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Abstract. Constraint-based processes require a set of rules that limit
their behavior to certain boundaries. Declarative languages are better
suited to modeling these processes precisely because they facilitate the
declaration of little or no business rules.These languages define the ac-
tivities that must be performed to produce the expected results but not
define exactly how these activities should be performed. The present pa-
per proposes a new approach to deal with constraint-based processes.
The proposed approach is based on supervisory control theory, a formal
foundation for building controllers for discrete-event systems.The con-
troller proposed in this paper monitors and restricts execution sequences
of tasks such that constraints are always obeyed. We demonstrate that
our approach can be used as a declarative language for constraint-based
processes.
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1 Introduction

Constraint-based processes require a set of rules that limit their behavior to
certain boundaries. Declarative languages are better suited to modeling these
processes precisely because they facilitate the formal declaration of such busi-
ness rules [1] [2] [3]. These languages define the tasks that must be performed to
produce the expected results but not define exactly how these activities should
be performed. Thus, any execution order of tasks is possible provided that the
constraints (imposed by the rules) are not violated. On the other hand, there
are processes that require a strong imposition of rules for their implementation.
These processes are called rigid or highly structured processes. Imperative lan-
guages are better suited for modeling these processes because, unlike declarative
languages, they define exactly how a set of tasks should be performed. Thus, we
need a model that explicitly defines the ordering and execution of activities.

An imperative model focuses on specifying exactly how to execute the pro-
cess, i.e., all possibilities have to enter into the model by specifying its control-
flow. Procedural (or imperative) models (e.g. BPMN, EPC, YAWL, WF-Nets or
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Petri Nets), provide constructs such as AND/OR-splits, AND/OR-Joins, etc. A
declarative model specifies a set of constraints, i.e., rules that should be followed
during the execution. In this way, the declarative model implicitly defines the
control-flow as all possibilities that do not violate any of the given constraints.

Many approaches has proposed to add control to the business processes and
to avoid incorrect or undesirable executions of the tasks. A stream of research
proposes using rule-based or constraint-based modeling languages [11] [12] [13].
DECLARE is developed as a constraint-based system and uses a declarative
language grounded in Linear Temporal Logic (LTL) [4] for the development
and execution of process models[2] [3]. With DECLARE, constraints determine
activity order, and thus, any order of execution sequence is possible as long as
constraints go un-violated.

In the present paper we propose a new approach to deal with constraint-based
processes founded on the Supervisory Control Theory [5]. The new approach
proposes a control system based on modular supervisors [6] which restrain the
process to not violate the constraints. This action is accomplished through dy-
namic disabling of some events in order to restrain the state space of process. We
consider that there may contain substrings that are not allowed. These substrings
may violate a desired ordering of events and they need to be avoided. Thus, a
modular supervisor is built in order to ensure that the whole set of constraints
is not violated. This approach is declarative because it does not limit the user
by imposing rigid control-flow structures. In fact, the basis of this approach is to
inform users of which tasks are not allowed after an observed trace of events at
run-time, and users operate with some freedom because they choose execution
sequences allowed under supervision.

According to [7], constraints or business rules include the following aspects:
ordering-based (i.e., execution order of tasks in cases), agent-based (i.e., involve-
ment of a role or agent in cases and processes), and value-based (i.e., forms
belonging to a task). In the present paper we consider only the ordering-based
constraints.

