different operation policies that is, procedu-
.ral controllers can be derived. This leads to the following

definition:

Definition 7: Superstructure of Procedural Controllers. An
FSM R is a superstructure of procedural controllers if
Ž . Ž . Ž .L R F L P is controllable with respect to L P .
This superstructure encompasses a set of candidate struc-

tures for the procedural control of a process. Moreover,
using Proposition 1, it is possible to characterize a super-
structure that contains all the possible complete procedural
controllers.

Definition 8: Maximal Superstructure of Procedural Con-
trollers. A superstructure of complete procedural controllers

Ž .R is maximal for a specification language K s.t. L R : K , if
Ž . Ž .L R F L P s K ≠.

Ž .Given a process model P s Q, S, d , q , Q and a specifi-0 m
Ž .cation model Ms X, S, g , x , X , the following algorithm0 m

is proposed for the synthesis of the maximal superstructure.

Algorithm 1: Maximal Superstructure Synthesis
Ž . Ž . U < Ž .1 Let Us X, f : X ™Q, f x s q if 'sgS qsd s, q ,0

Ž .xsg s, x0
Ž . Ž Ž .. Ž .2 For each ugU, if 's gS s.t. d s , f u !Hg s , uu u u u

undefined, then:
Ž . Ž . Ž .a If 's gS s.t. g s , u ! then set g S , u to unde-c c c u

fined.
Ž .b Otherwise, let UsUyu and ; xg X, s gS if us

Ž . Ž .g s , x then set g s , x to undefined.
Ž .3 Next u.
Ž .4 If U/ X then let X sU and go to Step 1.
Ž . Ž . Ž .5 Stop with Rs X, S, g , x , X , K ≠s L R0 m

Algorithm 1 terminates generating the maximal superstruc-
Ž .ture see proof in Appendix C .

Synthesis of a procedural controller
Finally, the following theorem gives conditions for the exis-

tence of a nonblocking procedural controller satisfying a
specification language K.

Ž . Ž .Theorem 2: Given a specification language K M : L P
Ž . Ž .and K s L P F K K /0u , if M is trim and K is closedm m m m

Ž .and controllable then 'Cs X, S, g , q , X nonblocking0 m
Ž .and complete, with L CrP :K .m

The proof is carried out by construction and serves, as well,
as the algorithm for calculating the procedural controller.

Proof and Algorithm 2: The following procedure generates
Ža complete nonblocking controller C from Ms X, S, l, x ,0

. Ž .Q , L M sK .m m
Procedure:
Ž . � < Ž .1 Let C s M and X s x x g X Hg S , x / 0uHu u
Ž . 4g S , x /0u .c
Ž .2 For each xg X :u
Ž . X Ž X. Ž X.a ; x g X, s g S s.t. g s , x !, define c s , x s

Ž X. Ž X .g s , x if s gS E x / x .u
Ž . Ž . U Ž .b If ;s gS s.t. g s , x !, 'sgS s.t. c s s, x g Xu u u u m

Ž .then set g S , x to undefined.c
Ž . Ž .c Otherwise set g S , x to undefined.u
Ž .d Next x.

Ž . � < X3 L e t X s x x g X H 's , s g S s .t .c c c c
Ž Ž . Ž X . .4g s , x !Hg s , x ! .c c
Ž .4 For each xg X :c
Ž . � < Ž . 4a Let S s s g s , x ! .x c c
Ž .b Select s gS . Let S sS ys .c x x x c
Ž . X Ž X. Ž X. Ž Xc ; x g X define c s , x sg s , x if s ss E x /c

.x .
Ž . U Ž .d If 'sgS s.t. c s s, x g X then ;s gS, s /sc m c
Ž .set g s , x to undefined. Otherwise go to Step 4b.
Ž .e Next x.

Ž .5 Trim C.
Ž . Ž .6 Stop with Cs X, S, g , q , X a complete nonblock-0 m

ing controller.
< <This procedure will stop in at the most 2 X iterations. Note

that the controller is not necessarily trim. Appendix D pre-
sents an inductive demonstration that the C obtained is non-
blocking and complete.

Synthesis Method
The modeling tools proposed in the Modeling and Specifi-

cation of Closed-Loop Behavior sections, and the control
paradigm presented in the previous section, are assembled
together in the synthesis method shown in Figure 4. Rounded
rectangles represent input information, while sharp edged
rectangles depict information created during the synthesis
method. The ovals correspond to the four main steps of the
method. Steps 1 and 2 are associated with the modeling of
the process and the desired behavior specifications. Steps 3
and 4 are concerned with the actual design of the superstruc-
ture and the procedural controller. The method is iterative.
Decision points are presented as diamonds.

Step 1: process modeling
The process is modeled using the tools presented earlier.

First, the elementary process components are identified from
Ž .a suitable description of the system such as a P&I diagram
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Figure 4. Procedural controller synthesis procedure.

and modeled as FSMs. Then, nonphysical behavior is speci-
fied using predicate and temporal logic and the open-loop
model is constructed using the relevant FSM operations. Fi-
nally, the states of particular relevance to the operation are
marked andror proposed as attractors. These states represent
initial and final conditions of startup and shutdown opera-
tions, conditions in which the process can be halted, normal
operating conditions, or safe states. The final FSM for the

Žoverall process is trimmed, so that all states marked and
.nonmarked can be reached from the initial state.

Step 2: specification modeling
Forbidden states specifications are captured using predi-

cate logic while dynamic specifications, including liveness
properties as well as desired and undesired partial se-
quences, are formalized using temporal logic. The specifica-
tions are then translated into the FSM domain according to
the approach described in the Closed-Loop Behavior section.

Step 3: deri©ation of maximal superstructure
The model resulting from eliminating forbidden states rep-

resents the ‘‘legal’’ behavior of the process. From this, the
Ž .maximal superstructure Definition 8 is obtained using Algo-

rithm 1. If its accepted language is empty or does not include
part of the required behavior, then design changes need to
take place.

