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Abstract 
As manufacturing systems are often operated under dis- 

tributed control, translating overall production goals, such as 
system output rate and cycle time, into local flow control tar- 
gets for internal operations, such as work-in-process (WIP) 
levels and part release intervals, has been a significant and 
challenging research topic. This paper studies the problem 
for semiconductor wafer fabrication plants, where there are 
multiple part types, failure-prone machines, and determinis- 
tic reentrant process flows. Such a system is first modeled as 
a failure-free and reentrant open queuing network with an 
aggregated part type. By exploiting a decomposition-based 
approximation, a backward queuing network analysis (BQNA) 
is designed to derive flow control parameters in terms of 
means and variations of input processes for each machine 
group. These derived control parameters can be utilized to 
obtain managerially tangible requirements for cycle times 
and WIP levels and to create guidelines for distributed flow 
control leading to the desired overall production goals. Com- 
parisons with simulation results for two example wafer fabri- 
cation models demonstrate the accuracy and computational 
efficiency of BQNA and its potential for real applications. 

Keywords: Reentrant Production Lines, Queuing Models, 
Approximation Analysis, Flow Control Requirements, Wafer 
Fabrication Systems 

Introduction 
A modem factory is often operated under a dis- 

tributed control architecture. When shop floor per- 
formance measures are closely mapped to the desired 
system performance, individual machines may then 
be operated locally to meet their local performance 
requirements while effectively achieving the overall 
production goals. How the required overall produc- 
tion goals of a factory should be translated into per- 
formance requirements for individual production 
entities or processing steps within the factory has long 
been a significant fesearch topic in production con- 
trol. The translation problem has become more chal- 
lenging because the competition for quick, 
high-quality, and low-cost responses to customer de- 

mands in manufacturing is fierce worldwide, and 
manufacturing system complexity is increasing. 

Specifically, very large scale integrated circuit 
(VLSI) wafer fabrication is a business characterized 
by high capital investment, short product life cycles, 
high product add-on values, and stringent customer 
demands for both excellent quality and timely deliv- 
ery. A wafer fabrication plant (fab) represents one of 
the most complex manufacturing processes. There are 
several hundred production steps in a process, which 
involves tens of delicate and expensive equipment 
groups. The process flow is highly reentrant because 
it requires multiple visits to individual equipment 
groups as successive circuit layers are added onto a 
wafer. This reentrant feature poses a unique challenge 
to production flow control (PFC) because wafers of 
different product types as well as wafers of the same 
product type but at different layers of fabrication may 
compete for the finite capacity of an equipment group 
(Graves et al. 1983; Kumar 1993). In addition, fac- 
tors such as rework, scrap, wafer lot splitting/merg- 
ing, equipment breakdown, preventive maintenance, 
operator availability, and setup requirements combine 
to make the manufacturing environment highly dy- 
namic and uncertain. Translating the overall produc- 
tion goal to local performance requirements within 
such reentrant manufacturing systems has therefore 
been a significant research challenge. 

In the literature, a few performance models of re- 
entrant manufacturing systems have been presented, 
including: (1) discrete event simulation models 
(Dayhoff and Atherton 1984, 1986; Lu and Kumar 
1991; Lu, Ramaswamy, Kumar 1994), (2) stochastic 
optimal control models (Kumar 1993; Lou and Kager 
1989), and (3) queuing network models (Bitran and 
Tirupati 1988; Burman et al. 1986; Chen et al. 1988; 
Connors, Feigin, Yao 1996). Among them, a stochas- 
tic optimal control model usually leads to analysis of 
very small problems, although theoretic insights can 
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be generated from it. Discrete event simulation 
models are usually high-fidelity representations of 
a real fab and are frequently used for detailed de- 
sign evaluation. However, they require significant 
development and maintenance efforts and are 
mostly suitable for descriptive/evaluative rather 
than prescriptive purposes. Analyses based on 
queuing network models have been successfully 
applied to both planning and performance evalua- 
tion problems of realistic scales. Fast computation 
times can be achieved on a personal computer. Sev- 
eral software tools based on approximate analyses 
of queuing network models are available for per- 
formance evaluation of manufacturing systems. 
QNA (Segal and Whitt 1988; Whitt 1983) is intended 
to provide approximations for various performance 
measures of a general open queuing network 
(OQN). MPX developed by Network Dynamics Inc. 
models manufacturing systems as general OQNs 
and aqopts a number of approximation techniques 
for quick performance evaluation. CHIPS, a joint 
project’between SEMATECH and Texas A&M Uni- 
versity, provides performance analysis for fabs 
through a combi-nation of queuing analysis and 
simulation. 

Many queuing network model based analyses and 
PFC designs utilize mean values such as mean de- 
mand rates for individual operations and mean pro- 
cessing rates of individual machines. Inverse queuing 
network analysis (IQNA) proposed by Kuroda and 
Kawada (1995) is an optimization method for de- 
signing wafer release control. It combines a mean 
value analysis (MVA) of a queuingnetwork model 
for quick performance evaluation and a simulated 
annealing algorithm to search for optima1 wafer in 
process (WIP) levels within a fab and the correspond- 
ing wafer release control to achieve the required 
throughput of each product. Narahari and Khan 
(1996) presented an MVA-based method to predict 
the throughput rate and the cycle time of a reentrant 
line under the various queuing disciplines studied 
by Lu and Kumar (1991), such as First Buffer First 
Serve and Last Buffer First Serve. Lin and Lee (2001) 
proposed a queuing network-based algorithm to de- 
termine the standard WIP level of a fab by adding 
the WIP at all workstations in, the fab. They deter- 
mine the output rate of each reentrant loop through 
the bottleneck workstation by giving the required 
overall throughput rate and product mix ratio. Each 
workstation is treated as an M/M/m service node 

for WIP CahkitiOn. All three aforementioned worka 
assume exponentially distributed part processing 
times. 