2 Supervisory Control

Supervisory control theory (SCT) [5] has been developed in recent decades as
an expressive framework for the synthesis of control for Discrete-Event systems
(DES). The SCT is based on automata theory, or dually formal language theory,
depending on whether one prefers an internal structural or external behavioral
description at the start. In SCT, the behavior of a DES is modeled by an au-
tomaton. The restrictions to be imposed on the DES can be expressed in terms
of a language representing the admissible behavior and it is named specification
[5]. The SCT provides computational algorithms for the synthesis of a minimally
restrictive supervisor that constrains the behavior of the DES by disabling some
events in such a way that it respects the admissible language and that it ensures
nonblocking, i.e., there is always an event sequence available to complete a task
(or to reach a marked state in terms of automata theory).
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Let a Constraint-based Process (CP), modeled at the untimed (or logical) level
of abstraction, and whose behavior must be restrained by supervisory control
in order to not violate a given set of constraints. Let us assume that the given
CP is modeled by automaton G, where the state space of G need not be finite.
Let Σ be the event set of G. Automaton G models the uncontrolled behavior
of the CP. The premise is that this behavior is not satisfactory and must be
modified by control; modifying the behavior is to be understood as restricting
the behavior to a subset of L(G). In order to restrain the behavior of G we
introduce a supervisor; supervisor will be denoted by S. The language L(G)
contains strings that are not acceptable because they violate some constraint or
nonblocking condition that we wish to impose on the CP. It could be that certain
states of G are undesirable and should be avoided. These could be states where
G blocks, via deadlock or livelock; or they could be states that are inadmissible.
Moreover, it could be that some strings in L(G) contain substrings that are not
allowed because they may violate a desired ordering of certain events. Thus, we
will be considering sublanguages of L(G) that represent the legal or admissible
behavior for the CP.

SCT consider a very general control paradigm for how S interacts with G.
In this paradigm, S sees (or observes) some, possibly all, of the events that
G executes. Then, S tells G which events in the current active event set of G
are allowed next. More precisely, S has the capability of disabling some, but
not necessarily all, feasible events of G. The decision about which events to
disable will be allowed to change whenever S observes the execution of a new
event by G. In this manner, S exerts dynamic feedback control on G. The two
key considerations here are that S is limited in terms of observing the events
executed by G and that S is limited in terms of disabling feasible events of G.
Thus, it is considered the presence of observable events in Σ - those that S can
observe - and the controllable events in Σ - those that S can disable.

In SCT, the event set of G is partitioned into two disjoint sets, being the set
of controllable events Σc, and the set of uncontrollable events Σuc. An event
is classified as controllable if its occurrence can be disabled by supervisor. It
is classified as uncontrollable in the opposite case. An event might be modeled
as uncontrollable because it is inherently unpreventable. Formally, a supervisor
S : L(G) → 2Σ is a function that maps from the sequence of generated events to
a subset of controllable events to be enabled or disabled. The optimal behavior
of the process G under supervision of supervisor S is represented by the language
marked by the automaton S/G.

3 Modeling of Constraint-Based Processes

In order to apply the SCT for controlling constraint-based process, it is neces-
sary to obtain two models: (1) the model of the system under control and (2)
the model of constraints. We consider that a constraint-based process is consti-
tuted of a set of tasks. In our approach each task is assigned to an automaton
representing its behavior. This automaton represents the states through which
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a work item passes during execution of such process. This automaton models
relevant aspects that will be considered for supervisory control: the beginning,
ending and the cancelation of a task. We assume each task ti (i = 1, 2,,n) is
modeled as an automaton with two states: (1) an initial state means the task is
not being executed (a case has not entered) and (2) another state means a case is
being processed. With event start (tis), the task is initiated (state 1 is reached).
When it finishes, signaled by the occurrence of event complete (tic) or cancel
(tix), it returns to initial state. According to this model, a task may be executed
repeatedly over the same instance. We consider that only the beginning of a task
is a controllable event. It means the control action is only possible before a task
has been initiated. After a task begins, the supervisor can not avoid its ending
or canceling. Fig. 1 shows the generic automaton that represents a task ti.

Fig. 1. Automaton representing a task ti

The tasks involved in a constraint-based process will be considered the sys-
tem under control. To represent the behaviour of such system, the synchronous
composition between automata is the solution. In this case, we obtain the un-
controlled behaviour of the constraint-based process. To calculate the supervisor
that avoids undesired sequences (which violate constraints), it is necessary to ex-
press constraints in terms of automata. The set of constraints presented in [9] is
considered as a start point for building our set of automata.