Step 4: controller synthesis
The controller synthesis is based on the successive applica-

tion of the synchronous product of the maximal superstruc-
ture with each dynamic specification FSM. If the resulting
structure does not meet the requirements for a procedural

Ž .controller Definition 3 , then either the controller is under-
specified and further dynamic specifications are necessary; or
the choice of a final control structure is carried out using

Ž .Algorithm 2. Rotstein et al. 1999 proposed another ap-
proach for the controller synthesis based on the notion of

Žattraction for discrete event systems Brave and Heymann,
.1993 and a notion of weighted transitions to assess optimal

trajectory performance. Obviously, these two options can be
combined. From the point of view of optimization, the direct
imposition of specifications is equivalent to the addition of
constraints to the system. On the other hand, the optimiza-
tion procedures select the best procedural control structure
that fulfills the constraints specified by the user. For in-
stance, if there are two alternative trajectories from a state to
an attractor, one can either choose directly one of the op-
tions, by incremental specification, or select the ‘‘optimal’’ ac-

Žcording to a defined objective function such as the smallest
.probability of failure of control actions. The chosen alterna-

tive depends on the application and the user.
The final result is an FSM, termed procedural controller,

that ‘‘accepts’’ those sequences satisfying the given specifica-
tion and the definitions of controllability and completeness.
In other words, a procedural controller is an abstract repre-
sentation of the logic driving the process according to the
specification. Thus, it can be used as a provable correct spec-
ification for a given logic control system.

Solution to the Motivating Example
The proposed synthesis method is first demonstrated by

generating a provable correct procedural controller for the
pressure system example presented earlier. It is also shown
how the method can be used to aid in the analysis of opera-
tion requirements. The information available is given by the
description of the example in the second section. According
to the method presented in the previous section, the first step
is building the open-loop behavior model. The next step is
eliciting the specifications both as forbidden states and dy-
namic behavior. In a first attempt, two forbidden states are

Ž .declared: 1 never allowing the valve being open when the
Ž .button is off, and 2 conditions when the pressure sensor

indicates high. Forbidden state 1 will result, when carrying
out Step 3, in an operating condition which is not possible to
satisfy, thus generating an empty controllable language. This
will lead to reconsider the operation requirements and recog-
nize the impossibility of avoiding forbidden state 1, thus im-
proving the understanding of the process behavior and there-
fore the design of the controller. A second attempt considers
only forbidden state 2 in the generation of the controller su-
perstructure. This leads to a successful calculation of a pro-
cedural controller applying Step 4.
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Table 1. Transition List for Elementary Models of the
Pressurized Gas System

TransitionsElementary
Component Label Description From State To State

Gas 11 open valve closed open
Valve 12 close valve open closed

UOnrOff 21 switch on off on
UButton 22 switch off on off
U31 from high to ok high ok
UPressure 32 from ok to low ok low
USwitch 33 from low to ok low ok
U34 from ok to high ok high

UUncontrollable transition.

Step 1: process modeling
Ž .Three elementary process models are identified: 1 con-

Ž . Ž . Ž .trol valve V1 ; 2 button for operator intervention B1 ; and
Ž . Ž .3 pressure sensor PS . The FSM models for each of the
sensors and control items in the P&I diagram are shown in
Figure 1. Initial states are indicated with an entering arrow.
Controllable and uncontrollable transitions are labeled ac-
cording to Table 1. Note that the only control actions that
the controller can enforce is the opening and closing of valve
V1. The operator acts independently from the control system
and, therefore, hisrher actions are represented by uncontrol-

Žlable transitions that is, the controller cannot prevent the
operator from pressing the button at any moment during the

.operation . The pressure sensor indicates three landmark val-
Ž . Ž . Ž . Ž . Ž . Žues: 1 low below target ; 2 OK at target ; 3 high above
.target . The global state of the process is represented by a

vector of 3 elementary state-variables ordered as follows

V1, B1, PSŽ .

The fully interleaved process model, obtained from the
asynchronous product of the elementary FSMs, contains 2=2
=3s12 states. This model is simplified by pruning transi-
tions lacking physical meaning, such as a PS indicating an
increase in pressure when the valve is closed. The final model
is shown in Figure 5. For clarity, transitions are labeled with
number tags. Its tabular equivalent is presented in Table 1.
The initial state of the system is indicated with an entering

Ž .arrow. The only marked state the desired target state is de-
noted with an exiting arrow.

Step 2: specification modeling
From the description of the desired operation given in the

second section, forbidden states are expressed in predicate
logic statements as follows:

v If the button B1 is off, then the valve V1 must always be
closed

open, off, ` s false 4Ž . Ž .

v The pressure should never be high

`, `, high s false 5Ž . Ž .

Figure 5. FSM model for the open-loop behavior of the
pressurized gas system.

Statement 4 represents 3 states, one for each value that vari-
Ž . Ž . Žable PS can take: open, off, low , open, off, ok , open, off,

. Žhigh . Statement 5 can be unfolded into 4 states: closed, off,

. Ž . Ž . Ž .high , open, off, high , closed, on, high , open, on, high .
Next, the desired normal dynamic behavior of the system is

specified as follows:
v From the initial state, when the pressure is low and the

valve is closed, the operator must press the button for the
controller to issue a command to open V1. The formal repre-
sentation of this requirement is given by the following tempo-
ral logic formula modeling a sequencing of events

w xclosed, off, low ™` t sswitch onŽ .

w x™` t sopen valve 6Ž .

v If the operator changes the button B1 to off, a command
must be issued to shut valve V1

w xopen, on, ` H t sswitch off ™` t sclose valveŽ . Ž .
7Ž .

v If the signal ‘‘pressure OK’’ is detected from PS then a
command must be issued to close V1

open, `, low H t s from low to okŽ . Ž .

w x™` t sclose valve 8Ž .

These three specifications are translated into the FSM do-
main for their use in controller synthesis. The homomor-
phism mentioned in the fourth section is applied to obtain
the FSMs shown in Figures 6, 7, and 8. For example, in the
case of formula 6, a lattice is generated in which the glb is

� 4 � closedstate closed, off, low and the lub is its complement ` ,
off low4` , ` . The next step takes the transition executing from
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( )Figure 6. FSM model for specification 6 .

� 4state closed, off, low and constructs the rest of the FSM
�introducing the necessary states. In this case, the state closed,

4on, low follows the detection of the signal switching on the
button as the only alternative prescribed in the TL formula.
Then the control command to open the valve is issued. This
last transition is connected to the most similar node corre-

� 4sponding to state open, on, low .

Step 3: maximal controller superstructure synthesis
First Attempt Using all Forbidden States. The maximal con-

troller superstructure is obtained first by eliminating the for-

( )Figure 7. FSM model for specification 7 .

