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of an automated laboratory system. Current automated laboratory systems 
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of modeling the system dynamics and designing supervisory controllers to 
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Classical approaches to supervisory controller design tend to result in complex 
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paper, a new approach to designing supervisory controllers for automated 
laboratory systems is introduced. This new approach uses a modular controller 
structure that is easier to implement, maintain, and upgrade,and deals with "state 
explosion" issues in a novel and efficient way. 
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1. Introduction

A recent trend in the design of laboratory systems has been 
to construct them from several interacting and interconnected 
processes that are primarily guided by computers and equipment 
controllers. In designing automated laboratory systems for 
controling several processes, it is important to consider how 
the control of a sequence of process can be coordinated to 
achieve an intended purpose. Traditional system control theory 
has been concerned with systems of continuous variables 
modeled by differences or differential equations. Discrete 

event systems (DES) theory, on the other hand, involves the 
study of systems that consist of logical and symbolic states 
rather than numeric states[13]. Supervisory Control Theory 
(SCT) was conceived and developed by P.J. Ramadge and W. 
M. Wonham[1-3]. Discrete Event Systems (DES) can be 
applied to the automated laboratory systems to satisfy main 
controller requirements for their modeling, modification, and 
improvement. 

Many applications for implementing real systems by using 
the ability of Supervisory Control Theory (SCT) to control the 
sequence of processes in DES have been proposed in the 
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literature[4,5,7,8,11,12]. 
This paper proposed a main controller based on a DES 

using SCT in order to address situations in which, a main is 
requested to not only control each process separately but also 
to control sequencing of processes without conflict. 

The design complexity of such a controller, however, could 
make difficult to implement and then alter or modify in the 
future. In addition, any automata designed to model such 
system processes must be combined in parallel if they are to 
accurately model their concurrent operation.

Parallel automata composition is a method for combining 
automata in order to describe the behavior resulting from their 
simultaneous running; however, implementing the state incre-
ment in such parallel composition called the “state explosion”, 
in which the number of the states produced by parallel 
composition increase exponentially. In such cases, implemen-
tation of the automaton resulting from parallel composition 
can be very difficult, impractical or even impossible.

DES implementation may incur state explosion by combining 
automata that model a system and a controller in parallel and 
issues with complexity and state explosion are the main 
reasons why there have been so few studies to date on the 
management of DES applications. This paper proposes a new 
modular structure for the convenient modification and expansion 
of systems that uses a new approach for reducing exponential 
state growth and managing complexity.

2. New modular control structure of DES 
implementation 

2.1 Introduction of modular control structure 
In order to reduce and manage complexity and state explosion, 

this paper suggests a new modular design using multiple threads. 
Based on the work of P. J. Ramadge and W. M. Wonham, 
who proposed the use of modular supervisory control to reduce 
computational complexity[2,6,16], the present work presents a 
modular supervisory control method in which control tasks are 
separated into smaller subtasks for which subsupervisors are 
then designed. In order to avoid state explosion that would 
arise from combining the modular automata into a monolithic 
supervisor, a decentralized supervisory control method is 
applied[15,16]. 

Previous researchers[9,10] have tried to apply DES with 
modular supervisory control to real systems, and even though 
the decentralized modular approach has advantages in term of 
the modification, analysis and maintenance of a system, it has 
its disadvantages as well. 

An individual subsupervisor can observe and control only 
a part of an entire system. As each subsupervisor is isolated 
from other subsupervisors and works independently on the 
basis of local information, the functioning of these may cause 
conflict at a system and lead to overall system blocking. Thus, 
this paper proposes a modularized supervisory controller to 
obtain benefits such as modification and expansion convenience. 
In this manner, modules can be combined into a centralized 
controller to avoid the above mentioned problems with 
decentralized controllers.

In this paper, a method for designing a centralized controller 
without state explosion is presented as follows.

2.2 New modular design
A schematic diagram of our new-approach modular control 

structure is shown in Fig. 1. In this system, entire system tasks 
are divided into several processes based on purpose; for 
instance, a controller is separated into a high-level and a 
low-level controller as shown in Fig. 1. 