In the previous work [8] we propose four groups of constraints and each con-
straint is modeled by a formal model as in [9]: (1) existence, (2) relation, (3)
negation and (4) choice. Existence models specify how many times or when one
activity can be executed. Relation models define some relation between two (or
more) activities. Negation models define a negative relation between activities.
Choice models can be used to specify that one must choose between activities.
Considering the application of SCT, we use automata to represent the whole
set of constraints. Instead of modeling in LTL as in [9], these four groups are
modeled by automata. Fig. 2 shows two examples of constraints over the execu-
tion of two tasks t1 and t2 (the reader may check the whole set of constraints in
[8]). The precedence model requires that task t2 is preceded by task t1, i.e., it
specifies that task t2 can be executed only after task t1 is executed. In this case,
other tasks can be executed between tasks t1 and t2. The 1of2 model specifies
that at least one of the two tasks t1 and t2 has to be executed, but both can be
executed and each of them can be executed an arbitrary number of times.
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(a) Constraint precedence
model

(b) Constraint 1of2 model

Fig. 2. Examples of constraints

4 Example of Application

As an example to illustrate our approach, we use the same process treated in
[3]. It is a process for handling a patient at the first aid department in a hospital
with a suspicion of a fracture. Fig. 3 shows the activities of such process depicted
as boxes. There are four constraints to be imposed to this process. Constraint
init C1 specifies that task examination must be the first executed task in an
instance. A specialist may ask for a X-ray to additional diagnosis. Depending on
the absence, presence and type of fracture, there are several types of treatment
available, such as sling, fixation, surgery and cast. Except for cast and fixation,
which are mutually exclusive (constraint not co-existence C4), the treatments
can be given in any combination and each patient receives at least one treatment
(1of4 constraint C3). Additional diagnosis (X-ray) is not necessary when the
specialist diagnoses the absence of a fracture during examination. Without this
additional diagnosis, the patient can only receive the sling treatment. All other
treatments require X-ray to rule out the presence of a fracture, or to decide how
to treat the fracture (constraint precedence C2). Simple fractures can be treated
just by cast. Moreover, the specialist can provide medication at any stage of
the treatment. Also additional examinations and X-rays can be done during the
treatment.

We assume each task ti (i=1,,7) of the process for handling patient is mod-
eled by an automaton as shown in Fig. 3. Fig. 4 shows the constraints C1,
C2, C3 and C4 modeled by automata. Considering that we use a modular ap-
proach of SCT [6], one supervisor is synthesized in order to satisfy each con-
straint. The first step to synthesizing modular supervisors is to obtain the local
plant for each constraint. Local plants for C1, C2, C3 and C4 are given by
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Fig. 3. Process for handling a patient at the first aid

(a) Constraint init (b) Constraint precedence

(c) Constraint 1of4 (d) Constraint not co-existence

Fig. 4. Examples of constraints
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GlC1 = t1||t2||t3||t4||t5||t6||t7, GlC2 = t2||t4||t5||t6, GlC3 = t4||t5||t6||t7, and
GlC4 = t5||t6, respectively. Synthesis of local supervisor Sj is performed con-
sidering corresponding constraint Ck (k=1,2,3,4) and its local plant Glk. Using
algorithms proposed by [5] and [10], the four modular supervisors are obtained,
each one guaranteeing that constraints will not be violated.

Each modular supervisor show in Fig. 5 disables a set of controllable events
according to its states. A corresponding pair (Sj, Φj) represents each supervisor,
where Φj represents the output map. Considering local supervisors Sj shown in
Fig. 5, their output maps are: S1 is Φ1(0) = t2s, t3s, t4s, t5s, t6s, t7s, Φ1(1) = ∅;
S2 is Φ2(0) = t4s, t5s, t6s, Φ2(1) = ∅; S3 is Φ3(0) = ∅, Φ3(1) = ∅; and S4

is Φ4(0) = ∅, Φ4(1) = t5s, t6s, Φ4(2) = t6s, Φ4(3) = t5s. The aim of each
modular supervisor is to restrain a set of tasks to a limited state space (defined
by each constraint). Thus, the related constraint is not violated. In Fig. 5, the
box attached to each state represents the set of disabled events (the output map
of each modular supervisor).