To remove the limitation of assuming an exponen- 
tial time distribution and for better handling of un- 
certainties, the aspect of variability, i.e., second-order 
statistics, as well as the mean values, has been brought 
into practice (Li, Tang, Collins 1996; Sattler 1996; 
Shiu et al. 1996; Bijbel and Halmel 1998). Specifi- 
cally, Li, Tang, and Collins proposed a minimum in- 
ventory variability scheduling (MIVS) scheme to 
determine the priority among individual operation 
steps. The authors clearly indicated how the mean 
WIP and cycle time of a machine depend on both 
mean and variability of the arrival and service pro- 
cesses by exploiting both Little’s formula and 
Kingman’s approximation (Geienbe and Pujolle 
1987) for GI/G/l queue. MIVS calculates the differ- 
ence between the measured instantaneous WIP and 
the historical WIP average of each operation step. 
Priority among operational steps is then determined 
by comparing the relative differences among consecu- 
tive operation steps. Field applications of MIVS have 
led to significant reductions of mean and variance of 
WIP and cycle times. However, the question of how 
to systematically translate overall production goals 
into managerially tangible local control parameters 
in terms of mean rate and variability remains an open 
challenge. 

Motivated in this paper by the need for a produc- 
tion goal translation, the translation problem is first 
formulated in terms of OQN modeling. A fab with 
multiple part types, failure-prone machines, and re- 
entrant process flows is considered and modeled as a 
failure-free and reentrant OQN of a single aggregated 
part type. First-come first-serve (FCFS) is assumed 
as the service discipline for each node, where a node 
corresponds to one machine group. This aggregated, 
reentrant OQN is analyzed by using a class of ap- 
proximate decomposition methods. The decomposi- 
tion methods decompose an OQN into individual 
network nodes and use two types of parameters to 
characterize the stochastic arrival, service, and depar- 
ture processes of each node: one describing the rate 
and the other describing the variability. Various sta- 
tionary network performance measures, such as work 
in process, utilization, and flow time, can then be 
derived based on these two types of parameters. There 
have been quite a few research results in this direc- 
tion (Whitt 1983; Buzacott andYao 1986; Bitran and 
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Timpati 1988; Segal and Whitt 1988; Buzacott and 
Shanthikuklar 1992; Connors, Feigin, Yao 1996). 
Specifically, applications to semiconductor manufac- 
turing have been proposed by Bitran and Tirupati; 
Segal and Whitt; and Connors, Feigin, and Yao. 

In conjunction with the reentrant OQN model and 
the decomposition method, a new solution method is 
designed for the translation problem-the backward 
queuing network analysis (BQNA). BQNA derives 
target mean rates and variation bounds of input pro- 
cesses of individual nodes from desired overall pro- 
duction goals. Frequently considered production goals 
of fabs include the output rate, inter-output time vari- 
ance, mean cycle time, or cycle time variance, where 
cycle time is the time between job release and its 
completion. Specifically, BQNA takes a reverse view 
of relations among variables in the results of the de- 
composition-based approximation. BQNA leads to 
two sets of linear equations with system production 
goals and nodal service parameters such as mean and 
variability of service times given. Results of BQNA 
then serve as the basis for calculating various mana- 
gerially tangible and local PFC requirements such as 
bounds on mean and variance of waiting times and 
queue lengths. Although the derivation of local per- 
formance requirements assumes FCFS at individual 
nodes, the requirements thus derived represent a mini- 
mum level of performance for designing PFC 
schemes. 

Translation Problem 
In fab manufacturing practice, there are two 

major functions for PFC of a fab: wafer release 
and dispatching. To meet production goals un- 
der the manufacturing constraints of a fab, wafer 
release regulates the arrivals of new wafers into 
the fab according to an output schedule. Dispatch- 
ing is locally carried out at each machine or ma- 
chine group. Dispatching ranks the processing 
priority among wafers of various product types 
and production steps by taking local status and 
performance requirements into consideration. 
Both release and dispatching functions should be 
integrated to control wafer flows for achieving 
the required overall production goals. A manu- 
facturing executi+ system collects measurable 
information from the shop floor and facilitates 
the decision making of PFC functions. Figure 1 
depicts such a basic architecture. 

Overall fab production goals, such as weekly 
minimum fab output volume and maximum aver- 
age cycle time, need to be translated into local per- 
formance requirements for the two PFC functions. 
The form of local performance requirements var- 
ies with the specific PFC scheme used. Examples 
of frequently used forms include target number of 
wafers processed during one shift or maximum and 
minimum WIP levels at each production step. PFC 
parameters are then periodically extracted from 
both the measured fab status data and the given 
system production goals, and are fed into the PFC 
scheme. Production line managers or a PFC com- 
puter executes the control actions calculated/rec- 
ommended by the PFC scheme to regulate raw 
wafer release and dispatch wafers to individual 
machines for manufacturing. 