The low-level automata comprising the low-level controller 
describe the operation sequence of physical hardware and 
each low-level automaton represents a model of the low-level 
dynamics of the associated process and observes low-level 
events of the process. In other words, the low-level automata 
control sequences of events in the low-level process in order 
to manage corresponding operations such as the machine’s 
point-to-point operations. Instead of being combined together 
in parallel, low-level automaton is connected in parallel to an 
interactive component as shown in Fig. 1. 

The high-level controller is composed of high-level 
automata that connect with the low-level controller through an 
interactive component. Each high-level automaton observes 
events occurring within the low-level controller and control 
sequencing of its operations. As an example, high-level 
automata managing low-level automata that describe the 
motions of several machines will decide which machine will 
start first, then second, then third, etc. The high-level automata 
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Fig. 1 Modular control structure using new approach Fig. 2 Two machines and one buffer example

are not combined in parallel either, like the low-level 
automata, they are each connected in parallel with a single 
component as shown in Fig. 1. 

The interactive component communicates with a graphical 
user interface (GUI) with which a user can send commands 
to a controller through an interactive component. Commands 
sent from the GUI are altered so that they are recognizable 
by the controllers. While in a decentralized control system, 
each subsupervisor separately controls its corresponding target, 
the new modular system proposed here is designed for 
eventually in a centralized control system, and, therefore, its 
high-level automata do not separately control single low-level 
automata. Instead, the high-level automata are connected to a 
component called “Collect & Compare” in a high-level 
controller. This high-level controller receives and compares 
state information produced by the high-level automata through 
the “Collect & Compare” component and, upon recognizing 
the occurrence of a desirable event in the current state 
situation, allows it.

2.3 Concurrent operation of Automata 
Typically, a result automaton of parallel composition is 

required to describe the concurrent behaviors of automata. 
However, by combining automata in parallel, the total number 
of states increases exponentially. If, on the other hand, the 
automata run concurrently without parallel combination, the 
result would be equivalent to a parallel composition automaton 
that can describe concurrent behavior without incurring state 
explosion. 

In addition, concurrent operation of low-level automata will 
increases the efficiency of system operation because the low- 
level automata can control hardware in parallel. Several 
methods exist for running automata concurrently, including 
applying multiple processes or threads or, using multiple 
computers or CPUs. In the system proposed in this paper, 
multiple threads are used for running automata in parallel 
because doing so saves memory and computer resource and 
because automata run by multiple threads can easily 
communicate with each other[18,19]. Multiple threads are 
created and assigned to high- and low-level automata 
separately, which run on their own threads concurrently. In 
the next section, the new modular design for a DES application 
will be introduced and explained in detail using case studies.

- Case Study I : Two machines and one buffer
A system consisting of two machines and one buffer 

represents a simple, but useful example for demonstrating the 
structure and operation of the new modular design for DES 
implementation. Fig. 2 shows a model system consisting of 
two machines (M1 and M2) and one buffer (B) that can hold 
only one part at a time. When M1 is started, it processes a 
part from its supply, and, upon finishing this task, places the 
part into Buffer (B) before returning to its idle state and 
awaiting the next process. M2 is then started, the part from 
the Buffer is removed, and processing of the part is begun. 
An “overflow” problem occurs if M1 tries to place a part into 
a full buffer, while an “underflow” occurs if M2 tries to 
remove a part from an empty buffer. 

In this example, it is assumed that all machine starts and 
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Fig. 3 Example of automata modeling two machines and one 
buffer

Fig. 4 Example of modular control structure for two machines 
and one buffer

finishes can be observed but only starts are controllable.
In classical methods, a system like two machines and one 

buffer is modeled using automata that consider all possible 
state transitions in their design and, as such, contain both 
desirable and undesirable state transitions. The automata are 
then combined in parallel to describe concurrent automata 
behaviors. As the parallel composition result automaton has 
undesirable states and transitions, these are removed in order 
to produce a controller that allows only desirable state 
transitions. 

