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Abstract 
Because of their nondeterministic nature of be- 

haviour, the supervisory control of manufacturing 
systems must be carried out in closed loop. This 
trait greatly increases the size and complexity of 
the Discrete-Event System (DES)-based supervisory- 
controllers of manufacturing systems. 

In an attempt t o  cope with this complexity, a Hybrid 
Supervisory Controller HSC) i s  proposed. It splits 

pervisory controller, which contains the nominal con- 
trol strategy, (ii) a diagnostic system, which monitors 
the workcell, and (iii) an Alternate Strategy Driver 
(ASD), that asserts control by revising the nominal 
strategy of the DES supervisory controller, whenever 
events diverge f rom the states of the DES supervisory 
controller. This modified approach to  DES control pro- 
vides a more eficient controller than could reasonably 
be attained using solely a DES supervisory controller. 

operations between its t x ree elements: ( a )  a DES su- 

1 Introduction 

The design of a supervisory controller entails the 
formulation of control laws, and the synthesis of su- 
pervisors. The laws specify how the supervisor is to 
react to the behaviour of the manufacturing system, 
the goal being to have some production specifications 
satisfied within the standing control enforcement con- 
straints. 

Petri nets [l, 21, knowledge engineering [3 41, timed 
transition models, real-time temporal logic 15, 61, and 
controlled automata [7] have been used as supervisory 
controllers for manufacturing systems. This work will 
focus on the application and development of a DES 
theory based supervisor, which utilizes controlled- 
automat a concepts. 

A systematic investigation of DESs from the con- 
trol theoretic erspective was initiated by Ramadge 
and Wonham p8]. A DES is modeled as an automata, 
hence it is usually described by a set of states joined by 
transitions called events. A DES is controlled as a gen- 
erator of a formal language. The performance of this 
generator is re ulated by stating that its generated 
language must %elong to some specification language. 
This specification language defines a control strategy. 

Supervisory controllers designed around Discrete- 

Event Systems (DES) theory have the desirable fea- 
ture that their behaviour may be proved and verified 
correct before implementation using the tools devel- 
oped within the theory. However, due to the nondeter- 
ministic nature of behaviour of a manufacturing sys- 
tem, its management and therefore supervisory con- 
trol must be carried out in closed loop. These traits 
complicate and greatly increase the complexity of the 
supervisory-control implementation. Thus, control of 
even moderately complex systems can easily require 
an immensely large DES strategy’. 

To some eztent, this problem of excessive states can 
be mitigated through modular synthesis2 , use of aggre- 
gation, decentralization, and hierarchies, and in cer- 
tain instances by restricting attention to special struc- 
tures [lo, 11, 121. However, these techniques are of 
limited use, since they draw on special characteristics 
of the numerous control objectives. In a complex en- 
vironment with many interdependencies between ob- 
jectives, these techniques will not be sufficient for re- 
ducing the number of states to a manageable number. 

If it is not possible to construct for a given set of 
control objectives a DES supervisory controller having 
a manageable number of states, it might be possible to 
create a split approach that uses some alternate mech- 
anism in addition to a DES supervisory controller. 
This second mechanism would relieve the DES super- 
visory controller of the need for so many states by 1) 
taking on the responsibility for some of the control o 6 - 
jectives, and (ii asserting control whenever events di- 
verge from the {reduced number of) states of the DES 
supervisory controller. This paper describes such a 
hybrid supervisory controller that was developed. 

There exists a limited number of research papers 
where a DES is reported to work as part of a mixed- 
control mechanism. Balemi’s furnace controller [ 131 
is one of them. His DES-type supervisory control has 
two parts: a “supervisor” and a “controller”. The “su- 
pervisor” ensures that safety constraints are enforced. 
The “controller” steers the system towards the desired 

‘Ho [9] notes that, when solving basic control synthesis prob- 
lems, although they have been shown to be of polynomial com- 
plexity in the number of states, the number of states in a prac- 
tical system can be exponential in the number of constituent 
processes. 