Fab Modeling 
Effective translation between fab goals and lo- 

cal performance requirements starts with a good 
model of production flows in a fab. Consider a fab 
modeled as a general reentrant line and illustrated 
in Figure 2, into which wafers arrive and from 
which wafers eventually exit. In this model, there 
are A4 machine groups (MGs), I part types, and J 
sequential production steps. Machines in one group 
are identical, independent, and failure prone. The 
process flow of each product type consists of a sub- 
sequence of the J sequential production steps, of 
which the first step always starts at MG 1 while 
the last step always finishes at MG M. This is not 
just for convenience of later analysis but to cap- 
ture a feature of process flows in a real wafer fab. 
Each production step requires one machine of a 
specific group for processing. It is assumed that 
there is an infinite buffer, denoted by bj in Figure 
2, for each step because buffer space for wafer stor- 
age is usually not a limiting constraint in a fab. As 
a MG may be revisited several times at different 
production steps of one process flow, the line is 
reentrant. 

Just like other production lines, wafer scrap or 
rework may occur after an inspection step. 
Scrapped wafers leave the line and rework wafers 
go into respective sequences of rework depending 
on the step where the scrap occurs. A machine may 
fail at random due to either functional breakdown 
or unscheduled maintenance. When a failure occurs, 
the failed machine requires a random repair time. 
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OQN Model 

In modeling a fab as an open queuing network, a 
MG m of M,,, identical machines is represented as a 
service node of parallel servers with an infinite and 
shared buffer, m = 1, 2, . . . . M. The fabrication of a 
wafer corresponds to a job, and each part type corre- 
sponds to a job class. Each class-i job, i = 1, 2, . . ., I, 
has a total of S, processing steps. Let (i, k) denote the 
kth processing step of a class-i job. The process flow 
of a class-i job follows a deterministic route, {(i. k), k 
= 1, 2, . ..) S,), which is a subsequence of { I, 2, . . . . 
J}. Step (i, k) requires processing by a service node 
l?lik E { 1, 2, . . . . M) . Although a job may visit a ser- 
vice node more than once, it is assumed that mik # 
m;k+ly kE {1,2,..., Si - 1) for any class i, that is, any 
two consecutive steps of a job must be processed by 
different MGs. For simplicity of discussion, scrap and 
rework can be but are not included in the modeling. 

The service time of each node varies among pro- 
duction steps, and service times of individual job 
classes at a given node are assumed independent 
of each other. Each machine has its own indepen- 
dent probability distributions of processing times, 
up time, and down time. The Appendix illustrates 
one procedure (Kouvelis and Tirupati 1991) that 
incorporates machine failure effects by modifying 
the service time distribution of each node and forms 
a statistically equivalent failure-free node. 
Interarrival times of individual job classes to the 
entry node, MG 1, are assumed independent and 
identically distributed and are independent among 
job classes. FCFS is the service discipline of each 
node. In the literature, it has been shown that dis- 
patching by FCFS may lead to instability of a re- 
entrant line in certain situations (Bramson 1994; 
Seidman 1994). Hasenbein (1997) provided a pro- 
cedure that can be used to check if a given reen- 
trant line is stable under FCFS dispatching. This 
paper assumes that a reentrant line adopts FCFS 
dispatching and is stable. 

Translation Problem Definition 

To convey key ideas of the translation problem, 
consider, for example, an OQN consisting of a single 
GI/G/l queue shown in Figure 3. This single ma- 
chine-group system has service time parameters, e = 
(T, CT), and part release parameters, s = (A, C,‘), 
where r is the mean service time, A is the mean re- 

lease rate, and C,: and C,’ are squared coefficients 
of variation (SCV) of service and interrelease times, 
respectively. Note that the SCV of a random vari- 
able is defined as its variance divided by the square 
of its mean. When the queue is in steady state, it is 
obvious that the mean output rate, d, should be equal 
to the mean release rate, i.e., d = h. The mean sys- 
tem cycle time (or sojourn time), T, can be approxi- 
mately expressed by Kingman’s equation (Gelenbe 
and Pujolle 1987) as 

Let the production goals be that the cycle time should 
be no greater than T and that the output rate should be 
no less than d. Set goal parameters as I= (T, d). The 
production goal translation problem is then to find val- 
ues of the wafer release parameters cw to achieve the goal 
performance specification 41 under the given machine 
group with characteristic parameters & Namely, solve 
for ar = (A, Cf ) such that A 2 d, and 

ar2 
T=z+-. 

(cc: + c: ) < T 

1-az 2 - 

Denote (I, Cz) as the solution when the equality 
holds, that is, 

n = d and 

Then the mean output rate and mean cycle time of 
this queue should meet goal levels if the job release is 
controlled at the target mean rate, 1, and its 
interarrival time SCV is restrained no greater than the 
value c. 

Now a generic definition of the translation prob- 
lem is given. 

Definition: Translation Problem 
Letx = [Y,, Y2, . . . . YJ be L fab production goals, 

Yri = bml, Yrn2, -e-3 y,,] be 1 local performance re- 
quirements for node (machine group) m in the OQN 
model, y = [yr, yz, . . ., yM] be the collection of per- 
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CL ci, 

Figure 3 
A GYGll Queue 

formance requirements for individual machine 
groups, e,= [en,,, tlm2, . .., e,,,] be u service node pa- 
rameters of node m, jj = [$, &, . . . . t&J be the 
collection of service parameters of individual machine 
groups,eK= [a,, a?, . . ., a,] be II parameters of the 
wafeprelease process, and Q be process routing data. 
In the QQN model, let two vector functions 41. = E((a, 
e, Q) and y = Q(cx, 6, Q) be the global and local 
performance functions, respectively, characterizing the 
mathematical relations among global goal, local per- 
formance targets, and model parameters. The transla- 
tion problem is to solve ac from the global 
performance function, y = &x, fi, Q), given the val- 
ues of fab production goals, _Y, process routings, Q, 
and all service node parameters, 0, and then to obtain 
the local performance targets y = @a, t3, Q) with the 
derived a. 