Owing to the possibility of state explosion being generated 
by parallel composition, this classical method becomes 
impractical, for complicated systems that must be modeled by 
many automata. 

In the new approach suggested in this paper, an automaton 
that includes only desirable state transitions is used to 
represent each process as shown in Fig. 3. However, even 
though the automata are designed to have only desirable state 
transitions, it can not guaranteed that a parallel composition 
result automaton composed of such automata will not have a 
blocking state. 

In order to determine whether or not blocking states are 
present, therefore, the UMDES software library developed at 
University of Michigan was used to develop a result 
automaton and inspect it to examine whether it has blocking 
states. Using UMDES made the development and testing of 
this parallel composition result automaton for inspecting states 
simple.

Implementation of the result automaton of parallel com-
position, however, proved to be impractical because it has 

many states. We suggest here, therefore, a new modular design 
approach for practical and convenient implementation of a 
system that does not use parallel composition. The automata 
shown in Fig. 3 can be considered to be high-level automata 
because they control the operational sequences of M1 and M2, 
instead of the machines’ point-to-point movements. The figure 
includes labels for several states, including “I1”, “P1”, “E” and 
“F”, which stand for “M1 idle”, “M1 processing”, “Buffer 
Empty” and “Buffer Full’ respectively.

New modular design approach is used to implement the 
system consisting of two machines and one buffer shown in 
Fig. 4.

In this system, the overall controller is composed of a 
high-level and a low-level controller. In the low-level controller, 
two low-level automata control the movements of two 
machines, M1 and M2. Each of the two low-level automata is 
connected to an interactive component; the M1 low-level 
automaton is connected to and communicates with machine 
1 (M1). An “s1” event that means “M1 starts” occurs; the M1 

low-level automaton begins to operate and exchanges 
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Fig. 5(a) Work flow of high-level controller

commands with machine M1 and so M1 begins performing its 
task. After finishing its task, M1 returns to its idle state and 
an “f1” event that means “M1 finishes” is returned to an 
interactive component used to interconnect low-level 
automata. Any new low-level automaton added to control new 
processes can be connected with the interactive component, 
enabling the low-level controller to be conveniently modified 
and expanded. 

An interactive component communicates with a Graphical 
User Interface (GUI) through which a user can send machine 
commands for execution. This interactive component receives 
commands sent from a user and then, changes user commands 
into low-level type commands called “proposed commands” 
that serve as translations readable by the controller of the user 
commands. In this system, proposed commands sent by the 
interactive component, are relayed first to a high-level 
controller used to control the sequence of low-level automata.

All of the high-level automata are connected to a component 
called “Collect & Compare”, which is an algorithm rather than 
a dynamic system that receives current feasible events from 
the high-level automata and compares each of these with a 
proposed command from an interactive component in order to 
determine which events are feasible for the current states.

Because threads are assigned to both high- and low-level 
automata, they are able to run concurrently. For instance, after 
M1 puts a part into a buffer (B), M2 removes the part from 
B and begins processing; because two low-level automata can 
run concurrently, M1 and M2 can perform these tasks 
simultaneously. 

This method increases the efficiency of work. Given this 
setting, how can a high-level controller determine which 
events are feasible for the current states? Figs. 5(a), (b), and 
(c) show schematically how a high-level controller judges 
whether or not events are allowable. In the Figs. 5(a), (b), and 
(c), the numbers in parentheses indicate the respective work 
steps:

- Step 1: Fig. 5(a) 
(1) The high-level controller starts at the initial states of the 

high-level automata, M1, M2, and B, which are labeled 
“I1”, “I2”, and “E” respectively.

(2) The high-level automata send the current feasible events 
corresponding to their initial states to the “Collect & 
Compare” component: M1 sends “s1”, as the current 
feasible event for its initial state “I1”; M2 sends “s2” and 
B sends “s1” and “f1”.

