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Abstract 
This paper describes an autonomous job shop scheduling system where multiple 
kinds of products are produced on a repeated basis and the dispatching rules are 
controlled automatically by a neural network. The production model we considered 
is refined from a real-life semiconductor manufacturing process in which required 
throughputs are expected to be realized. We concentrated our attention firstly on 
some dispatching rules and their features. One combinatorial rule was then 
constructed for the dynamic production in which machine breakdowns occurred, 
while the combination coefficient was directed accordingly by the outputs of the 
neural network. The results of numerical experiments are shown, and the 
possibility of constructing such an autonomous scheduling system and its 
effectiveness are examined. 
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1 INTRODUCTION 

With the rapid increase in popularization of computers all over the world, 
semiconductor industry has been shown and still continues to show its importance 
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in any nation's industry and economy. Although the technologies of semiconductor 
manufacturing improved rapidly for the last few decades, the researches 
conceming production planning and scheduling problems encountered in this area 
have been far from noticed until recently. Uzsoy, et al.(1992, 1994) give a quite 
thorough survey about production planning and scheduling models in the 
semiconductor industry from the aspects of system characteristics, performance 
evaluation, production planning and shop-floor control. One conclusion is that the 
complex nature of semiconductor manufacturing provides an area where the use of 
more advanced techniques may yield considerable benefits. 

Chen, et al.(1988) develops a mixed nature queueing network model of a 
research and development wafer fab operation, which is used to predict certain key 
system performance measures such as throughput rate for lot category. They 
compare the predicted values with actual observed ones and find the difference to 
be within about 10%. Dayhoff and Atherton(1987) present highly structured 
queueing network simulation models of wafer fabs, and use them to study the 
dynamics of semiconductor manufacturing operations (wafer fabs) and establish 
management policies for efficient and stable operation. 

Kimemia and Gershwin(1983) consider an automated manufacturing system 
subject to equipment failures for the objective of meeting production requirements 
while the machines fail and are repaired at random times. They designed a 
hierarchical algorithm to fit into existing factory management structures in order to 
control the production while reducing the off-line computational effort. Seidmann 
and Tenenbaum(1994) focus on the problems of maximizing the throughput rate in 
FMS. They developed dynamic part-allocation policies for those systems having 
finite storage capacity at each work station and compared them with some close
loop heuristic control policies. And they found those heuristic policies are of 
practical significance because they are extremely easy to compute and to 
implement, while the resulting FMS performance is nearly optimal. 

An approach called Inverse Queueing Network Analysis (IQNA) has been so far 
researched by Kuroda and Kawada(1994), by which the desired level of Work-In
Process (WIP) could be obtained to achieve required throughputs of each lot 
category and minimize their cycle times approximately. A closed queueing network 
model is constructed to render some kinds of semiconductor manufacturing and a 
simulated annealing algorithm is used to achieve the heuristic searching for the 
objectives. The significance of the method is presented by observing and 
discussing computational results of a sampie problem from a hypothetical 
semiconductor manufacturing process. IQNA gives the fundamentals to this 
research and part of its significance can be also observed in the early experiments' 
results presented in Section 3. 

This paper describes an autonomous job shop scheduling system for a 
production type with some typical characteristics from wafer fabs where multiple 
kinds of products are produced on a repeated basis. By saying autonomous 
scheduling system here, we mean it is able to make decisions with minimal external 
direction in order to realize the required objective. In this research, the objective is 
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to keep the realized throughputs of each production type to their required values 
(definitions of realized and required throughputs will be given in 2.1). Therefore, 
the system is sensitive to the discrepancy between the above throughput values, and 
then will try to decrease it by adjusting dispatching rules, especially when machine 
downtimes happen which will upset the balance between production ability and 
work load, and lead to overloaded production situations. 

In order to construct such a scheduling system, dispatching rules are examined 
firstly while their effects are observed and analyzed by simulation experiments 
under both steady state and overloaded conditions of the production model. A 
combinatorial rule is then constructed by using the features of single dispatching 
mIes for the dynamic production in which machine breakdowns occur with no 
regulation, while the combination coefficient is directed accordingly by a back
propagation neural network. The results of numerical experiments done by 
simulation will be shown in the following and some discussion and commends will 
be made. 

In Section 2, we will introduce the production model considered in this research, 
by emphasizing its connections to some features of semiconductor manufacturing, 
especially wafer fabs. Dispatching rules and their effects are examined by some 
simulation experiments in Section 3, and the autonomous job shop scheduling 
system is introduced in Section 4. We conc1ude this research carrled out so far in 
Section 5, and some future researches are also presented. 