Decomposition-Based Approximation 
In defining the translation problem of a fab, the 

OQN model of the fab first needs to be analyzed for 
constructing both the global and local performance 
functions, I= F(cx, e, Q) and y = Q@, e, Q). The 
most frequently used analysis has been by the de- 
composition approximation approach. The approach 
(Bitran and Tirupati 1988; Whitt 1983) consists of 
three parts. The first part aggregates multiclass jobs 
into a single class. The second part is an analysis that 
essentially attempts to generalize the notion of inde- 
pendence and product form results for Jackson-type 
networks to more general systems. It relies on two 
notions: 

1. The nodes can be treated independently as GI/ 
Glm queues. 

2. Two parameters, average rate and squared co- 
efficient of variation, are used to characterize 
an arrival and a service process at each node. 

In the decomposition approximation analysis, traf- 
fic equations characterize the nodal output processes 
in terms of input and service parameters of individual 
nodes. Relations among mean rates and inter-event 
time SCVs of processes at individual nodes are sum- 
marized by two sets of linear equations. Finally, the 
third part derives mean rate perjob class and interarrival 
time SCVs at individual nodes via a disaggregation 
procedure. 

Class Aggregation 
In this paper, the procedure of aggregating the 

multiclass OQN into a single-class OQN follows 
that of Whitt (1983). Now defined are some nota- 
tions for a brief description of the aggregation pro- 
cedure: 

I: total number of classes; 
. . 1. class index, i = 1, . . ..I. 
A;: external arrival rate of class i to entry node; 
C,! : interarrival time SCV of class-i arrivals to en- 

try node; 
S,: total number of steps in the process flow of 

class i; 
k: operation step index, k = 1, . . . , Si; 
Tik: mean processing time at kth operation step 

of a class-i job; 
C;. : service time SCV of a class-i job at its kth 

processing step; 
W(m): a membership function defined on set H 

(W(x) = 1 if x E H, and 0 otherwise); 
M: total number of nodes; 
m, n: node indices, m, n = 1, . . . . M. 

The overall external arrival rates to the entry node 
and the flow rates within the network are obtained 
by adding up average flow rates of individual 
classes: 

1 s,-1 

A,,,I =CCA,l{(i,k):m, ~m,m~.~+~ =n},vm# 
;=I !,.=I 

~2, and m, II = 1, 2, . . ., M. 
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As the external arrivals of different classes are inde- 
pendent, the interarrival time SCV of aggregate ex- 
ternal arrivals to the entry node is as follows: 

The ratio of routing from node m to node FZ can be 
calculated as follows: 

4 1,111 = &,, I $,$,a;l{(i,t):m,, =m} i=l k=l 
The aggregate service time of a step at node m is a 
composite of service times of individual steps of vari- 
ous classes that require processing by server node nz. 
The average aggregate service time at node m is then 

z,, = f,$,/ljTiil{(i,k):m, = m} 
i=l k=l I 

iiAjl{(i,k):m, = m} 
!=I k=l 

and the corresponding SCV is 

;=I k=l 

itAjrt,l{(i,k):mik = m}- 1 
i=l k=( 

Traffic Rate Equation 
When the network is in a steady state, there is a 

flow rate balance relationship among network nodes. 
Let h,,, be the job arrival rate of node n. Then 

m=l 

= ap6n + ~a.,,14m., I 5 n I M (1) 

where 6,, = 1 if y1< l and 8, = 0 otherwise. In Eq. (I), 
there are M equalities for the M unknown variables 
{A r,n,,m= 1,2, . . . . M} for total arrival rate to node m. 
Once the value of {A,,,) are obtained, the traffic in- 

tensity (expected utilization) of node m, pITI, can be 
calculated by 

where M,, is the number of machines in node m. 

Traffic Variability Equation 
Now, a second-order characterization of the 

interarrival times is given in terms of SCVs. Denote 
Ci,, as the interarrival time SCV of node IZ. The ap- 
proach of Segal and Whitt (1988) is closely followed. 
Their approach approximates the SCVs of merging 
and splitting point processes with considerations of 
the deterministic feedback routing and the interfer- 
ence among multiple classes. Then a set of linear traf- 
fic variability equations is derived as follows: 

where 

i=l k=l / 

(3) 
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Note that the above formulas describe the approxi- 
mate relationship among the interarrival time SCVs 
of all nodes, which correspond to the movement of 
jobs throughout the network. The term a, captures 
the SCV of the external arrival processes and b,,, ap- 
proximates the SCV due to internal transitions. The 
coefficients m and v, specify the flow-merging ef- 
fects from upstfeam flows, C? is a weighted average 
of external arrival SCV by eypected number of vis- 
its, and xm is used to specify the departure operation. 
The study of Whitt (1983) suggests empirically that 
xm be maintained above 0.2 to achieve good approxi- 
mation when the service time SCV is low. 

Frequently considered system performance metrics 
of fabs include desired system output rate, upper 
bounds of inter-output time variability, mean cycle 
time, and cycle time variance. Mean waiting time and 
queue length (WIP level) are commonly used metrics 
in local performance control. Queuing theory has pro- 
vided,steady-state performance equations (Whitt 1993) 
relating the arrival and service parameters (A,,,,, Ci,,, , 
T,, C,:;) at individual nodes with the aforementioned 
global and local performance metrics. Combining 
these equations with Eqs. (I), (2), and (3), one can 
then establish functions X = &x, fi, a) and y = G(o, 
@, Q) for the OQN model. Specific cases and the so- 
lution method will be addressed in the next section. 