(3) The interactive component sends “s1” (meaning that a 
user wants to execute M1) as a proposed command to 
“Collect & Compare” component. 

(4) The “Collect & Compare” component compares the 
current feasible events “s1”, “s2”, and “f1” sent from the 
high-level automata with the proposed command “s1”. As 
a rule of parallel composition, “s1” is a feasible common 
event on the current states of the high-level automata. 
Using its programmed algorithm. “Collect & Compare” 
component can determine which events are common and 
which are private as well as when an event becomes 
feasible on the current states of the high-level automata.

(5) As “s1” has been determined to be feasible, “Collect & 
Compare” component sends “s1” simultaneously to the 
three high-level automata and an interactive component. 
Based on this, the high-level automata change their states; 
in the case of an “s1” event, only the M1 high-level 
automaton changes its state from “I1” to “P1”. The 
interactive component executes the allowable event “s1” 
in order to induce M1 into performing its task.

- Step 2: Fig. 5(b)
(1) As an M1 automaton has changed its state, the new current 

states of M1, M2, and B become “P1”, “I2”, and “E” 
respectively.
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Fig. 5(b) Work flow of high-level controller Fig. 5(c) Work flow of high-level controller

(2) For these current states, the feasible events for M1, M2, 
and B are “f1”, “s2”, and “s1, f1” respectively. The 
high-level automata, M1, M2, and B, send these new 
feasible events to the “Collect & Compare” component.

(3) In the low-level controller, the movement in M1 triggered 
by the previous “s1” event finishes, and an “f1” event, 
indicating that the buffer is full, is triggered. The 
interactive component then sends “f1” to “Collect & 
Compare” component.

(4) The “Collect & Compare” component uses its feasibility 
algorithm to determine that “f1” is feasible on the current 
states of the three high-level automata.

(5) “Collect & Compare” component then sends “f1” to the 
high-level automata, M1, M2, and B; based on this, M1 and 
B change their states.

- Step 3: Fig. 5(c)
(1) In step 2 above, the M1 and B automata changed their 

states. The states of M1, M2, and B automata are now “I1”, 
“I2”, and “F” respectively, as shown in Fig. 5(c).

(2) The feasible events for the new current states of M1, M2, 
and B are “s1”, “s2”, and “s2” respectively. As a buffer 
is full and can hold only one part at a time, only “s2” 
is feasible among these and, therefore, it is feasible to 
move M2 to remove the part from the buffer; if an “s1” 
event were feasible for the current set of states, the 
operation of M1 could cause an “overflow” problem to 
occur. A high-level controller for the current states event 
waits for a proposed command or event from an interactive 

component; as this controller, allow only “s1” to be next 
event, it blocks occurrences of the other events for the 
time being.

- Case study II : Six machines and four buffers
The “Two machines and one buffer” example examined 

above is a simple but very useful tool for explaining the basic 
concept underlying the proposed modular control structure for 
DES implementation. The “Two machines and one buffer” 
example, however, is too simple to determine all of advantages 
of applying the new approach in order to manage complexity 
and state explosion. Therefore, a “Six machines and four 
buffers” example[20], is introduced in this section. Using this 
example can demonstrate how a DES application can expand 
and modify its modular structure in order to develop 
increasingly complex systems. An application result of new 
approach will then be compared with a classical approach in 
order to determine its advantages in terms of managing 
complexity and state explosion. Fig. 6 shows a diagram 
representing the “Six machines and four buffers” example 
discussed here. As shown in Fig. 6, the system consists of 
three “Two machines and one buffer” groups.

These are connected with each others through a shared third 

buffer called “B3”. Except for the presence of B3, the 
operation of each group is similar to that in the single “Two 
machines and one buffer” example discussed in previous 
section. Machines M2 and M4 place parts into “B3”, M5 

removes parts from the buffer”, and each group can be 
modeled using automata similar to the prior example. Fig. 7 
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Fig. 6 Example of Six machines and four buffers

Fig. 7 Automata of the “Six machines and four buffers”
Fig. 8 Modular control structure of “Six machines and four 

buffers” example

shows automata representing the three groups and the third 

buffer, “B3”. Each of these has only desirable state transitions.
In Fig. 7, the W2 and W4 states of the “B3” automaton 

indicate that “M2 is working” and “M4 is working” respectively. 
The modular control structure of this example has been 
designed using our new approach, as shown in Fig. 8.