( )Figure 8. FSM model for specification 8 .

bidden states. The resulting FSM is shown in Figure 9. Note
that all the states where the pressure is high, as well as those
where B1soff and V1sopen simultaneously, have been

Ždeleted. The maximal superstructure of controllers that is,
that generates the supremal controllable sublanguage of the

.legal model is then obtained applying algorithm 1. The re-
sult is shown in Figure 10. Unfortunately, there are only two

Žreachable nodes remaining in the superstructure that is,
� 4 � 4.closed on low and open on low . This means that the only
possible behavior described by this machine is an infinite loop
manipulating the start button and the valve. Thus, no proce-
dural controller will exist satisfying the proposed specifica-
tions in a useful manner. The reason can be found in the

Ž .specification of forbidden states. Statement 4 , which pre-

( )Figure 9. FSM after eliminating forbidden states 4 and
( )5 .
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Figure 10. Maximal superstructure for forbidden states
( ) ( )4 and 5 .

scribes that valve V1 must always be closed when the button
B1 is off, is invalid when the operator changes the position of
the button to off if the valve is open, thereby driving the sys-
tem to the forbidden state. The control system cannot pre-
vent the operator from doing that. Thus, the specifications
must be modified. Rather than forbidding a behavior over
which the controller has no control, this behavior must be
included as a part of the legal behavior and a suitable control
action defined for it by means of a dynamic specification. Note
that the required behavior is already included in dynamic

Ž . Ž . Ž .Specifications 6 and 7 . In Formula 6 , from the initial
� 4state closed, off, low , the only way of opening the valve is

after receiving the signal that the button has been pressed.
Ž .Formula 7 prescribes that if the valve is open and the but-

ton is switched off, the next action must be to close the valve.
If this approach is adopted, then the only forbidden state

Ž .specified is Statement 5 prescribing that the pressure must
not increase beyond OK.

( )Second Attempt Using only Forbidden State 5 . Eliminat-
Ž . Ž .ing forbidden state 5 from the open-loop model Figure 5

and applying Algorithm 1, the maximal superstructure in Fig-
ure 11 is obtained. Controllability with respect to the open-
loop model is checked applying the definition state by state
and corroborating that for each state in the superstructure
either

v all uncontrollable transitions existing in the equivalent
state in the open-loop model are also present; or

v there exists at least one controllable transition.
� 4An example of the first condition is state open, off, low

Ž .where uncontrollable Transition 21 button can be pressed
Ž .or Transition 33 pressure can rise can occur. An example of

� 4the second condition is state open, off, ok where uncontrol-
Žlable transitions that is, Transition 34, increasing pressure to

.high in the open-loop model lead to erased states in the
Žsuperstructure. Thus, only controllable Transition 12 com-

.mand to close the valve was kept. The next step is to deter-
mine whether a procedural controller exists satisfying the
given dynamic specifications.

Figure 11. Maximal superstructure for forbidden state
( )5 .

Step 4: procedural controller synthesis
A procedural controller implementing the three dynamic

Ž .specifications Figures 6, 7, and 8 is then obtained by execut-
ing first the synchronous product of the FSMs representing
these specifications and the maximal superstructure derived

Ž .above Figure 11 . As an illustration, the result of the syn-
Ž .chronous product between Specification 6 and the maximal

superstructure is shown in Figure 12. From the initial state
� 4closed, off, low , the only surviving transition is 21
Ž . Ž .switch on the button , as stated by Specification 6 . Exe-
cuting this transition leads to a state where the valve is closed,
the button is on, the pressure sensor indicates low and the

w Ž .xcommand to open the valve must be issued Transition 11 .
However, note that, according to the open-loop model, this
condition can be part of other trajectories. For instance, if
the valve is open, the button is on, the pressure is low, and a
command is issued to close the valve, it should be possible to
switch the button off or even to open valve V1 again, since
there are no specifications impeding it. Thus, the situation is

Figure 12. Resultant FSM from the synchronous prod-
uct of dynamic specification 8 and controller
superstructure.
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Figure 13. Resultant FSM from the synchronous prod-
uct of dynamic specifications and controller
superstructure.

resolved during the execution of the synchronous product by
duplicating this state to allow the execution of other legal

Ž .trajectories not declared in Specification 6 as shown in Fig-
ure 12. The resulting machine forms the synchronous product
of the superstructure with the three specifications is shown in
Figure 13. This FSM is not yet a procedural controller. For

� 4instance, from state open on low , uncontrollable Transi-
Ž . Ž .tions 22 switch button off and 33 pressure rising to normal

are allowed to execute together with controllable Transition
Ž .12 command to close valve . Thus, Algorithm 2 is applied to

obtain a nonblocking procedural controller. The trimmed
FSM is shown in Figure 14. Its behavior satisfies the three

wdynamic specifications as indicated by regions 1 Specifica-
Ž .x w Ž .x w Ž .xtion 6 , 2 Specification 7 and 3 Specification 8 in the

figure. Region 4 shows other legal behavior that the con-
troller will be able to handle.

Alternatively, the synthesis could be carried out using the
Ž .stability approach Rotstein et al., 1999 . The first step is to

Figure 14. Procedural controller for pressurized gas
system.

identify transitions in the system which indicate a failure and,
therefore, should not be included when the stabilizing con-
troller is generated. In the example these transitions are the
unexpected release of the button by the operator when the
pressure is not OK and a change in the pressure when the
valve is closed. Note that the controller obtained will still be
able to drive the system to the attractor even if these tran-
sitions take place. Now, the main option existing in this
process is whether to wait or not for an indication from the
operator to start the operation. Using the successive specifi-
cation approach previously illustrated, the first specification
was used to express the desire to wait for the operator signal.
Here one can either use the same specification, and generate
a controller forcing stability in the remaining behavior, or in-
troduce a large weight in the transition corresponding to the
opening of the valve from the initial state. Note that a stabi-
lizing controller will automatically satisfy the second and third
specifications and, therefore, these are not required.