Backward Queuing Network Analysis 
Exploiting the results of decomposition approxi- 

mation in the previous section, a backward queuing 
network analysis (BQNA) is now designed to solve 
cx from the global performance equation1 = &a, !& 
a). In specific: BQNA derives wafer release param- 
eters cx, (A,, C;), and the desired means and SCVs of 
interarrival times for individual nodes, (Aa,+ Cf’,,), 
from the specified process routing, nodal character- 
istics, and production goals of the system. The re- 
sultant p is then substituted into the local performance 
function y = G(n, e, Q) to obtain managerially tan- 
gible local PFC references in terms of WIP or cycle 
time for achieving the desired overall production 
goals of a reentrant line. 

BQNA with Target Cycle Time and 
Desired Output Rate ’ 

The development of the BQNA method will first 
be focused on using a target mean total cycle time, T, 

and a desired system output rate, cl, as the overall 
production goals. That isu = (T, d). The application 
of BQNA to the translation of other production goals 
will then be discussed. 

Required Flow Control Target on Arrival Rate 
When a network is in a steady state, the required 

overall external arrival rate at the entry node should 
be equal to the desired output rate, that is, 

Ar = d (4) 

Let (y,, y2, . . . . r,) be the job class mix ratio with yr + 
y2 + . . . + y, = 1. Then the external arrival rate of 
class i to the entry node can also be deaggregated as 

Aj=y,xXe fori= 1,2, . . ..I 

Furthermore, with the given output rate goal, the 
overall arrival rates at individual nodes, A,,,, m = 1, 
3 -, . . . . M, can be calculated by substituting Eq. (4) 
into Eq. (I) and solving the set of M linear equa- 
tions. The expected utilization of node m, pm, is then 
also available by Eq. (2). 

Required Flow Control Bounds on 
Interarrival Time SCV 

Based on queuing theory, mean waiting time can 
be approximated as a function of variability param- 
eters, mean service time, and loading intensity. This 
fact is used to establish the relationship between the 
mean cycle time target and system variability. Assume 
that all service nodes are highly utilized, which is 
frequently true in a fab. With heavy-traffic limit theo- 
rems, the expected waiting time of node m modeled 
as a GI/G/m queue, E[W,,], can be approximated as 
follows (Whitt 1983, 1993): 

where E[ W,(MIM/M,)] is the expected waiting time 
for an M/M/M, queue, defined as follows (Buzacott 
and Shanthikumar 1993): 



with 

Then the corresponding mean cycle (or sojourn) time 
can be expressed as follows: 

The expected total cycle time for a job to go 
through the network is a function of the average 
number of visits per job and average processing 
and waiting times of individual nodes in the net- 
work. The average number of visits per job to node 
m is as follows: 

V,, = X,,/X,, for m = 1, 2, . . . . M (7) 

The expected total cycle time is thus 

(8) 

By using Eq. (5), Eq. (8) can be rewritten to obtain 
the mean cycle time as follows: 

Now consider the relationship among the SCVs of 
nodal arrival processes. Examined first is the loading 
of wafers into a line, that is, the wafer release pro- 
cess, which is fully controlled by a fab manager. It is 
straightforward that the wafer release rate must be 
no less than the desired output rate for each part type. 
In the manufacturing practice of fabs, there is usu- 
ally an upper bound set to the lot inter-output time 
SCV for the smoc$mess of delivery. As fab opera- 
tions only add var&bility, the inter-output time SCV 
imposes an upper bound on the interarrival time SCVs 
of individual part types. It is a common fab practice 
to have a fair wafer release among different part types, 

that is, to have equal SCVs for arrival processes of 
all job classes, ~2 = ~2 for i # j. Note that the re- 
sultant inter-output time/ SCVs among different types 
are generally different because of their different 
routings; in a loose sense, the longer the route, the 
larger the inter-output time SCV. 

Under the fair wafer release, it can then be easily 
derived from the aggregation procedure that c,’ = c; , 
V i, and that c* = ~2, tl m. These results are then 
substituted into?he trarffic variability equation. Then 
Eq. (3) can be arranged as follows: 

Cf,, = a,, +p,,C,’ + 2 CZJ,,,,, 
Ill=1 

(10) 

where 

fern= 1,2, . . ..M 

Equations (9) and (10) constitute a set of M+ 1 lin- 
ear equations for M+l variables. They can be ex- 
pressed in a matrix form as follows: 

1 h -1 b2, ..* bMl P, c,z, 

b 12 b,,-1 .a- b,, P, c,z, 

b 1M b,, ..* km., 6, czM 

b l,M +I b*,M+, ... bM.M+l 0 __ c: 

r 1 a, 
a2 

=o 

aM 

a _ M+1 -T 

-I 

(11) 

where 

and 
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b rn.M+l = v,,, at (M/MM,, >p ’ 
form= l,2, . . ..M 

Parameters C: and (Ci,:,, } can be obtained by solv- 
ing Eq. (11). These nodal SCVs can then be used to 
develop wafer release control and other local PFC 
applications, which will be described at the end of 
this section. 

