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Abstract 
In the first paragraph of our paper we discuss the balancing of input and output 
streams of production systems. Methodologically this can be based on input-output 
models (e.g. unit operation models) or simulation systems. According to the 
requirements for the modelling of real production systems (e.g. simultaneous 
modelling of structure and state of the production system, availability to describe 
analytical and synthetical production structures, the possibility to model different 
aggregation levels) the Petri net approach seems to be adequate to meet these 
requirements. In order to validate this approach, we examine in the second part an 
exemplary production system from the textile industry, consisting of a dye house, a 
hydro power plant, a boiler house, and a flue gas neutralization facility. As an 
extension we propose the integration of decentralized control strategies concerning 
economical and ecological goal functions. In accordance with the structure of the 
available expert knowledge, (fuzzy knowledge) a fuzzy Petri net approach for 
integrated environmental control of interconnected production systems is discussed 
in the fourth paragraph. The fith part focuses on the problem solving mechanisms 
of this approach. To illustrate the mechanism a simplified sub-system of the 
described example will be considered. 

Keywords 
Environmental Production Planning and Control, Fuzzy Logic, Petri Nets 

Environmental Software Systems V.11.2 R. Denzer, D.A. Swayne & G. Schimak (Eds.) 
© IFIP 1997 Published hy Chapman & Hall 



Application of fuzzy petri net simulation 227 

1 INTRODUCTION 

In modem production systems different forms of materials and energy are 
provided, converted and stored at distributed production sites. Environmental 
impacts can be identified at any production stage of the material and energy flows. 
Due to the fact that production units are interconnected with materials and energy 
flows, it is of special interest to implement production strategies which control 
these streams with respect to economical and ecological criteria. 

2 BALANCING OF MATERIALS AND ENERGY FLOWS IN PRO
DUCTION NETWORKS 

A precondition for the development of integrated environmental control strategies 
(Haasis, 1996) for interconnected production systems is the balancing of input and 
output streams. This implies an adequate modelling of the interconnected 
production system. Key-requirements for this process are: 
• adequate modelling of the structure of the production system including e.g. 

production rates, inventory and buffer capacities, 
• adequate modelling of all energy and materials flows and 
• the possibility to model different aggregation levels. 
These requirements can be fulfilled by the application of Petri net models. The 
Petri net concept is used in many areas of application such as modelling of 
business processes, organisation structures and computer systems (Baumgarten, 
1990). From the viewpoint of production management Petri nets are mainly 
applied in the field of materials flow analysis (Krauth, 1990). A new application 
field is the environmental orientated simulation of production structures (Schmidt 
et al., 1994 ). 

3 MODELLING AND BALANCING OF AN EXEMPLARY INTER
CONNECTED PRODUCTION SYSTEM BASED ON A PETRI NET 
APPROACH 

In order to validate the Petri net approach, we analyse an exemplary production 
system from the textile industry, consisting of: a dye house, a hydro power plant, a 
boiler house and a flue gas neutralization facility (Tuma, 1996; Siestrup, 1996). 
The reasons for the selection of this production system are 
• the interconnected structure of the production system, 
• the availability of process data and 
• the environmental impact of such production systems. 
The dye house facility (Figure 1) covers two stages of production: the dyeing 
process and the drying of the dyed yams. The two stages of production require 
steam/hot water and electric power which are supplied by the preceding power plants. 
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D 
Figure 1 Petri net model of an exemplary production system. 

customer 
demand 

The flue gas of the boiler house is used to neutralize the mainly alkaline waste 
water of the dye house at the flue gas neutralization facility. The storage of 
steam/hot water as well as the capacity of the waste water reservoir are limited. 
Figure 1 shows a Petri model of the mentioned production system. The single 
elements can be interpreted as follows: 
• Transitions t (symbolized by rectangles) represent production units (e.g. boiler 

house, dye house), sources of input streams (e.g. raw materials) and sinks of 
emission streams and final products. 