Case Study: CIP Operation
The specification and synthesis methods described above

Ž .were applied to a Cleaning-In-Place CIP operation of a
computer-controlled batch pilot plant at Imperial College.
The process and instrumentation diagram of the plant is

w Ž .xshown in Figure 15 reproduced from Liu 1995 and de-
Ž .scribed fully in Macchietto 1992 . This highly instrumented

and flexible plant is representative of small-scale multipur-
pose food, fine chemicals, or pharmaceutical plants. The pi-
lot plant is equipped with a 100L multipurpose batch reactor
Ž . Žtank T3 with two 100L feed preparation vessels tanks T1

. Ž .and T2 , two 100L product storage vessels tanks T4 and T5 ,
and three plate heat exchangers. Highly flexible connectivity
between plant units is achieved via a complex network of
pipes, pumps, and single and double-seat valves. Transfers
may be carried out simultaneously except where they share
common pipework. Most of the 45 automated onroff valves
have two feedback position sensors. T3 is equipped with a
jacket for heating or cooling, a stirrer, load cell, viscometer
and facilities for sparging and dosing. In addition to the main

Ž .process equipment, a cleaning-in-place CIP system enables
sections of the plant to be individually cleaned with a hot

Žcaustic detergent solution from the detergent station tank
.T7 .
This environment is seen as a challenging area for the test-

ing of methods for the design of procedural controllers for
the following reasons:

v The processes are typically run in batch mode and re-
quire a CIP to maintain hygiene standards and product con-
sistency. Batching and cleaning operations are inherently
discrete, the control of which fits well within the procedural
control paradigm.

v The production environment is highly flexible. Products,
recipes, and equipment configurations change frequently. The
procedural control imposed on the plant must change accord-
ingly.

v Process operations are often complex and can only be
whandled using a hierarchical control structure such as that

Ž .xproposed in the ISA-S88 standard 1995 . Many communi-
cating procedural controllers arranged in a suitable hierarchi-
cal structure are required to perform processing operations.
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Figure 15. Batch pilot-plant process and instrumentation diagram.

The batch pilot plant comprises approximately 75 output
Ž .channels such as valves, pumps, and control loops and 45

Ž .inputs channels such as sensors and switches . If each chan-
nel has two discrete states, the total number of states of the
batch pilot plant is of the order of 1036. Obviously, decompo-
sition techniques are required for handling the full batch pi-
lot-plant model. Using ISA-S88 standards, an appropriate

Ž .decomposition was achieved Alsop et al., 1996 . In this sec-
tion, the generation of the procedural controller and its im-

Ž .plementation as software for one phase pre-rinse of the CIP
operation for tank T1 and its associated pipework, as de-

Ž .scribed in Liu and Macchietto 1993 , is used as an example.
The objective is to perform the cleaning automatically and in
situ. The overall CIP operation is a complex sequence of dis-
crete event-driven activities which may be broadly divided into
four distinct phases including:
Ž .1 Pre-rinse. In which residual solids are removed from

the interior of T1 and associated pipe work by bursts of high-
pressure water.
Ž .2 Detergent ser®ice. The preparation of an inventory of

Ž .hot concentrated caustic solution at the CIP station T7 .
Ž .3 Detergent rinse. Interior surface cleansing of T1 by

high-pressure bursts of hot concentrated caustic solution.
Ž .4 Post-rinse. Final rinsing of T1 with water to remove

residual detergent and to yield the equipment suitable for
food contact.

The phase structure needed to perform the CIP operation
is implemented in a proprietary sequential control language,

Žrunning in an industrial DCS. At the highest level phase
.control , the pre-rinse, detergent service, detergent clean, and

post-rinse phases are started and stopped, respectively.
Phases call lower level sequences, which perform progres-
sively more detailed steps.

The rest of this section is devoted to the synthesis of the
procedural controller for the pre-rinse phase using the meth-
ods proposed here. Finally, it is shown how the procedural
controller is implemented as control code.

Controller synthesis
A simplified P&I diagram of the equipment employed for

the pre-rinse phase only is shown in Figure 16. Mains water
Žis fed via a complex series of valves collectively labeled ‘‘feed

.route’’ , pump P6, and valve SSV1-3 to tank T1. T1 is fitted
with a proximity switch PS1-1, which detects the position of
the lid. For safety reasons, the rinsing procedure must cease
should the lid be opened during operation. T1 is also fitted
with a continuous level sensor IT1-1. Spent water from tank
T1 is drained via valve AV1-41, pump P1, and a complex

Žseries of single and double-seat valves collectively labeled
.‘‘return route’’ to drain.

Pre-rinse is effected by successive drain and fill cycles.
High-pressure water from P6 is sprayed into T1 until a vol-
ume of 20 L is achieved. Pump P1 drains the residue to a
volume of 6 L after which the cycle repeats. Since the capac-
ity of P6 is much greater than P1, P1 need not be switched
off during the fill cycle. However to avoid cavitation, P1 is
deenergized if the volume in tank T1 falls below 3 L.

Step 1: Process Modeling. Eight elementary process mod-
els are identified from the flowsheet for the purpose of build-
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Figure 16. Simplified process diagram for pre-rinse
phase.

ing the process models and specifications. These include the
feed route, pump P6, valve SSV1-3, valve AV1-41, pump P1,
the return route, the proximity switch PS1-1, and the level
indicator IT1-1. The valves, pumps, and routes are all mod-
eled by similar two-state onroff FSMs, as shown in Figure 17
in which the two states are separated by controllable transi-
tions. Table 2 assigns to each controllable transition a unique
transition number.

The feed and return route FSMs model a series of valves
along a path. Routes are defined as ‘‘set’’ when every valve
along the path is open. To set or close a route requires a
sequence of primitive valve operations. These sequences are
subtasks of the pre-rinse phase, which are synthesized sepa-
rately. The tank lid may at any time be opened by an opera-
tor. Thus, the two states of the FSM modeling the tank lid
proximity switch are separated by uncontrollable transitions

Figure 17. Elementary two-state on/////off FSM for pre-
rinse case study.

Table 2. Controllable Transitions of FSM Model in
Pre-Rinse Phase Case Study

Item Transition Description Tag

Feed route A Set route 43
B Close route 44

P6 A Energize pump 17
B Deenergize pump 18

SSV1-3 A Open valve 1
B Close valve 2

AV1-41 A Open valve 33
B Close valve 34

P1 A Energize pump 7
B Deenergize pump 8

Return route A Set route 29
B Close route 30

as shown in Figure 18. IT1-1 continuously measures level. A
transition is defined when this measurement crosses one of
the thresholds as described earlier. The threshold levels are
defined at 3, 6, and 20 L. Thus, the four-state FSM shown in
Figure 19 models the level measurement from IT1-1.

The global state of the process is represented by the vector
of 8 elementary state-variables ordered as follows

feed route, P6, SSV1-3, PS1-1, IT1-1, AV1-41, P1,Ž
return route.

The fully interleaved process model, obtained from the
asynchronous product of the elementary FSMs contains 27=
4s512 states.