BQNA with Other Production Goals 
Fab production goals vary with market changes 

and business objectives. For example, when the mar- 
ket is booming, a fab may want to maximize the 
throughput while setting an upper bound on cycle 
times. In contrast, during low business periods a fab 
may need to compete on short cycle times and ontime 
delivery for getting more orders. In this case, a fab 
needs to reduce mean cycle times and the variance of 
inter-output times to maintain a steady output. There- 
fore,, BQNA should have the flexibility to support 
different system production goals to be applicable to 
real fabs. 

In fact, BQNA can be applied to a number of sys- 
tem performance metrics. The basic idea is as fol- 
lows. Recall that BQNA takes a reverse view of the 
decomposition method, deriving for an aggregate 
OQN the rate and SCV bound of the arrival process 
to a node from the given rates and SCV bounds of 
output (departure) and service processes of the node. 
It is intuitively clear that if the selected system perfor- 
mance metrics are functions of rates and SCVs of 
machine service and input processes, BQNA may then 
possibly be applicable. A closer examination of the 
rate and variability equation sets of BQNA [Eqs. 
(l), (4), and (1 I)] easily reveals that there are two 
degrees of freedom in the equations. That is, a two- 
item system production goal suffices to determine 
the solution. 

Let d be the output rate, T be the bound on average 
total cycle time, and Cj and C: be the bounds of 
inter-output time SCV and total cycle time SCV, re- 
spectively. Two-item system production goals fre- 
quently considered by semiconductor fabs include 
(d, T), (d, Cd2 ), and (T, C; ). Each item can be ap- 
proximated as a function ofl-the first two statistical 
moments of service and input processes. For illustra- 
tion, consider (d, Cj ) as the required overall pro- 
duction goals. In a stable line, the desired external 

arrival rate should be equal to the desired output rate, 
that is, A, = d. Target arrival rates at individual nodes, 
A,,,,,, lrz = 1 , 2 . . . ., M, can then be computed by using 
Eq. (1). Because the output process of an individual 
node is affected by the characteristics of both the 
arrival and the service processes, the inter-output time 
SCV of output (departure) node, CjM , can be ex- 
pressed as follows (Whitt 1983): 

cc& =l+(l-p;)(c,-l) 
(12) 

+p% max C2 ( ( .w0*2}-1)/~ 

The relationship between CjM and C,; satisfies 
(Segal and Whitt 1988) 

c,2 = 4WcGM + (I- 4wo )4MlGM 

+(I - 4MOJ2 CM 

(13) 

Note that qMo is the ratio of jobs from node M leav- 
ing the system. Combining Eqs. (3) (12), and (13), 
the variability equation set constitutes a set of M+l 
linear equations for M+l variables as 

b,, -I 4, 
b I2 bz2 - 

b b2M IM 
0 0 

. . . b M-l.1 b MI P, 
1 . . . b M-l.2 b M2 P2 

. . . b M-1.M bMM -’ PM 

. . . 0 -1 PM+*-- 

a M+I 

where 

a M+I = 

cd -qM()&[I +(max{~~,~o.2}-1)/~] 
qM,,[(l-qM,,)+(‘-p~)] 

and 

55 



Parameters Cz and { Ci,,l ) can be obtained by solv- 
ing this set of linear equations. =&XT- 

BQNA Results for PFC Application 
One obvious way to apply BQNA results to PFC 

is to control the job arrival process so that its target 
mean rate is met and its interarrival time XV is no 
greater than the value calculated from BQNA. Such a 
control can easily be implemented by setting the in- 
ter-wafer lot release times accordingly. When such a 
release control is achieved at the entry node, the overall 
system performance should then meet the given pro- 
duction goals. Furthermore, various service disciplines 
are usually designed for individual nodes to result in 
better output performances than simply using FCFS 
in manufacturing practice. The performance of indi- 
vidual nodes derived by BQNA may therefore serve 
as guide for real applications. 

In manufacturing practice, various PFC schemes 
(Hopp and Roof 1998; Leachman 1994; Li, Tang, 
Collins 1996; Wu et al. 1998) have been proposed. 
Many of them use target levels and bounds on WIP 
and/or cycle times as the measures to control because 
such data is easily accessible from the shop floor and 
is managerially tangible to operators. Although the 
flow control requirements directly derived by BQNA 
are mean rates and SCVs of input processes for each 
machine group, they can be utilized to derive other 
measurable requirements for cycle time and WIP. For 
example, the calculation of expected waiting time of 
node m can be calculated using Eq. (5). The corre- 
sponding expected WIP of node m, E[L,], can be 
derived by using Little’s formula, which relates the 
average time spent to the average number of jobs in 
the node, as follows: 

The waiting time and queue length variances may be 
approximately calculated as defined by Whitt (1993). 
BQNA may therefore provide these existing PFC 
schemes with effective calculation of control param- 
eters and facilitate their realization. 

Exploiting the aggregated production flow results, 
the per-part cycle times and/or WIP levels can be cal- 
culated to provide guidelines for achieving differen- 
tiated service levels among part types. Note that under 
the FCFS discipline, the average waiting times at a 
node for wafers of different part types are the same. 
So, the target mean cycle time for a job of class i is as 
fol1ows: 

E[T, ] = % (T;k + &vi, I> 
k=l 

where E[Wik] is the expected waiting time at service 
node mik computed by using Eq. (5), and an upper 
bound of cycle time variance for class i can be calcu- 
lated by the following: 

var[r,]= $T:c: +&r[y,] 
k=l k=l 

The target average total WIP for a job of class i can 
be obtained by Little’s formula as follows: 

E[L,] = A; x E[T,l 

These per-part type requirements can serve as part of 
the detailed flow control requirements at each step or 
machine group. 