• Places p (symbolized by circles) represent inventory or buffer systems. 
• Tokens characterize the state of the production system (e.g. the level of the 

waste water reservoir). 
• Arcs connect transitions and places in a Petri Net and determine the structure of 

the production system. 
On the basis of a concept like this the balancing of all relevant materials and 
energy flows is possible. Additionally different energy and materials flow 
alternatives can be simulated. Variable parameters are for example types of 
process, production coefficients, structures of production systems (e.g. allocation 
of production processes and buffer systems) and capacities of buffer systems. 
Further requirements for the development of environmental control strategies for 
interconnected production systems are: 
• implementation of local goal functions of the decentralized production units 

(on the basis of fuzzy and decentralized expert knowledge), 
• evaluation of alternative production policies and 
• consideration of fuzzy cost information. 
These requirements lead to the application of a fuzzy Petri net approach. 
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4 CONTROLLING OF INTERCONNECTED PRODUCTION SYS
TEMS BASED ON A FUZZY PETRI NET APPROACH 
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To implement distinct production control policies which are based on fuzzy expert 
knowledge the Petri net approach is expanded by membership functions. The 
resulting fuzzy Petri net can be interpreted as a set of standard Petri nets. Places 
and transitions respectively the capacities of the places and the "production rates" 
of transitions are described by fuzzy sets. The membership functions of these fuzzy 
sets are derived by experts (Lipp, 1986). The single elements of a production 
system and the evaluation of certain strategies can be implemented as follows: 
• Assignment of a degree of confidence (membership value) for potential 

"production rates" of transitions d 1: Potential production rates of single 
production units can be evaluated by the assignment of membership values 
(Figure 2a). In a certain analogy to valves the "production rate" of a transition 
is a variable parameter. 

• Assignment of a degree of confidence for potential variations of the 
"production rates" of transitions L1d 1: By this, the variation of the production 
rate is evaluated by a membership function (Figure 2b ). The reason is that 
production rates of real processes can normally only be manipulated in distinct 
and limited steps. 

• Assignment of a degree of confidence for potential capacity utilizations of 
places m P: The potential capacities of single inventory or buffer systems can 
also be evaluated by the assignment of membership values (Figure 2c). 

The goal of a so defined fuzzy Petri net is to detect a standard Petri net, which 
represents the best compromise between all local goal functions. This means the 
detection of crisp production rates. 

~ 

dt,actual dt,required 

Figure 2a Membership 
function of a transition 
(static). 

~ 

£1dt,required £1dt 

Figure 2b Membership 
function of a transition 
(dynamic). 

~ 

mp,r. mp,actual mP 

Figure 2c Membership 
function of a place. 

5 EXEMPLARY DESCRIPTION OF THE PROBLEM SOLVING 
MECHANISM 

To illustrate the problem solving mechanism of the fuzzy Petri net approach a 
simplified sub-system of the described example is investigated. This sub-system 
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Figure 3 Sub-system of the considered production system. 
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consists of the components dye house, waste water reservoir (I), neutralization 
facility, waste water reservoir (II) and waste water treatment facility (Figure 3). 

For reasons of simplification we assume that in the initial state all productive 
units work at their maximum capacity. This is evaluated by a maximum 
membership value (Figure 4a, 4c, 4e ). The waste water reservoir (II) is filled up to 
a level of 50%. This is the optimal fill-up level and implies also a maximum 
membership value. The waste water reservoir (I) is only filled to 33% with a 
membership value of 11 = 0.66 (Figure 4b ). 

The objective of the production control mechanism is to maximize the 
membership values. To achieve this goal the following problem solving 
mechanism is applied: 

In a first step the element with the lowest membership value will be identified. 
In the considered case the element with the minimum membership value is the 
place "waste water reservoir (I) " (!l = 0.66). 

0 100% 

Fig. 4a Production rate 
the dye house. 

11 
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Fig. 4d Capacity of the 
waste water reservoir (II). 

0.66 

0 200 300 600 m 3 0 100% 

Fig. 4b Capacity of the Fig. 4c Production of Rate 
Waste water reservoir (I). of the neutralization facility. 

11 

I ........................... , 

0 100 % 

Fig. 4e Production rate of the 
waste water treatment facility. 