Step 2: Specification Modeling. The specifications for the
system emerge from a consideration of the equipment con-
straints and the desired startup, continuous, and emergency
operation. Forbidden states and dynamic specifications are
listed in Appendices E and F, respectively. There are two
types of dynamic specifications, the first specifies startup and

Ž .normal behavior Appendix F and the second denotes ab-
Ž .normal behavior Appendix F . Specifications are presented

first in natural language and then translated into predicate or
temporal logic formulas. For example, consider the first state
specification from Appendix E.

Figure 18. Proximity switch FSM for pre-rinse case
study.
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Figure 19. Level sensor FSM for pre-rinse case study.

If the feed route is not set then P6 cannot be energized.

This is imposed to protect pump P6 from dry pumping. It
translates into a predicate logic statement as follows

0, 1, `, `, `, `, `, ` sFALSE 9Ž . Ž .

The covering symbol ` is employed in Statement 9 to indi-
cate that the states of SSV1-3, PS1-1, IT1-1, AV1-41, P1 and
the return route are irrelevant to this specification. Expres-

Ž .sion 9 says that the state in which the feed route is closed
Ž . Žthat is, has the value 0 and pump P6 is energized that is,

. Žhas the value 1 is a forbidden state that is, cannot occur in
.the controlled system .

As an example of dynamic specification, consider the fol-
lowing statement taken from Appendix F handling abnormal
behavior

If the lid opens while P6 is energized, then immediately

de-energize P6 and close SSV1-3

This specification protects the operator from exposure to
the potentially dangerous cleaning fluid. It translates into the
following temporal logic formula

w x w x1, 1, 1, 1, `, `, `, 1 H t s532 ™` t s18 ™` t s2Ž . Ž .
10Ž .

Again, the covering symbol ` is employed to indicate that
the states of IT1-1, AV1-41, and P1 are irrelevant to this
specification. Formula 10 says that when both the feed and

Ž .product routes are set have the value 1 , SSV1-3 is open
Ž . Žthat is, has the value 1 and pump P6 is energized that is,

. Žhas the value 1 , if the lid opens that is, transition 532 oc-
.curs , then the next transition must be to de-energize pump
Ž .P6 that is, execute Transition 18 followed immediately by

Ž .closing valve SSV1-3 that is, execute Transition 2 . This TL
Žformula is translated into a 65-state FSM 64 states for the

refined state-variable lattice plus an extra state reached by
.Transition 18 .

Step 3: Synthesis of Maximal Controller Superstructure. The
512 state FSM obtained from the asynchronous product of
the elementary FSMs was reduced to a 128-state FSM follow-
ing the deletion of the forbidden states given in Appendix E
and the generation of the trim FSM accepting a controllable
language using Algorithm 1. In other words, all states outside
the controllable region are automatically avoided, and the 128
state structure represents the maximal superstructure of pro-
cedural controllers. Should the language not be controllable,
the design engineer must change either the P&I diagram or
the specifications.

Note that the design engineer could initially attempt to in-
clude a forbidden state specifying that the lid should never
be open when the pump is functioning. Since the transition

Žrepresenting the opening of the lid is uncontrollable that is,
the control system cannot prevent the operator from per-

.forming this action an empty maximal superstructure would
result. This indicates that one cannot prevent this state but
must rather specify actions for it, as done in formula 10.

Step 4: Controller Synthesis. On performing the syn-
chronous product of the maximal superstructure and the

Ž .temporal logic formulas Appendix F mapped to the FSM
domain and obtaining a controllable language, a 37 state
FSM, shown in Figure 20, was generated. Again, this FSM is
trim and its language is controllable. Thus, it can be inter-
preted as a procedural controller. Normal operation sequenc-
ing is indicated in the figure, comprising 15 nodes, while the
rest characterizes the abnormal operation.

Implementation in automated systems
Automated procedural control of chemical processes is

usually implemented by PLCs or DCSs. Control is exerted
upon a process as the program chains through a set of exe-

Ž .cutable instructions controlled transitions , branches, and
conditionals on plant feedbacks. Control algorithms are pre-
programmed into these devices using a variety of proprietary
languages. A long-term goal for the control systems industry
is to automatically generate provably correct low-cost mod-
ules of control code that can be implemented in one of these
devices. The feasibility of this goal is partially demonstrated
here by translating the procedural controller for the pre-rinse
phase, including normal and abnormal operation, into an
industrial proprietary sequential language, PARACODE
Ž .APV-Baker, 1994 and implementing it in a DCS. PARA-
CODE is a high level, sequential, real-time control language
which supports a modular structure. The language and its as-
sociated tools and control system has been in industrial use
for over 15 years mainly in the food industry. The procedural
controller synthesized here represents the operational part of
the phase while PARACODE supplies the computational and
monitoring support needed for real-time operation.
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Figure 20. Procedural controller for pre-rinse phase.

Requirements for Implementation of a Procedural Controller.
�In order to map a procedural controller Cs X, S, j , x ,0

4X into PARACODE, a mapping is required such that, form
every controllable transition, s gS a corresponding exe-c

Ž .cutable instruction such as, open valve exists and for every
uncontrollable transition s g S a conditional statementu
Ž .such as, if flag set then exists. This requirement can be met
by appropriate modeling of the primitive components from
which the FSM procedural controller is synthesized. Executa-

Ž . Žbles that is, controllable transitions and conditionals that
.is, uncontrollable transitions refer to various plant items in-

cluding pumps, valves, switches, counters, flags, or other de-
vices. In addition, the implementation of the procedural con-

Ž .troller C must have the ability to: a track the state transi-
Ž .tion function g within the program, and b initialize the pro-

gram in a state corresponding to x .0

FSM Implementation into a Sequential Real-Time Control
Language. The topology of C may be represented in a se-

Žquential program by associating a line or a number of se-
.quential lines in the code with every state xg X plus an

integer variable to uniquely identify x. A unique line num-
ber is attached to the first line of code corresponding to state
x in C. This line is always an assignment of the current

Žstate number to the diagnostic ®ariable a register used to
.store the corresponding state-variable value , and in PARA-

CODE reads

line number MOVN state number , diagnostic ®ariable

The requirement for the program to start at the initial state
x is met by the following command before any other exe-0
cutable

GOTO initial state line number

At any time, if C is in x, the program pointer is at or just
below this line. Each state generates one of the following code
structures:
Ž .1 If xg X , a command is inserted to freeze the pro-m

gram at its current position. Here marked states are those in
which the operation of the controller is to be temporarily
stopped. For example, a marked state is achieved once a con-
troller has established and interlocked a path through a valve
network by switching a series of valves. A freeze of the con-
troller is implemented via the command