my = h&,,, + my,I) (14) Numerical and Simulation Results 
To validate the BQNA, its numerical results are 

Furthermore, the mean WIP of the entire network, L, 
is then 

L = E[L,]+E[L&+ E[LJ 

= $Ln(?n + @%1)7 
nt=l 

compared with simulation results on two example fab 
models. For simplicity, these reentrant manufactur- 
ing models are dubbed FABl and FAB2. FABl is 
an aggregated single-product fab model while FAB2 
represents a IO-product fab mode1 for investigation 
of multiple product-type effect. A C language based 
discrete event dynamic system simulator (Hsieh et al. 
1998) is used for simulation. The validation first ap- 
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plies the BQNA procedure to derive all the means 
and SCVs of interarrival times of a reentrant OQN. 
Parameters (A,,,,,. C’f,,, , T,~, c,:,, ) at each node can then 
be utilized to estimate the local performance require- 
ments by steady-state performance equations. To vali- 
date the BQNA results, the derived release parameters 
01= (X,, C,’ ) together with service parameters $! and - 
routing parameters Q, are set as inputs to the simula- 
tion model. FCFS is the service discipline at each 
node. Simulation outputs include local PFC param- 
eters such as WIP and cycle time at each node and the 
system performance measures such as total cycle time 
and desired output rate. 

Single-Product Fab Model 
FABl is adopted from an aggregated full-scale 

production line previously studied by Lu, 
Ramaswamy, and Kumar (1994). This model con- 
sists of 60 production stages, 12 different MGs, and 
a to&l of 40 machines. There is only one part type. 
Its sequence of processing steps and the MG used 
by each step are given in Figure 4. Machines are 
subject to random failures, and each failed machine 
requires a random repair time. All the times to fail- 
ure,. times to repair, and processing times have ex- 
ponential distributions with various values of mean 
time to failure (MTTF), mean time to repair (MTTR), 
and mean processing time (MPT). Table I lists the 
basic information of the model. 

Overall system production goals of this example 
are set as statistical performance measures frequently 
considered in fabs, as follows: 

1. desired system output rate d = 0.52 lots/hr, and 
2. target mean cycle time T I 383.25 hours, 

where the given system output rate equals the wafer 
release rate of Lu, Ramaswamy, and Kumar and the 
specified target cycle time bound is obtained from an 
independent simulation result with Poisson-distrib- 
uted inter-lot release time. The given output rate of 
the line demands an average machine loading of more 
than 90%, and MGs 9 and 11 are two capacity bottle- 
necks with 96.0% loading intensity. 

Results from applying BQNA to this example are 
obtained in 0.55 msec of CPU time on a 300 MHz 
PC. The derived requirements are means and SCVs 
of arrival processes to individual MGs. These derived 
results are then used to calculate the nodal perfor- 
mance estimates. In particular, the mean cycle time 
and mean WIP can be calculated for each machine 
group by using Eqs. (6) and (14). The standard de- 
viations of cycle times and WIPs are obtained by the 
refined formulas of Whitt (1993). To validate BQNA 
results, the derived external arrival parameters (X,, 
cl ) = (0.52, 0.998) are then input to the discrete 
simulation model. 

In the simulation study, there are six simulation 
runs. Each simulation run begins with an empty line 
and ends at the departure of the 114,OOOth lot out of 

Enter --b 1 - 2 --b 3- 8- IO + 

1+ 2- h- 

I--, 2+ 3+8- 9- 

1- 2- 3---, 8- 10 ----, 

I--* 6- II----, I--, 2- .s- 

I--, 2--, 3--,8----, 9+ 

I--, 2- 3--b 8* IO + 

I+ 6- 11- 14 2- 5- 

I----, 2+ 3-8- 9+ 10 + 11 ----, 

I----, 2- 4+ 8--+ 3--3 

I- 2+ 7--b 8- 10 - 
I+ 2+ 12 - Exit 

Figure 4 
Process Flow of FABl 
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Table I 
Machine Group Data of FABl 

MG No. of Machines No. of Visits MPT (hdlot) 

I 4 14 0.5 
2 3 12 0.375 
3 IO 7 2.5 
4 1 1 1.8 
s I 2 0.9 
6 2 3 1.2 
7 I I 1.8 
8 4 8 0.8 
9 1 3 0.6 

IO 9 5 3.0 
11 2 3 1.2 
12 2 I 2.5 

MTTF (hr) Ml-i-R (hr) Utilization %’ 

150 5 94.2 
200 9 82.3 
200 5 93.4 
200 I 94.1 
200 I 94. I 
200 1 94.1 
200 I 94.1 
IS0 5 86.4 
200 5 96.0 
I.30 5 90.3 
200 5 96.0 
200 5 67.4 

Utilization % = 0.52( No. of Visits)(MPT) + MTT’R 
No. of Machines 1 xl00 

MTTF + MTTR 

the line. Because the average monthly throughput of 
FAB 1 is 374.4 lots/month, a simulation run approxi- 
mately corresponds to 25 years of fab operation. The 
simulation of the first 14,000 lot departures, about 
three years, serves as a warm-up period, which is long 
as compared to an average cycle time of 15.9 days. 
The succeeding simulation is partitioned into 20 in- 
tervals for collecting statistics, including the mean 
and variance of cycle time and WIP. Statistics of in- 
dividual intervals are then averaged over the 120 in- 
tervals of the six simulation runs. 