2Exploitation of modularity of specifications, and modularity 
of models. 
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goal, which is to accomplish a sequence of tasks. In 
this system, a command chosen by the “controller” 
will always be compatible with the safety constraints, 
and therefore will be accepted by the “supervisor’). 
This arrangement allows the “controller” to be by- 
passed, via manual override, while maintaining safety 
constraints. In order to limit the size and complexity 
of his hybrid supervisory controller, Balemi uses an in- 
complete “controller” that does not accept all possible 
responses. 

Despite having been formulated independently, the 
distribution of tasks between the ASD and DES Su- 
pervisor in our work bears a resemblance t,o t,liat of 
Balemi’s furnace controller. In both, one unit (our 
DES Supervisor and his “supervisor”) is responsible 
for maintaining safety constraints, and another (our 
ASD with enforcement by DES Supervisor, and his 
“controller”) is responsible for directing operations to- 
wards some goal. The motivation for using a mixed 
control in both cases was to get sufficient control power 
without requiring too many states. 

The significant difference between our work aiicl 
Balemi’s is that Balemi’s “controller’) is implemented 
within the context of DES theory, whereas the ASD 
proposed in this paper operates by heuristic means I t  
is possible for Balemi’s “controller” to be implemented 
within the context of DES theory, because the envi- 
ronment it controls (a  furnace) is much simpler t h a n  
typical manufacturing workcells. 

2 Problem formulation 

The Hybrid Supervisory Controller (HSC) consists 

1. DES Supervisor, which contains the nominal 

2. Diagnostic system, which monitors the cell, iden- 

3. Alternate-Strategy Driver (ASD), which geiier- 

The diagnostic system interprets sensory dat(a.. It 
feeds its interpretation to the DES Supervisor and the 
ASD. If the ASD determines that new (alternat,e) part, 
routes are needed, it derives them and submits them 
to the DES Supervisor. The DES Supervisor reacts 
to the information received from the diagnost.ic sys- 
tem, accepts the alternate routes from the ASD. and 
proceeds to synthesize control commands. 

In this approach the alternate mechanism t,a.kes on 
responsibility for only some control objectives. This 
requires the alternate mechanism to force its bidding 
upon the DES supervisory controller. One way t,o do 
this is to revise part of the nominal strategy of the DES 
supervisory controller. Essentially, this is asking t,he 
alternate mechanism to respond to an event that, is not 
nominally handled by the DES supervisory coiit,roller. 
to find a course of action (i.e., reconfiguration) which 
the DES supervisory controller can be made to follow. 
and to force the DES supervisory controller into doing 
it. 

Awareness of which actions are available for re- 
sponse to a particular event is a prerequisite t,o a .11~ 
solution generation. It is apparent that: 

of three main elements, Figure 1: 

supervisory-control strategy, 

tifies errors and initiates recoveries, and 

ates alternate part routes when needed. 

Equipment 
Mmitnn workcell. and 

dingaoau faults. 

DES Supervisor 

Contml Synthsai. 

c p \  I Diagnostic I *+=% DES Supervisor 

Generation of new 
Contml Synthsai. 

Figure 1: Overview of the interaction of the compo- 
nents of the HSC. 

0 Control enforcement constraints for maintaining 
the safe operation of the manufacturing system 
(safety contraints) are defined by the characteris- 
tics of the manufacturing system and would have 
to be obeyed under all conditions, 

0 All routes must obey safety constraints, and 
0 There could be a very large number of part routes 

possible that obey safety constraints. 

In a. possible solution, the safety specifications could 
form t,lie kernel of the DES supervisory controller. A 
set. of part routes would be included as well. The 
rout,es would be changed by the alternate mechanism 
as needed. The benefit of this division is that only one 
or two sets of part routes need to be kept in the DES 
Supervisor at any time, hence limiting the number of 
st,a.t.es. 