HLSQ sequence number

Ž . Ž . Ž2 If g s , x !H s gS that is, if a controllable transitionc
.occurs from x , the subsequent code is defined by the map-

ping to an executable instruction. The executable instruction
set from the PARACODE language includes commands such
as

v ŽENGE To open a solenoid valve or to energize a pump
.and so on .
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v Ž .STSQ Starts a subroutine .
v Ž .RLTM Releases a timer .
v Ž .SEFL Sets a control flag .
Following a transition in C, the current state x changes to

a new state in X as defined by g . Correspondingly, the pro-
gram relocates to the line corresponding to the new state of
C. In PARACODE relocation is effected via the command

GOTO new line number

Ž . Ž . Ž3 For each s such that g s , x !H s gS that is, foru
.each uncontrollable transition from x , the next line of code

is defined by the mapping to a conditional followed by the
line number to which the program branches should the con-
ditional evaluate to true. This line number corresponds to
the new state defined by the transition function g .

The conditional set in PARACODE includes commands
such as:

v Ž .IFIE Tests on the status of valves or pumps, and so on .
v Ž .IFSNAC Tests the status of a subroutine .
v Ž .IFTZ Tests a timer status .
v Ž .IFFS Tests a control flag status .
v ŽIF argument, relational operator, ®alue that is, a rela-

.tional expression .
For example, if an uncontrollable transition corresponds to

a change in tank level from low to high level, the correspond-
ing PARACODE reads

IF le®el ®ariable, GT, ®alue, new line number

Following the set of conditionals, an additional GOTO com-
mand is required in order that the program remains in the
current state. Thus, the program is forced to await the un-

Ž .controllable transition s defined at that state.
Ž . Ž . Ž4 If g s , x is undefined that is, there exist no transi-

.tions from x , then a termination state has been achieved. At
this point, the controller irretrievably ceases all operations
Ž .c.f., the frozen state . This is implemented in PARACODE
by the STOP command.

The FSM procedural controller of Figure 20 was automa-
tically translated into a program in PARACODE, a small
sample of which is shown in Figure 21. The total number of
program lines for this module is 425. An additional 25 lines
of code were added by hand to inhibit existing sequences on
the DCS which would disrupt the CIP phase, should they be
inadvertently started while the CIP phase is in operation.

Finally, the PARACODE program was successfully com-
piled and executed on the DCS as part of the overall CIP
phase. Figure 22 shows the profile of the T1 level and the lid
position during an experimental pilot plant run of approxi-

Žmately 19 min. Normal and abnormal operations that is, up-
.sets in tank level and disturbance inputs from the lid switch

were all handled safely. At time 0, the pre-rinse module is
invoked, however, the pre-rinse is prevented from starting as
the tank lid is initially in the open position. At time 44s, the
lid is closed and the pre-rinse phase begins. Water is sprayed
into tank T1 by pump P6 filling it to a volume of 20 L. Mea-
surement and control lags, however, result in a level over-
shoot of 3 L. Pump P1 commenced operation once the level
first exceeded 3 L. The level is observed to cycle between

Figure 21. PARACODE sample.

nominal levels of 6 and 20 L until an event giving rise to an
abnormal situation occurs at time 373 s. At this time, an op-
erator has inadvertently opened the lid while the pre-rinse
phase is in operation. The controller responds by disabling
the filling cycle. The level in tank T1 continues to fall below 6
L until a value of 3 L is achieved at which time pump P1 is
deactivated to avoid dry pumping or cavitation. Once the lid
is again closed at time 530 s, the system returns to normal
operation.

In conclusion, the pre-rinse phase was found to work ex-
actly as specified under normal and abnormal circumstances.

Conclusions
Historically, the control of event-driven process operations

has received a different treatment from its continuous coun-
terpart. However, this article demonstrated that the synthesis
of feedback controllers for both types of operations can fol-
low a similar design philosophy. Here, a framework has been
proposed for the synthesis of feedback controllers for se-
quence behavior, termed procedural controllers, including the
theoretical background and a method for synthesis. The pro-
posed formal representation for the control law can be re-
fined into implementable control code, as has been shown in
this article with the generation of sequential control code for
a real process. The case study showed that the method is
promising for automatically generating control code relatively
free of errors. However, there is a need for further work in
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Figure 22. Experimental trace of a batch pilot-plant run.

several areas, in particular:
v Complex Control Structures. Issues related to hierarchi-

cal and modular control structures were identified in the case
study, for instance, in the division of the operation ‘‘phases’’
into ‘‘steps,’’ or in the aggregation of valves and pipelines into
‘‘routes.’’ Means for proper modeling, analysis, and synthesis
of these aspects are required.

v Time. All models are qualitative in time. This is practi-
cal for the generation of sequential control code used in ‘‘pure
reactive’’ systems, but real-time software implementations re-
quire the explicit quantitative consideration of time.

v Code Implementation. The procedural controller can be
considered as a formal specification of the logic for a dis-
crete-event control system. This specification must be used in
conjunction with methods and tools that guarantee a formally
correct implementation.

v Verification and Validation. The validation of the speci-
fication and the verification of the final results must be con-
sidered. Being the synthesis based on a process model, effi-
cient verification-validation techniques are still a need. Re-

cent attempts have been made in chemical engineering using
Žtechniques taken from software engineering Moon et al.,

.1992; Rotstein and Macchietto, 1995 .
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Appendix A: Proof of Proposition 1
Ž .Proof: Let K s L CrP and K s K D K where K and1 2 1

K meet conditions 1 and 2, respectively, of Definition 5.2
Ž .Thus, ;sg K , sg K E sg K . ´If L CrP is controllable1 2

Ž .with respect to L P then C is complete.
By definition of controllability, ;sg K , sg K E sg K .1 2

Two alternatives arise:
Ž .1 sg K . Then, from Definition 5,1

;s gS , ss F L P : K s L CrP s L CrP A1Ž . Ž . Ž . Ž .u u u

Ž . Ž . Ž .and since L CrP s L C F L P one can conclude that

;s gS , If d ss , q ! then g ss , x ! A2Ž . Ž . Ž .u u u 0 u 0

Ž .2 sg K . Again, from Definition 5,2

's gS , ss g K s L CrP s L C F L P , sS F K s0uŽ . Ž . Ž .c c c u

and then one can conclude that

's gS , s.t. g ss , x !Hg sS , x undefined A3Ž . Ž .Ž .c c c 0 u 0

U Ž . Ž .Now, ;sgS , s gS such that g s, x ! and d ss , q !u u 0 u 0
if sg K then, from Expression A2, Assertion 1 in Definition1
4 is true. On the other hand, if sg K , then from Expression2
A3, Assertion 2 in Definition 4 is true. One concludes that