Due to the fact that the waste water reservoirs are modelled by places (non active 
units) an improvement of their membership values requires a changing of the 
production rate of one of the associated transitions (dye house or neutralization 
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facility). The selection of the transition is implemented according to figure Sa. For 
each place a linguistic variable "selection of a transition" is defined. This variable 

. f J ( increase decrease decrease increase) . 'bl consrsts o severa terms tP , ts , t, ts , tP representmg possr e 
options for all associated transitions. The single terms describe potential 
production strategies. The terms ~increase /tP decrease represent the increasing/the 
decreasing of the production rate of the preceding transition (dye house). The 

decrease · J increase h d · d h · · f h terms ts respective y ts represent t e ecreasmg an t e mcreasmg o t e 
production rate of the succeeding transition (neutralization facility). The term t 
represents the option "no reaction". This option should keep the system in stable 
conditions, if the difference between optimal and real production figures is below a 
certain threshold. The input variable indicates the difference between the measured 
and the required fill-up level of the considered place. This difference is evaluated 
with a membership value. The term (option) with the highest assigned value is 
selected and determines the selection of the transition respectively the selection of 
the required option. Considering the described example a membership value of 
11 = 0.66 for the option "decreasing of the production rate of the neutralization 
facility" and a membership value of 11 = 0.33 for the option "no reaction" can be 
calculated (Figure Sa). 

After selecting the transition respectively the new strategy of the considered 
transition (decreasing of the production rate of the neutralization facility) the new 
production rate is calculated. In order to perform this task, the membership value 
of the neutralization facility (Figure 4c, Sb) as well as the membership functions of 
all preceding and succeeding places are calculated as a function of the potential 
production rates of the selected transition (Figure Sb). These functions are 
aggregated by the minimum operator. The result for the new production rate (point 
of compromise) is the maximum of this minimum function. Analysing the 
described example this results in a production rate of 83.3% for the neutralization 
facility. This procedure addresses especially the trade off between the objectives of 
the "waste water reservoir (I)" (to increase the satisfaction level by a modest 
reduction of the production rate of the neutralization facility), and the "waste water 
reservoir (II)". Concerning the "waste water reservoir (II)" the described situation 
means ceteris paribus a decreasing of the membership value. 

Figure 5a Selection of the transition 
and the required behaviour. 

J.l A Waste-Water Neutralization 

l.o Reser~~>--b Facili:ty 8!!:714. 
25% 50% 75% 100% 

Waste-Water Reservior (II) t':"83% l 

Figure 5b Calculation of the new pro
duction rate for the neutralization facility. 
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The calculation of the new production rate (83.3%) for the neutralization facility 
implies the following production figures for the other units: 

Table 1 State of the production system at time t+ 1 

state t + 1 Production Rate (%) Fill-Up Level (m3) Membership Value 

dye house 1 00 1.0 
Waste Water Reservoir (I) 233.3 0.78 
Neutralization 83.3 0.83 
Waste Water Reservoir (II) 266.7 0.78 
Waste Water Treatment Facility 100 1.0 

In the next step two units with a minimum membership value can be identified 
Analysing the unit "waste water reservoir (I)" shows a preference for the option 
"no reaction" (Figure Sa). In contrast to this an investigation of the unit "waste 
water reservoir (II)" (Figure 6a) shows a preference for the option "decrease the 
production rate of the succeeding unit" (waste water treatment facility). The 
adaptation process results in a compromise solution of 81 % production rate for the 
"waste water treatment facility" in t+2. 

Fig. 6a Selection of the transition 
and the required reaction. 
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Fig. 6b Negotiation and Calculation of 
v* for the Neutralization Facility. 

Against this background, the following production figures can be calculated: 

Table 2 State of the production system at time t+2 

state t + 2 
Dye House 
Waste Water Reservoir (I) 
Neutralization 
Waste Water Reservoir (II) 
Waste Water Treatment Facility 

Production Rate (%) Fill-Up Level (m3) 

100 
266.7 

83.3 
271.8 

80.8 

Membership Value 
1.0 

0,89 
0.83 
0.81 
0.81 

After some further iterations the system terminates in a stabile state. All productive 
units operate at their maximal capacity. Due to the definition of the terms of the 
waste water reservoirs (especially the option ,no reaction") these units remain in a 
non optimal level. 
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5 DISCUSSION OF RESULTS AND CONCLUSION 

Materials and energy balancing concepts can be based on Petri net approaches. As 
an extension the fuzzy Petri net approach can be used for the management of flows 
within production networks. Potential benefits of this approach are the 
consideration of local goal functions of the decentralized production units, the 
possibility to implement decentralized expert knowledge and the possibility to 
consider a dual goal system with economical and ecological criteria. 

On the other hand due to the high dimension of the parameter space (number of 
local objective functions) it seems to be rather difficult to tune the system in a way 
that leads to stable conditions, respectively to forecast the system behaviour. 
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