3 Solution 

3.1 DES Supervisor 

architecture of the DES Supervisor requires: 
For a given manufacturing system, the proposed 

1 Derivation of an appropriate set of plant models 
and specifications for maintaining safe operation 
of the equipment in the workcell, as well as spec- 
ifications for encoding routes, Figure 2,  

2 .  Creation of an event-classification scheme, 
3 .  Design of the supervisor such that it does not 

need to be re-generated each time its specifica- 
tions for part routes are modified, 

4 .  Development of a method to check for and re- 
move conflicts from the supervisor produced via 
the ASD, and 

5. Design of a mechanism to correlate states in dif- 
ferent specifications for transferring control from 
one specification to another. 
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Figure 2: Constructing a DES-based supervisor. 

The special requirements of the DES Supervisor re- 
quired its division into two modular supervisors, Fig- 
ure 3. One enforced the safety specifications. The 
other enforced the specifications for the part routes. 
The latter was an aggregation of several modular su- 
pervisors, each a specification designed as a proper su- 
pervisor for routing a single part. This allowed them 
to be revised without having to derive a new supervi- 
sor for each. 

Figure 3: Design of DES Supervisor. 

3.2 Diagnostic system 
Several different t pes of diagnostic approaches 

were examined [14, 157. An artificial-intelligence type 
model-based approach was selected and developed into 
a diagnostic system [15]. It utilizes several different 
models rather than just one universal model. Models 
are chosen according to the state of the equipment, 
what operations they are performing, and the loca- 
tion of parts. Models are customized to their range 
of application. This permits them to be significantly 
simplified. As well, the model-based technique auto- 
matically defines a strategy for optimal sensor usage, 
see [16]. 
3.3 Alternate Strategy Driver 

The ASD required the development of: 

1. A mixed on-line/off-line approach to re-routing 
[17] , that allows quick re-routing while attempt- 
ing to maintain (preset) preferred routes. The 

off-line strategy selects preferred routes. The on- 
line strategy selects routes that are as similar to 
the preset routes as possible, 

2. A route selection mechanism that is capable of 
optimally choosing among: 

e The types of manufacturing operations, 
e The order of manufacturing operations, 
e The equipment used to perform the manu- 

facturing operations, and 
e The paths to get the part to the equipment 

that performs themanufacturing operations. 
3. A strategy for actively resolving deadlocks, 
4. A special strategy for the re-routing of parts, 

which are being operated on, and 
5. A method of producing look-up tables for gener- 

ating alternate supervisory strategies that corre- 
spond to the new routes. 

Deadlocks are a derivative of the unusual design of 
the DES Supervisor. Normally they would be removed 
as part of the checking for correctness and conflict 
removal of the supervisor, and therefore would never 
be allowed to occur. Since this is not possible with 
the DES Supervisor at  hand, the ASD uses an active 
approach. It lets them occur, then resolves them by 
re-routing parts. 

4 Enforcing routes: implementation 

enforcing routes: 
Three types of strategies are utilized in the HSC for 

1. The nominal strategy, 
2. The alternate strategy for producing a part from 

3. The alternate strategy for a partially manufac- 

Normally the nominal strategy is utilized. In the 
instance of a plant failure or a part deadlock, it might 
happen that the nominal strategy may no longer be 
utilized, in which case alternate strategies are gener- 
ated. An alternate strategy is generated for each part 
that has been partially manufactured, as well as for 
future parts that will start at  the beginning of pro- 
duction. 

To allow for the alteration of the strategy enforced 
on a part, two special features are incorporated into 
the two computer algorithms, Figure 4 for checking 
whether an event is permitted and Figure 5 for pro- 
cessing an event transition in the strategy, that per- 
form control synthesis for the DES supervisor: 

1. Flags are used to indicate which is the enforced 
strategy, and 

2. The current state in the look-up table of the en- 
forced strategy is determined from descriptive in- 
formation about the part, rather than a specific 
state idenfication number. 

its start of production, and 

tured part. 

The former feature permits the selection of the strat- 
egy to enforce. There are two flags: Flags 1 and 2. 
They determine which of the three columns to descend 

2553 



in the algorithms in Figures 4 and 5. Each column 
corresponds to one of the three types of strategies for 
enforcing routes. The latter feature simplifies transfer 
of control from one strategy to the next. 

