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h i g h l i g h t s

• We propose a model-based engineering framework for coordination of complex systems.
• The framework relies on a process theory geared towards supervisory coordination.
• We defined controllability by means of the partial bisimulation preorder.
• We characterize event history-based and data observer-based supervisors.
• The framework is employed for coordination of a printing process function.
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We propose a synthesis-centric model-based engineering framework for safe and nonblock-
ing coordination of distributed components of complex high-tech systems. The framework 
is based on a process theory geared towards supervisory coordination and control of non-
deterministic discrete-event systems under partial observation. Supervisory control theory 
deals with automated synthesis of provably correct models of supervisory controllers based 
on formal models of the system components and a formalization of the coordination re-
quirements. Based on the obtained models, code generation can be used to implement the 
supervisory controllers in software, on a PLC, or an embedded (micro)processor. The pro-
posed theory employs communication actions to distinguish between the different flows of 
information, i.e., observation of the system behavior and supervision by means of forward-
ing control signals. In addition, we consider the case of partial observation, where some 
behavior of the unsupervised system is hidden from the supervisory controller, e.g., due 
to lack of sensory information or internal inter-component communication. We revisit the 
notion of partial observation and treat it as a property of the supervisor, instead of condi-
tioning the control requirements, which is a standard approach. By employing a behavior 
relation termed partial bisimulation, we are able to succinctly and transparently capture 
the notions of controllability and partial observability.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Traditional software development techniques proved insufficiently flexible for development of quality control software, 
due to frequent changes in the control requirements and the ever-increasing demand for improved safety, performance, and 
ease of use [1]. This establishes the latter as an important bottleneck in design and production of complex high-tech systems, 
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Fig. 1. (a) Supervisory control; (b) Supervisory control feedback loop with event-based (partial) observations; (c) Supervisory control feedback loop with 
data-based observations.

which gave rise to supervisory control theory of discrete-event systems [2,3]. This theory studies automated synthesis 
of models of supervisory control software, which coordinates high-level discrete-event system behavior. The supervisory 
controllers are synthesized based on the formal discrete-event models of the unsupervised system and a formal specification 
of the control requirements. Based on the synthesized models, the control software is generated automatically, or it is 
implemented on a PLC or an embedded (micro)processor.

Supervisory controllers ensure safe and nonblocking high-level system behavior by coordinating the components of the 
system. They rely on observations made regarding the discrete(-event) system behavior by using sensory information, as 
depicted in Fig. 1(a). Based upon the observed signals, the supervisory controllers make a decision on which activities are 
allowed to be carried out safely, and send back control signals to the hardware actuators. By assuming that the supervisory 
controller reacts sufficiently fast on machine input, this supervisory control feedback loop is modeled as a pair of synchronizing 
processes [2,3]. The model of the machine, referred to as plant, is restricted by the model of the controller, referred to as 
supervisor. The synchronization of the supervisor and the plant, results in the supervised plant, which models the behavior 
of the supervisory control loop as depicted in Fig. 1(b).

Traditionally, the activities of the machine are modeled as discrete events, whereas the supervisor is a process that syn-
chronizes with the plant, enabling and disabling events by synchronizing or not synchronizing with them, respectively [2,3]. 
As a result, the supervisor comprises the complete history of the supervised system, i.e., it enumerates the state space of 
the supervised system [3,4]. The events are split into controllable events, which can be disabled by the supervisor in order to 
prevent potentially dangerous or otherwise undesired behavior, and uncontrollable events, which must never be disabled by 
the supervisor. The former model activities over which control can be exhibited, like interaction with the actuators of the 
machine, whereas the latter model activities beyond the control of the supervisor, like observation of sensors or interaction 
with the user and the environment.

The supervised plant must also satisfy the control requirements, which model the safe or allowed behavior of the ma-
chine. In addition, it is typically required that the supervised plant is nonblocking, meaning that it comprises no deadlock 
nor livelock behavior. To this end, every state is required to be able to reach a so-called marked or final state [2,3], which 
denotes that the plant can successfully complete its execution. The conditions that ensure the existence of such a supervi-
sor are referred to as (nonblocking) controllability conditions [2,3]. An additional fundamental assumption is the power of 
observation of the supervisor, i.e., the inability to observe all events or states originating in the plant, due to lack of sensory 
information. The existence of the supervisor in this case is additionally conditioned on the property of partial observabil-
ity, which intuitively ascertains that if the supervisor cannot distinguish between the observable part of two sequences of 
events or two states, then they should require the same control action.

The original supervisory control theory setting is language-based, employing automata with CSP-based synchroniza-
tion [5] to model the supervisory control loop [2]. Partial observability necessitated treatment of nondeterminism as it 
introduced choices between two identical events that lead to different system states, which again was handled using traced-
based notions [6]. Supervisory control theory of nondeterministic systems was studied on multiple occasions, again treated 
using trace-based notions, the most prominent of which is state controllability [7–9]. To enable a systematic algebraic study 
of supervisory control theory, a process theory geared towards supervisory control was proposed in [4]. This theory em-
ploys a behavioral preorder as a refinement relation between the supervised and the original plant to define controllability, 
inspired by the work of [10] that employs failure traces. The behavioral preorder is known as partial bisimulation, initially 
proposed in [11] as a foundation for a coalgebraic approach of supervisory control for deterministic systems.

In this paper, we extend the process theory of [4] with data and communication primitives in order to improve the mod-
eling convenience and to model the supervisory control feedback loop more precisely. The introduction of the data elements 
enables us to specify the control requirements in a more compact and more transparent manner, which was inspired by 
analysis of specification documents in multiple industrial case studies [12–15]. The communication primitives are employed 
to distinguish between the separate flows of information between the plant and the supervisor in Fig. 1(b). Relying solely 
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