The modular structure shown in Fig. 8 can be expanded 
from “Two machines and one buffer” example. As shown in 
Fig. 4, the modular structure for the “Two machines and one 
buffer” example consists of two low-level automata, M1 and 
M2, and three high-level automata, M1, M2 and Buffer. In 
order to fabricate a controller for the “Six machines and four 
buffers”, we can designate a low-level automaton, M3, to 
control the movements of Machine 3(M3) and attach low-level 
automaton, M3, to the interactive component, which of course 
must be modified to interact with the new M3 low-level 
automaton.

An M3 high-level automaton is placed on a high-level 
controller in order to control sequences of low-level automata 
that include the new M3 low-level automaton; this is attached 
to the “Collect & Compare” component and the source codes 
of the “Collect & Compare” component are then modified to 

account for the new M3 high-level automaton. The same 
process is repeated for Machines 4, 5, and 6(M4, M5, M6), 
with low- and high-level M4, M5, and M6 automata attached 
to the interactive and “Collect & Compare” components 
respectively, and the interactive and “Collect & Compare” 
components are modified to account for the respective new 
low- and high-level automata.

The modular structure in Fig. 8 shows the expansion from 
the “Two machines and one buffer” to the “Six machines and 
four buffers” model. As mentioned above, this new modular 
structure for low- and high-level automata has the advantages 
of being easily modified and expanded as a system.

Because the low- and high-level automata are connected, 
respectively, to an interactive component and a “Collect & 
Compare” component, every new machine added to an original 
system requires that new low- and high-level automata be 
attached to an interactive and “Collect & Compare” components.

By following this schema, the new modular control 
structure can manage increasingly complicated systems.
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(a) (b)

Fig. 9 (a) AHS System (b) Schematic diagram of AHS system

Fig. 10 Low-level automata of the AHS system

As mentioned in Section 2.1, exponential growth of states 
is a problem for DES applications. In the case of a “Six 
machines and four buffers” system, a high-level controller 
designed using a classical method produces a parallel 
composition result automaton with total 216 states. 

By using our new approach, however, the total number of 
states in the high-level controller is reduced to 22. Furthermore, 
whenever a new high-level automaton is added to a high-level 
controller, the total number of states increases linearly, 
whereas using the classical approach causes the number of 
states to increase exponentially.

The number of low-level automata needed to control 
hardware can be specified through design. In order to control 
the sequencing of the low-level automata without conflict, a 
high-level controller composed of high-level automata running 
concurrently is designed to include desirable states and state 
transitions. This high-level controller decides which event is 
feasible to operate relevant low-level automata and when it 
is feasible to do so. 

If we determine that blocking states cannot be found for the 
high-level controller by checking with UMDES, and if none 
of the low-level automata have blocking states, we will know 
without having to examine parallel composition result automaton 
that none of the sequences of operation of the low-level 
automata controlled by the high-level controller conflict and, 
therefore, that the entire system is free of blocking states.

As mentioned in Section 2.4, the automaton consisting of 
high-level automata is only used to check whether there is a 
blocking state in a high-level controller, but not to implement 
a high-level controller.

3. DES Application - AHS system

The automated annealing, healing, and screening (AHS) 
system that we have developed is shown schematically in Fig. 
9(b). Its principal components include: an X-ray emitter/ 
detector for crystallographic data collection; a motorized 
goniometer for micro-manipulation of crystals under the 
X-ray beam; an annealing station and a healing chamber for 
the manipulation of the X-ray diffraction properties of crystals; 
a database for maintaining a record of the experimental 
protocols applied to each crystal; a table-top robot for macro- 

scale crystal handling; a graphical user interface through 
which users interact with the system; and a central controller. 
To ensure proper performance of this system, the operation 
of its components must be coordinated even though several 
major system components were acquired as turn-key systems 
intended to be operated in a purely standalone fashion.