2 PRODUCTION MODEL AND INPUT CONTROL 

2.1 Production Model 

Production model considered in this research is refined from part of semiconductor 
manufacturing operations called wafer fabrication which is conducted in a wafer 
fab. Wafer fab can be viewed as a job shop containing a number of single-server 
and/or multiserver stations(Wein, 1988), and is regarded as the most 
technologically complex and capital intensive among all the phases of 
semiconductor manufacturing. One example is a VLSI microprocessor which 
might involve a total of perhaps 200 distinct fabrication steps and the 
manufacturing interval might be 5-10 times the theoretical(Chen, et al., 1988). 

Detailed descriptions of the wafer fabrication and its modeling could be found in 
Dayhoff and Atherton(1987). Following are those factors and features considered 
in this research which belong to wafer fabrication. 

1) Product type is used in this paper to represent the kind of wafers. And a lot is a 
collection of wafers that traveI together through the whole process flow[see 2)]. It 
is the basic unit in this production model and also for any calculation in this 
research, such as throughput, cycle time, etc. 
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2) Process flow is a special list of processing steps for each product type. Each 
processing step is achieved and therefore represented by a workstation[see 3)]. One 
dominant characteristic of wafer fabrication is so called reentrant production 
flows, which means for some particular operations, a lot has to visit a workstation 
more than once. For example, a wafer may have to visit the photolithography work 
station nearly ten times to have alllayers of circuitry fabricated. 
3) A workstation is a collection of equipment performing the same processing 
steps. It functions like a multiserver system, for the arriving lot may be operated by 
any available machine in it and each machine maintains a fixed service time for 
each product type in this research. Machine downtime is only considered when 
machine breakdown occurs, while the latter is set to be arbitrary with no 
regulations in both breakdown times and intervals. 
4) A required throughput is set to each product type, as the objective of the 
production model considered in this research. Exclusive of those fabs which are 
tightly coupled to the back-end operations (those operations after wafer fabrication 
and probe, such as assembly and final test), the approach to buffer the wafer fabs 
against fluctuations in the extemal demands by holding inventories between the 
front-end and back-end operations, is still considered to be significant and realistic. 
Hence, wafer fabs considered in this research still tend to operate in a make-to 
stock mentality, with production lots rarely associated with a specific customer 
order or due date. Because of the high capital costs of equipment, this has resulted 
in a major emphasis on maintaining high throughput and equipment utilization, 
while reducing both the mean and the variance of cycle times (the time between a 
lot entering the fab and the completion of its manufacturing) and inventories. 
Different kinds of wafer fabs with different objectives are introduced in Uzsoy, et 
al. (1992). 
5)Work-In-Process (WIP) level of each product type is to be a constant for the 
production model considered in this research belongs to a closed one, which means 
new lots will enter the model only as old ones complete the processing. The WIP 
level could be calculated from the required throughput by IQNA. 

2.2 Input Control 

Input control is regarded as one of the flow control mechanisms which have great 
effects on the performance of a job shop. Wein (1988) considers three versions of a 
wafer fab model and four different types of input mechanisms for it. He reaches a 
conclusion that input control has a significant impact on the performance of 
semiconductor wafer fabrication. 

We use IQNA approach to calculate the WIP level for each product type which 
satisfies the required throughput. A simplified overall concept of IQNA is shown in 
Figure 1, where performance measures are both EI representing the discrepancy 
between the realized throughput Xi and the required one Xi' of product type i; and 
E2 as the cycle time Ri • 
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The input of IQNA is Xi· and the output is the WIP level Ni· of each product type i. 
Besides Ni> other inputs to the c10sed queueing network model inc1ude average 
number of visits Vij to a workstation j by product type i, and average operation time 
per visit Sij' while the outputs also include utilization Vj of workstation j, average 
queueing length Qj and average residence time Rij at workstation j of product type 
i. 

E 

r· .. · .. _ .... ·· .... · .......... · .. · .... • .... · ........ • .. ·• .. •· ...... · .... · .. · .. • · . : min EI, min E2 : · . 
! · . · . · . · . · . · . Simulated · . · : 

N·*: 
1 : 

Annealing 

Ni Xi,Rij 

~ Closed Queueing -

~V ij, Sij Network Model Vj,Qj 
.................................................................................. 

Figure 1 Inverse Queueing Network Analysis. 