Fig. 6 shows the interplay between tasks t5 and t6 and the modular supervisor
S4. In the initial state S4, there is no controllable event being disabled (Φ4(0) =
∅). Thus, both tasks t5 and t6 may be initiated (as shown in Fig. 6(a)). It means
users are able to choose one of them to initiate. In the case t5 has been chosen,
the state 1 of S4 is reached and a new output map is established. Fig. 6(b)
illustrated this situation. In state 1 of S4, the controllable events t5s and t6s are
disabled (Φ4(1) = t5s, t6s). It means users can not initiate task t6 unless task

(a) Supervisor S1 (b) Supervisor S2

(c) Supervisor S3 (d) Supervisor S4

Fig. 5. Models of supervisors
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(a) Interplay in initial state

(b) Initiation of task t5

Fig. 6. Interplay between tasks t5 and t6, and supervisor S4

t5 be canceled. By completing the execution sequence based on output map of
supervisor S4, users are guaranteed no violation of constraint not co-existence
between tasks t5 and t6.

The control action imposed by modular supervisors allows for many execution
paths. Using this approach it is not necessary to include or represent these paths
explicitly. For example, the not co-existence constraint between tasks cast (t5)
and fixation (t6) is difficult to express in imperative languages, considering that
the choice between these two treatments is not fixed. In an imperative language
one would need to decide on the moment of choice, specify the loop behavior,
and determine the people making these choices. In the proposed approach, the
modular supervisor S4 only tells which tasks are allowed to beginning (in some
active set of enabled tasks). It does not force which task has to initiate. Instead,
the choice is made by users. Also, the behaviour imposed by 1of4 constraint
allows for multiple execution paths. In this case it is necessary a high flexibility
of execution of tasks surgery (t4), fixation (t5), cast (t6) and sling (t7). The aim
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is that a patient may receive any of these treatments in any combination and at
least one of them. The modular supervisor S3 just tell us that any sequence is
possible but a marked state is only reached after the ending of one of the treat-
ments. It means while one of these tasks does not finish, the constraint remains
violated. Moreover, after the ending of one of the treatments, any combination
of the available treatments is possible.

5 Conclusion

Supervisory control theory allows an automatic synthesis of supervisors that
the constraints are not violated in a minimally restrictive way and ensures that
this behavior is non-blocking (i.e., there is always an event sequence available
to complete an activity). Thus, new control actions may be rapidly and au-
tomatically designed when modifications, such as redefinition of constraints or
tasks arrangements, are necessary. The constraint-based processes can be made
to behave optimally with respect to a variety of criteria, where optimal means
in minimally restrictive way. Among the criteria are safety specifications like the
avoidance of prohibited regions of state space, or the observation of services pri-
orities; and liveness specifications, as least in the weak sense that distinguished
target states always remain reachable. Thus, the obtained solution using SCT is
correct by construction.

The control approach presented in this paper aims to monitor and restrict
execution sequences of tasks such that constraints are not violated. Despite the
control logic is built based on constraints, it does not limit the user by imposing
rigid control-flow structures. In fact, the basis of our approach is to inform users
of which tasks are not allowed after an observed trace of events at run-time,
and users operate with some freedom because they choose execution sequences
allowed under supervision. Users can adopt this service as a guide to execute
tasks with a guarantee that constraints are followed and goals are met. The
control approach presented here also offers flexibility to users to choose execution
sequences, and it is even possible for users to execute tasks simultaneously with
no rules violations.

In constraint-based process is difficult to envision all possible paths and the
process are driven by user decisions rather than system decision. Here processes
are less repetitive and the emphasis is on flexibility and user empowerment. On
the other hand it is difficult to model more abstract relations between tasks
when the user has many choices in each state. So, a formal foundation to deal
with constraint-based processes is very welcome. Despite the many theoretical
results and innovative prototypes, few of the research ideas have been adopted
in commercial systems. In fact this is a limitation of the use of the SCT so far.
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