In designing a controller for this AHS system, we should 
consider that each process comprising the system shares a 
single table-top robot for its operation and that it should be 
possible to easily add new processes in the future. As only 
one robot is used, the operation of processes using the robot 
should be coordinated to avoid any conflict during working. 
It is also important for the system design to consider 
managing increments in state occurring when new automata 
are added to control new processes.

Fig. 10 shows a structure consisting of low-level automata 
and an interactive component in which each process is 
modularized and connected to the interactive component. The 
overall structure consists of low-level automata serving as 
process components to control the robotic movements needed 
to mount or dismount a crystal between stations; if a new 
low-level automaton is added to enable a new process, it is 
simply connected to the interactive component.

Each new low-level automaton is simply connected to the 
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Fig. 11 High-level automata of the AHS system

interactive component without regard of the other low-level 
automata and the overall sequence of low-level automata is 
controlled by high-level automata implemented in a high-level 
controller. It is a simple matter to adjust any automata that 
need modification.

The high-level automata of this AHS system are shown in 
Fig. 11. There are three high-level automata: one for 
controlling the annealing process, one for healing and one for 
screening. These high-level automata are designed to control 
sequences of processes represented by low-level automata and 
they are connected to a “Collect & Compare” component. 

Multiple threads are assigned to each high- and low-level 
automata so that all of the high- and the low-level automata 
will run concurrently on their respective threads. In this 
manner, concurrent automata operation is attained without the 
use of a parallel composition result automaton. 

As shown in Fig. 11, the high-level annealing, healing, and 
screening automata have seven, seven, and six states, respectively. 
In order to run these automata concurrently using the classical 
approach, they would have to be implemented using a parallel 
composition result automaton of the controller automata. 

The parallel composition of these automata generates a large 
number of states that can be computationally enumerated by 
using the UMDES computer program. 

Using rules of parallel composition, a UMDES algorithm 
can compute the parallel composition result automaton and the 
number of states it has; in this case, UMDES determined that 
there were 171 total different states for the healing, annealing 
and screening automata. In a classical design approach, all 
171 states would have to be implemented to describe the 
operation of the high-level controller. 

Using the new modular design approach suggested in this 
paper to implement the high-level controller, on the other 
hand, reduces the total number of high-level automata states 
to 20; i.e. only 20 states need to be implemented for the 
high-level controller. Moreover, whenever new high-level 
automaton is added using the new modular design approach, 
the total number of states increases linearly; in classical design 
approach, the total number of states increases exponentially.

By reducing state implementation and growth rate, the 
proposed modular design approach is able to implement a 
complicated system without incurring state explosion. In 
addition, the new design approach provides a way to 
conveniently modify and expand a system. By using an 
interactive component to connect low-level automata and a 
“Collect & Compare” component to connect high-level 
automata, new high- or low-level automata can be added 
easily without difficulty or added complexity.

Despite the advantages of this design approach, advanced 
computer programming skill is required in order to make a 
computer program that can create and manage multiple 
threads. “Constellation”, a software development tool based 
on C++ and developed by Real-Time Innovations, Inc.(RTI), 
was used to implement high- and low-level automata for the 
AHS system used in this study.

4. Conclusion

In this study, a new modular design approach was used to 
implement a system controller. The new approach uses an 
interactive component and a “Collect & Compare” component 
to effectively manage complexity and avoid the state 
explosion that can result from the classical design approach. 
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The modularization of high- and low-level automata suggested 
in this paper provides a means for the convenient modification 
and expansion of a system. 

As multiple threads are assigned to each automata, their 
concurrent behavior can be determined without using a 
parallel composition result automaton. Based on our results, 
this new multiple-thread modular design approach represents 
an efficient method for designing a controller based on a DES 
for complicated systems.
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