The production model considered in this research is shown in Table 1, where 
there are 5 product types which have different process flows respectively. The WIP 
level of each product type is ca1culated by IQNA explained above. The model 
consists of 6 workstations which are composed of multiple machines respectively. 

Table 1 Production Model. 

Product Numberof Through- WIP Wode- Numberof 
Type Processes put level station Machines 

1 16 0.3138 14 1 2 

2 18 0.2019 28 2 4 

3 18 0.2776 20 
3 3 
4 5 

4 17 0.2310 21 5 3 
5 19 0.3567 33 6 2 

3 DISPACHING RULES AND EFFECTS 

Dispatching mIes are used to decide which lot is to be operated next when a 
machine becomes available. Due to wafer fabrication's complexity, especially the 
necessity for reentrant production flows, dispatching schemes are regarded to be a 
key and a complicated element in wafer fab operations(Dayhoff and Atherton, 
1987). Vzsoy, et al. (1994) give a review of dispatching researches in the area of 
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semiconductor manufacturing. An interesting research is done by Adachi, et al. 
(1988), which develops a pattem-recognition-oriented Control Decision Support 
System (CDSS) in order to set the best control strategy, including dispatching one. 
They use simulation experiments to examine the relations between system 
performance and management decision variables, which this research uses to 
ex amine some dispatching rules and their effects on the closed production model 
described in Section 2. 

Four different dispatching rules are examined for the production model: FIFO 
(First-In-First-Out), which decides the priority of the lots in the waiting line 
according to their entrance sequence, and is the most popular rule in realistic 
situations; SPT(Shortest imminent Processing Time) gives the highest priority to 
the lot with the shortest processing time in the imminent operation, which always 
shows to be the best rule conceming the measurement criterion of average cycle 
time; slack value of each lot is defined in this research as the remaining of five 
times total processing time minus time spent in the shop up to now, while a rule 
called SLACK is use<! to give highest priority to the lot with least slack value; and a 
rule called LLTA(Largest Lateness of Throughput Achievement). As explained 
previously, the measurement criterion we consider are the accumulated 
throughputs of the production. By LLTA rule, those product types with lateness of 
realized throughputs comparing to required ones have higher priority. 

Parts of simulation results are shown in Figures 2-4, so as to examine the four 
rules' effects under steady state production, while under overloaded condition 
when the required throughput rates are set to be extremely high for the same 
production model, Figure 5 shows the relative results of simulations. 
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Figure 2 Comparison of throughput achievement of different rules. 

Figure 2 shows some significance of IQNA approach, for the simulation results of 
accumulated throughput, the result obtained by using FIFO rule for example, is 
very close to the required values. Also, we find FIFO rule is shown to be the best 
rule under steady state condition wh ich means the relation between production 
ability and workload is balanced. It gives best values for both throughput and cycle 
time. On the other hand, LLTA rule leads to worse values of cycle time's 
deviations when compared to FIFO rule, though the values of throughput and 
average cycle times are comparable to those obtained by FIFO rule. However, it is 
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Figure 3 Comparison of cycle times. 
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Figure 4 Comparison of average waiting times. 
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Figure 5 Comparison of lateness of throughputs under overloaded production. 

noticed that by LLTA rule the average waiting time before the bottleneck 
(Workstationl, which is shown to be the busiest one by FIFO rule) is much shorter 
than the value got by FIFO rule. (See Figure 4) This might be the main reason for 
the less deviation of lateness among product types under overloaded production by 
using LLTA rule, shown in Figure 5. That is, LLTA rule has good effects on 
balancing the lateness among product types, especially under overload conditions, 
as it seems to be able to rearrange the production progresses in an appropriate 
speed to each product type. 
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4 AUTONOMOUS JOB SHOP SCHEDULING SYSTEM 

The features of FIFO and LLTA are used in our scheduling system for dynamic 
control of the closed production model. A combinatorial rule is constructed as 
folIows: 

a X FIFO + (l-a) X LLTA a : coefficient 

where the value of a is to be changed according to the production situation. 
Tbe scheduling system we construct is shown in Figure 6, and is called 

autonomous job shop scheduling system which is expected to realize automatic 
control of the dispatching rule so as to keep efficient operation under the varying 
production conditions. 