Flag  1: Is t h e  a l t e r n a t e  s t r a t -  t h a t  f i n i a h e s  a 

F1.9 2: Is t h e  a l t e r n a t e  s t r a t e q y  for 
producing a p a r t  from th. s t a r t  

The a l t e r n a t e  a t r a t e q y  
for f i n i s h i n g  a 
p a r t i a l l y  manufac tued  
p a r t  i a  used. 

Determine c u r r e n t  
a t a t e  i n  t h e  look-up 
t a b l e  of t h i a  s t r a t o q y  
f r m  d e s c r i p t i v e  
information about 
t h e  p u t .  

Is t h e  w e n t  permi t ted  

The a l t e r n a t e  s t r a t e q y  
for producing a p a r t  
from t h e  s t a r t  of 
product ion  is uaed. 

Determine c u r r e n t  
a t a t e  i n  t h e  look-up 
t a b l e  of t h i s  s t r a t e q y  
from & a c r i p t i v e  
information about 
t h e  p a r t .  

The nominal s t r a t e g y  
for producing a p a r t  
is used. 

Determine c u r r e n t  
s t a t e  in t h e  look-up 
t a b l e  of t h i s  a t r a t e q y  
from d e a c r i p t i v e  
informat ion  about 
t h e  p a r t .  

Event not 

F l a q  1 * FILSE 
Thia look-up t a b l e  
is no l o n p r r  t o  b. 

......................................... 
Event permi t ted  ( i . e . ,  enabled) or 

not permi t ted  l1 .e .  d i s a b l e d ) .  
. _ _ _ . . . _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ . . . _ . _ . _ . _ . _ . _ _ . . I  

Figure 4: Enforcing routes: checking events. 

Promas event  
t r a n a i t i o n  
by r e v i a l n g  
t h o  dmscr ip t ivo  
i n  f ormat i o n  

Promaa event 
t r a n s i t i o n  
by n v i a l n q  
t h e  d . a c r l p t i w  
informat ion  
about t h e  p a r t .  

Promas event 
t r a n a i t i o n  
by n v i a i n q  
t h e  d e s c r i p t i v e  
i n f  ormat i o n  
about t h e  p a r t .  

Figure 5: Enforcing routes: processing events. 

5 A simulated example 

The HSC was implemented in the C language and 
tested via simulation on a Sun Sparc Workstation. 
The example workcell considered consisted of two 
robots, two machining-centers, two buffers, a part- 
entry device, and a part-departure device. Two differ- 
ent types of parts were to  be produced in the workcell. 
Each had its own production plan listing production 
goals and alternatives. 

The nominal route for the production of the part 
was defined as follows (numbers in the list correspond 
to numbers on Figure 6): 

1: Part arrives at Part-Entry Device. 
2: Robot 1 moves the part to Machining-Center 2. 
3: Machining-Center 2 performs drill operation #l. 
4: Robot 1 moves the part to Machining-Center 1. 
5: Machining-Center 1 performs a milling operation. 
6: Robot 2 moves the part to the Part-Exit Device. 
7: The part departs the workcell. 

I 

Figure 6: The nominal production route for the part. 

System's response to a failure a t  Machining-Center 
2: 

1.1 Diagnostic system reads sensors. 
1.2 Compares actual with expected behaviour as de- 

fined by the diagnostic models. 
1.3 Detects discrepancy; ( i.e., failure in Machining- 

Center 2). 
1.4 Builds list of failed plants; list contains 

Machining-Center 2. 
1.5 Sends a A-type (Le., failure) event corresponding 

to the failed Machining-Center 2 to the DES Su- 
pervisor and to  the ASD. 

2.1 ASD disables all a-type (i.e., start of operation) 
events of the DES Supervisor. 

2.2 Generates a new route, one route is produced for 
the part a t  the start of production. 

2.3 Produces look-up table for the alternate supervi- 
sory strategy. 

2.4 Checks with the diagnostic system that additional 
plants have not failed nor been repaired. 
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2.5 Repeats steps 2.2 through 2.4 if the response is 
negative. Otherwise, transfers to the DES Su- 
pervisor the alternate look-up table, and flags for 
indicating the use of that look-up table. 