Ž .K s L CrP is complete with respect to P.
Ž .•If C is complete with respect to P then K s L CrP is

Ž .controllable with respect to L P .
C is complete, then ;sgSU, s gSu u

g s, x !H d ss , q !´g ss , x !E 's gS s.t.Ž . Ž . Ž . Ž0 u 0 u 0 c c

g ss , x !Hg sS , x undefined A4Ž . Ž .Ž . .c 0 u 0

Ž . Ž . Ž .Now by definition of L P and L CrP , g s, x ! iff sg0
Ž . Ž . Ž .L CrP s K and d ss , q ! iff ss g L P . It is then possi-u 0 u
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ble to rewrite Expression A4 as

sg K H ss g L P ´ ss g K E 's gSŽ . Žu u c c

s.t. ss g K H sS F K s0u A5Ž ..c u

Define now

< UK s s sgS H ;s gS , ss g K A6� 4 Ž .Ž .1 u u u

U<K s s sgS H 's gS s.t. g ss , x !sS F K s0uŽ .� 4Ž .2 c c c 0 u

A7Ž .

From Expression A5, K s K D K . Moreover, from Ex-1 2
Ž . Ž .pression A6, K S F L P : K s L CrP and, therefore, K1 u 1

satisfies Assertion 1 in Definition 5. Finally, from Expression
17, K satisfies Assertion 2 in Definition 5. It is concluded2

Ž .then that L CrP is controllable with respect to P.

Appendix B: Proof of Theorem 1
Proof: From Definition 5, partition each language K i as

follows

K is K i D K i B1Ž .1 2

i iK S F L:K B2Ž .1 u

i i i;sg K , 's gS s.t. ss gK H sS FK s0u B3Ž .2 c c c u

Define N sD K i and N sD K i . Using Expression B11 i 1 2 i 2
i i Ž i i .for each language K , N s D K s D K D K si i 1 2

Ž i. Ž i .D K D D K and theni 1 i 2

Ns N D N B4Ž .1 2

i i iŽ .From Expression B2 for each K , D K S F L :D K .i 1 u i
Distributing the intersection and knowing that N is a regular
language

iD K S F L: NŽ .i 1 u

This expression can be rewritten as follows

iD K S F Ls N S F L: N B5Ž .Ž .i 1 u 1 u

Next, by definition of N , if sg N then 'K i s.t. sg K i
2 2 2

and using expression B3

;sg N , 's gS s.t. ss g N H sS F Ns0u B6Ž .2 c c c u

From Expressions B4, B5, and B6, N is controllable with re-
spect to L.

Appendix C: Generation of Maximal Superstructure
Proposition 2: Algorithm 1 generates the maximal super-

structure of procedural controllers.

< <Proof: The algorithm stops after at most X iterations
Ž .that is, when all the states in M are deleted . Next, it is

Ž .shown that K s L R is controllable. Assume that K is not
controllable. Then, from Definition 5, there exists sg K , su
gS s.t.u

ss g L P H ss f K H sS F K s0u C1Ž . Ž .Ž .u u c

Ž .In other words, sf K D K . From Expression C1, ' xg1 2
Ž . Ž .X, s g K , s g S such that x sg s, x , d ss , q !Hu u 0 u 0

Ž . Ž .g s , x is undefined. Moreover, ~/ s gS s.t. g s , x !. Theu c c c
Ž . Žconditions to apply Step 2 b are then satisfied that is, state

.x must be deleted , which contradicts the fact that the algo-
rithm stopped when no state to be deleted was found in the
last iteration.

Ž . ≠Ž .Next, it is shown by induction that L R s L M . Name
≠Ž .R the FSM obtained after i iterations. Obviously, L R si 0

≠Ž . Ž . Ž .L R s L R R is controllable and R s R . Now, assume0
≠Ž . Ž . ≠Ž . Ž .L R s L R and prove that L R s L R . Two alter-i iy1

natives arise, the first is that R was obtained applying Stepi
Ž .2 a of Algorithm 1

j < j jL R s L R D ss sg L R , s gS , ss g L M ,Ž .Ž . Ž . Ž .�iy1 i j u i u u u

's gS s.t. ss g L P H ss f L R C2w xŽ . Ž .Ž . 4u u u u iy1

Ž .Obviously, the string s as defined in L R is not con-iy1
trollable. It does not satisfy either condition 1 in Definition 5

wor Condition 2 a nonempty subset of the uncontrollable
Ž .transitions that can extend s in L P can extend s in

Ž .x ≠Ž .L R . One concludes that ;s g S , ss f L R .iq1 u u u iy1
Ž .Since these strings are the only difference between L R andi

Ž . ≠Ž . ≠Ž . Ž . ŽL R , L R s L R s L R from the induction as-iy1 iy1 i
.sumption . The second alternative is that R was obtainedi

applying Step 2b then

k < kL R s L R D s s s g L R , s gS ,Ž . Ž . Ž .�iy1 i j , k j u j i u u

ks s g L M , 's gS s.t. s s g L P , s s f L RŽ . Ž . Ž .j u u u j u j u iy1

H ~s gS , s s g L R C3Ž .Ž . 4c c j c iy1

and the same line of reasoning as before can be followed to
Ž .≠ Ž .show that L R s L R .iy1

Appendix D: Inductive Proof of Theorem 2
Proof: The first step is to prove by induction that the C

obtained is nonblocking. Initially, C s M is obviously non-0
blocking. Assume that at iteration n, C is nonblocking. Then,n
let x be the state selected at iteration nq1. At this iteration,
only the definition of g at x changes, so C will not benq1

Ž .nonblocking only if there is no string from x to Q in L CrP .m
There are three possibilities:
Ž . Ž .1 g at x is defined following 2 b . Then, in C , anynq1 nq1