PI --+ ~ ~ ~ --+ LXI 
P2 --+ --+ LX2 
P3 --+ 

~ ~ ~ 
--+ LX3 

P4 --+ --+LX4 
PS --+ --+ LXS 

Producoon Model 

L(Xl*-XI) --+ 

L(X2*-X2) --+ 

L(X3*-X3) --+ --+ er 

L(X4*-X4) --+ 
L(XS*-XS> --+ 

Neural Networlc 
Cj : Worlcstationj 
Pi : Product Type i 
I: Xi : Accumulated Realized Throughput of Product Type i 
I: xt: Accumulated Required Throughput of Product Type i 
Cl : Coefficient of Combinatorial Rule 

Figure 6 Autonomous Job Shop Scheduling System. 

We have done a research about autonomous job shop scheduling which considers 
an open job shop production model and controls the dispatching rules for those 
machines in bottleneck. The possibility of autonomous job shop scheduling in a 
varying environment has been verified(Shin, et al., 1995). 
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The neural network in Figure 6 is the control organization in the system, whose 
output sets the coefficient value of the combinatorial rule. The inputs of the neural 
network are the discrepancy of the required throughput and the realized one for 
each product type at a time. The neural network belongs to a supervised back
propagation feed-forward one, so it needs to be trained by data in which known 
relations between the inputs and outputs are contained so as to calculate any 
corrections for the weights of connections between neurons. 

4.1 Training Data for the Neural Network 

We use simulation experiments to examine the relations between the lateness of 
throughputs and the coefficient of the combinatorial rule. In a steady state 
production environment, an arbitrarily specified machine breakdown is generated 
and then after adefinite period the lateness of throughputs could be inspected. Two 
experiments with different dispatching rules are held from this point: one keeps the 
dispatching rule as FIFO and the other uses a combinatorial rule with testing 
coefficient values. Both results will be recorded after adefinite period, and those 
coefficient values which cause the improved results by the combinatorial rule than 
the results obtained by FIFO are regarded as the appropriate values corresponding 
to the production situations at that time, and then will be used to train the neural 
network. 

Some of the training data are shown in Figure 7, from which we could fmd that 
with the increase of machine breakdown time which leads to the increase of the 
lateness of throughputs, the value of the coefficient becomes smaller which means 
the decrease of FIFO rule's effects and the increase of LLTA's. 

4.2 A Test Experiment 

Figure 8 shows the results of an experiment which is used to test the effectiveness 
of the scheduling system. A production process is observed during 300 simulation 
time (from 7000t to 7300t simulation time) which is under different production 
conditions and dispatching rules. Anormal production is held firstly which is under 
steady state and the dispatching rule is FIFO, and the realized throughputs are 
recorded by every 50 simulation time interval. Then the same production is held 
with FIFO rule in which machine breakdowns occur in simulation time 7000t, 
7100t and 7200t. Throughputs appear to be decreased obviously. Finally, we use 
the autonomous job shop scheduling system to control the production with 
machine breakdowns occurring. 

By comparing the results in Figure 8, we find that the effectiveness of the 
autonomous scheduling system is much more obvious in the front part of the 
experiment. That is, the combinatorial rule works quite weIl when the lateness of 
throughputs are not so severe. However, even so, the throughputs could never 
recover to their original values. 
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Figure 7 Some portions of training data. 
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Figure 8 Example of simulation results. 

5 CONCLUSION AND FUTURE RESEARCH 

An autonomous job shop scheduling system is constructed and examined in this 
research. The production model includes some features extracted from wafer fabs, 
and is constructed to be a closed one. WIP level of each product type is decided by 
using IQNA and their required throughputs. 

Some dispatching rules and their effects on the performance of the production 
are examined, and a combinatorial rule is constructed by using different features of 
FIFO and LLTA. FIFO rule is shown to be the best rule under steady state 
productions, while LLTA rule is observed to have good effects on balancing the 
lateness among product types, especially under overloaded production situations 
or when machine breakdowns occur. 

Simulation is used to examine the relations between the lateness of throughputs 
and the coefficient of the combinatorial rule, and the results are used to train the 
neural metwork which is the controller of the autonomous scheduling system. 
Results of a test experiment are shown and the possibility of constructing such an 
autonomous scheduling system and its effectiveness are examined. 

However the effectiveness of the system is far from satisfactory and practicable. 
Two different directions of future researches are being considered. One is to 
continue the research of dispatching rules in much more detail. Considering the 
reentrant production flows in wafer fabs, the dispatching schemes could be 
regarded as a hierarchical one, and the dispatching rules are required to satisfy 
three level functions(Dayhoff and Atherton, 1987). The other is the hybrid 
utilization of IQNA and the autonomous control which aims to realize scheduling 
control more effectively. 
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