3.1 Control is returned to the DES Supervisor, a.iic1 
production continues. 

Figure 7: Alternate route for the part. 

The alternate route shown in Figure 7 replaces t,he 
nominal route shown in Figure 6. 

1: Part arrives a t  Part-Entry Device. 
2: Robot 1 moves part to Machining-Center 1. 
3: Machining-Center 1 performs drill operation #1. 
4: Machining-Center 1 performs a milling operat,ion. 
5: Robot 2 moves the part to the Part-Exit, Device. 
6: The part departs the workcell. 

6 Conclusion 

During simulations the production of the pa.rt.s wa.s 
exposed to various failure types of equipment. a.t. dif- 
ferent points along the production of the parts. Es- 
tensive testing showed that: i) the ASD can re-rout,e 
parts as prescribed, (ii) dead \ ocks can be actively re- 
solved, iii) the DES Supervisor can successfully en- 

(iv) the DES Supervisor can continue to function when 
modified to accommodate changes in the workcell en- 
vironment. 

The work presented in this paper is unique in it,s use 
of a supervisory strategy that is regenerated during 
run-time. I t  allows the supervisory control strategy 
to remain within the DES formalism, and it. requiies 
only the quick and simple manipulation of the DES 
supervisory control strategy. Given that the supervi- 
sory strategy for the case studied required the utiliza- 
tion of only 1082 states by the HSC, whereas a purely 
DES-based supervisory controller would have required 
in excess of 10" states, it is clear that this work al- 
lows as well the control moderately coniples systems 
using DES theory, where it was not previously possi- 
ble. Lastly, the work is original in its application of a 
model-based technique to the run-time diagnosis of a 
workcell. 

able an 6 disable operations within the workcell, and 

Appendix A 

A. l  
their subscripts 

There are four types of events generated by the 
plants. They are labelled a, p, A,  and p. Their mean- 
ings a,nd controllability are as follows: 

Explanation of event types and 

a: Plant commences operation (controllable), 
p: Plant completes operation (uncontrollable), 
A: Plant fails (uncontrollable), and 
p: Plant reparation completed (controllable). 

Due to the complexity of the supervisor developed 
in our work, information had to be attached to event 
labels in the form of 5-digit subscripts. The for- 
mat is given in Figure 8, where stationary plants are 
buffers, machining-centers, etc., a,nd transport plants 
a.re robots, conveyors, etc. 

{a, $9 h, PI 
\ 
Event 

_czc 

Part number Plant id Transport Plant id 

Part type '/iitlnir. Task Type id 

Figure 8: Clarification of events. 

Two generic entries appear in many of the sub- 
scripts: (-) and X. The (-) means that any event 
of a class may be generated or permitted, in the case 
of a plant and specification, respectively. The X in- 
dicates that no event of a class may be generated or 
permitted. 

A.2 The plants 

The DES Supervisor requires a model of the equip- 
iiieiit in  the workcell. This central model is con- 
structed from a set of component models - one model 
for each piece of equipment in the cell. An example of 
a stat,ioiiary plant model is shown in Figure 9. 

a 
q h l -  

Figure 9: Specification for a stationary plant. 
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A.3 Specifications 

An example of a control specification is shown in 
Figure 10. The part-activity specification, limits the 
number of plants operating on a part to a maximum 
of one stationary plant and one transport plant. 

W 
Figure 10: Part-activity specification. 

State 1: No plant is operating on the part. 
State 2: A stationary plant is operating on the part. 
State 3: A transport plant is o erating on the part. 
State 4: A stationary plant anBa transport plant are 

co-operating on the part. 

The selflooping events are: 

a {all ahl---  where L # g and 1 # h, all p, A,  and 

b {all c r t i - - -  where L # g and 1 # h, all p except 
P g h i X ,  all A except A--i-- ,  and all p }  

c all a h i - - -  where k # g and 1 # h,  all p except 
b g h x j l  all A except A- - - j - ,  and all p }  

d {all QI. I - - -  where E # g and 1 # h,  all p except 
P g h X j  or P g h i x -  , all X except A---,- or X--i-- , 
and all p }  
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