Ž .s gS , s.t. g s , x ! can be extended to a string reachingu u nq1 u
Q .m
Ž . Ž .2 g is defined following 2 c . C is assumed to benq1 n

nonblocking and then any transition exiting x can be ex-
Ž .tended to a string reaching Q . Since conditions in step 2 bm
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are not satisfied, deleting from C all the uncontrollablen
transitions defined at x blocks at least one string sgSU s.t.
Ž . X Y U X Yg s , s, x g Q . Thus, 's , s g S s.t. s s s s ss sn u m u u c

w Ž X . x Ž . Ž .g s s , x s x and since after 2 c g s , x !, C is non-u nq1 c nq1
blocking.
Ž . Ž .3 g is defined following 4 d . x g X and thennq1 c
Ž .g S , x is undefined. Since C is nonblocking, 's gS , sn u n c c

U Ž .gS such that g s s, x gQ . Moreover, at least one ofn c m
X XŽ .these strings s s must be such that if s gs s then g s , x /c c n

Ž . wx. This s will eventually be selected in 4 d that is,c
Ž . Ž .xg s , x sg s , x and C will then be nonblocking.nq1 c n c nq1

Now it is shown that C is a procedural controller. All the
states that do not satisfy Definition 3 are in X D X . Onceu c

Ž .Ž . Žstep 2 is finished, from 2 a b , ; xg X and by definition ofu
. Ž . Ž .X also ; xg X g S , x is undefined or g S , x is unde-u c u

fined. The C obtained would not be a controller only if there
is a state x such that more than one controllable transition is

Ž .enabled at it that is, xg X . However, it has been shownc
Ž .above that ; xg X , g will be redefined at step 4 d enablingc

only one controllable transition. Therefore, C satisfies Defi-
nition 3.

It only remains to be proved that C is complete with re-
spect to M. A state xgC can make C incomplete only if

Ž . Ž's gS s.t. d s , x !. If xg X y X and note that byu u u u
.definition xf X , then the procedure does not affect thec

Ž . Ž .definition of g and since ;s gS, g s , x sd s , x , C is
Ž .complete in x. Otherwise, if xg X , then either step 2 a isu

Ž . Ž . Žapplied, and ;s gS , g s , x sd s , x that is, C is com-u u u u
. Ž .plete in x or step 2 b is applied. In the last case, two possi-

bilities arise. The first is that xg X and then g for thesec
Ž .states will be redefined in step 4 b . The second is that xf X .c

Ž . Ž .In both cases, 's gS s.t. g s , x sd s , x and again C isc c c c
complete in x.

(Appendix E: Static Specifications Forbidden
)States for the Case Study

Ž .1 If the feed route is not set, then P6 cannot be ener-
gized

0, 1, `, `, `, `, `, ` sFALSEŽ .

Ž .2 If the feed route is set and P6 is energized, then SSV1-3
cannot be closed

1, 1, 0, `, `, `, `, ` sFALSEŽ .

Ž .3 All items should remain in their relaxed state when the
feed route is closed

0, 0, 1, `, `, `, `, ` sFALSEŽ .

0, 0, 0, `, `, 1, `, ` sFALSEŽ .

0, 0, 0, `, `, 0, 1, ` sFALSEŽ .

0, 0, 0, `, `, 0, 0, 1 sFALSEŽ .

Ž .4 If AV1-41 is closed, then P1 must remain in its deener-
gized state

1, `, `, `, `, 0, 1, ` sFALSEŽ .

Ž .5 The return route must never be closed when P1 is en-
ergized

1, `, `, `, `, 1, 1, 0 sFALSEŽ .

Appendix F: Dynamic Specifications for the Case
Study

Normal beha©ior
Ž .1 If the lid is open, then do not leave the initial state

w x0, `, `, 0, `, `, `, ` ™` t /43Ž .

Ž .2 If IT1-1 is above 3 L, then do not leave the initial state

0 w x0, `, `, 1, ` , `, `, ` ™` t /43Ž .

Ž .3 If the lid is shut and IT1-1 is less than 3 L, set the feed
and return routes, open SSV1-3 and energize P6

w x w x0, 0, 0, 1, 0, 0, 0, 0 ™` t s43 ™` t s29Ž .

w x w x™` t s1 ™` t s17

Ž .4 Open AV1-41 and energize P1 once the feed and re-
turn routes are set and IT1-1 exceeds 3 L:

w x w x1, `, `, `, 0, 0, 0, 1 H t s535 ™` t s33 ™` t s7Ž . Ž .

Ž .5 Once the feed and return routes are set, they must al-
ways remain set while the controller is in operation

1, `, `, `, `, `, `, 1 ™I 1, `, `, `, `, `, `, 1Ž . Ž .

Ž .6 If IT1-1 is less than 3 L, do not open AV1-41 or ener-
gize P1

w x1, `, `, `, 0, `, `, 1 ™` t /33 H t /7Ž . Ž . Ž .

Ž .7 If IT1-1 exceeds 20 L, then deenergize P6 and close
SSV1-3

w x w x1, 1, 1, 1, 3, 1, 1, 1 ™` t s18 ™` t s2Ž .

Ž .8 If IT1-1 is below 20 L and the lid is shut, then keep
SSV1-3 open and P6 energized

3 w x1, `, `, 1, ` , `, `, 1 ™` t /18 H t /2Ž . Ž . Ž .

Ž .9 If IT1-1 is above 3 L, then keep AV1-41 open and P1
energized

0 w x1, `, `, `, ` , `, `, 1 ™` t /8 H t /34Ž . Ž . Ž .
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Ž .10 If the lid is shut, SSV1-3 is closed and P6 deener-
gized, do not reopen SSV1-3 if IT1-1 is above 6 L

0,1 w x1, 0, 0, 1, ` , 1, 1, 1 ™` t /1Ž .

Ž .11 Reopen SSV1-3 and reenergize P6 when IT1-1 reaches
a level between 3 and 6 L

w x w x1, 0, 0, 1, 1, 1, 1, 1 ™` t s1 ™` t s17Ž .

Abnormal beha©ior
Ž .12 If the lid opens while P6 is energized, then immedi-

ately deenergize P6 and close SSV1-3

w x w x1, 1, 1, 1, `, `, `, 1 H t s532 ™` t s18 ™` t s2Ž . Ž .

Ž .13 If the lid is open, do not open SSV1-3 or energize P6

w x1, `, `, 0, `, `, `, 1 ™` t /1 H t /17Ž . Ž . Ž .

Ž .14 If IT1-1 falls below 3 L, then immediately deenergize
P1 and close AV1-41

w x w x1, `, `, `, 0, 1, 1, 1 ™` t s8 ™` t s34Ž .
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