Figures 5 and 6 contrast node-level performances 
in cycle time and WIP derived by BQNA and simu- 
lation, respectively. It is observed that the differences 
in mean cycle time and mean WIP are both below 
3%. Averaged relative differences in standard devia- 
tions of cycle time and standard deviations of WIP 
are about lO-20%. Although the estimates of stan- 
dard deviations of WIP at the MG level are not ex- 
ceptionally accurate, the maximum difference is less 
than 1.5 lots in this case. These results confirm that 
the nodal arrival parameters calculated by using 
BQNA results can be used to obtain the internal PFC 
required parameters such as mean and variance of 
nodal cycle time and WIP. Table 2 shows close sys- 
tem-level performances in mean cycle time and 
throughput rate by simulation to the specified pro- 
duction goals. This clearly implies that the reentrant 
line achieves thd desired system output rate and tar- 
get mean cycle time when arrival parameters are con- 
trolled to match the performance requirements 
calculated by BQNA. 

Ten-Product Fab Model 
FAB2 closely follows the model of Bitran and 

Tirupati (1988), which is based on real-life data and 
models the production facility of a semiconductor 
company. This model is represented by 13 different 
machine groups with jobs representing 10 product 
families, and the job class mix ratio yi is set as 0.1 
for i = 1, . . . . 10. The last process step of each prod- 
uct finishes at MG 13. The sequence of processing 
steps and the MG used by each step are given in 
Table 3. Table 4 lists the basic information of the 
model. Note that different machine groups have dif- 
ferent processing time distributions in this FAB2 
model. 

The required system production goals of this model 
are set as follows: 

1. desired system output rate d = 1 .O lots/hr, and 
2. target mean cycle time T 5 40.64 hours, 

where the output rate requirement equals the release 
rate of Bitran and Tirupati and the mean cycle time 
target is obtained from an independent simulation of 
the line with C,! = 1.5 for each product. The system 
output rate of the line demands an average machine 
loading of more than SO%, and MG 9 is the capacity 
bottleneck with 94.0% loading intensity. 

Results of applying BQNA to this example are 
obtained in 0.55 msec of CPU time on a 300 MHi 
*PC. The derived requirements of individual MGs wil 
be used to calculate the nodal performance estimates 
BQNA-derived aggregated external arrival param, 
eters (h,, Cl ) = (1.0, 1.5) are then used as the lo 
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Figure 5 
Cycle Time Mean and Standard Deviation of FABl 

. 
b 

-M- Simulation 
WIP standard deviation 

+ Simulation 

Figure 6 
WIP (in Lots) Mean and Standard Deviation of FABl 

release parameters in the discrete simulation model 
for validation. 

In the simulation study, there are six simulation 
runs. Each simulation run begins with an empty line 
and ends at the departure of the 30,000th lot out of 
the line. Because the average monthly throughput of 
FAB2 is 720 lots/month, such a simulation run ap- 
proximately corresponds to 3.5 years of fab opera- 
tion. The simulation of the first 5,000 lot departures, 

corresponding to about seven months of fab opera- 
tion, serves as a warm-up period, which is long 
enough as compared to an average cycle time of 1.7 
days. The succeeding simulation is partitioned into 
five intervals for collecting statistics on the mean 
and variance of cycle time. About 5,000 lots of each 
product are collected in each interval, and in total about 
25,000 lots of each product are collected in each simu- 
lation run. Statistics for individual intervals are then 
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Table 2 Table 4 
System-Level Performance Comparisons of FABl Machine Group Data of FAB2 

Mean Cycle Time Throughput Rate 

System goals 
Simulation 

Relative error % 

383.25 0.52 
382.0595 0.5195 

-0.3 107% -0.0962% 

MC No. of Service Time MPT Utilization %’ 
Machines Distribution (hr/lot) 

Table 3 
Product Routing Sequence of FAB2 

Product Number of Process Routing Sequence 
Operations 

I 8 I, 2, 4, 2, 9, 10, 11, 13 
2 9 1, 2, 5, 2, 8, 9, IO, 11, 13 
3 9 1. 2, 6, 4, 2, 9, 12, 11, 13 
4 9 1,2,7,4,2.9, 10,11,13 
5 8 1, 2,4, 12, 2, 9, 2, 13 
6 8 1, 2, 5, 12, 2, 9, 7, 13 
7 8 1, 2, 6, 12, 2, 8, 2, 13 
8 12 1, 2, 3, 7, 4, 12, 2, 8, 6, 9, 2, 13 
9 13 1,2,3,5,4,6, l2,2, 8,2, 10,6, 13 

10 13 1,2,3,6,2,4,12,7,2,9,ll,S,l3 

1 1 
2 1 
3 1 
4 I 
5 1 
6 I 
I 1 
8 1 
9 I 
IO 1 
11 1 
12 1 
13 1 

Uniform 0.78 78.0 
Uniform 0.25 62.5 

Erlang Order 2 1.667 50.0 
Exponential 1.057 74.0 

Erlang Order 3 I.700 68.0 
Erlang Order 4 0.950 57.0 

Uniform I.775 71.0 
Uniform 1.875 75.0 

Erlang Order 2 1.175 94.0 
Erlang Order 3 I.800 72.0 

Exponential 1.430 71.5 
Erlang Order 4 0.750 52.5 

Uniform 0.870 87.0 

“’ ‘Utilization % = C 0.1 (No. of Visirs)( MPT) x 1 o. 
,=I No. of Machines I 

Table 5 

averaged over the 30 intervals of the six simula- 
tion runs. 

System-Level Performance Comparisons of FAB2 

Mean Cycle Time Throughput Rate 

Figures 7 and 8 provide the performance com- 
parisons of the cycle time mean and standard de- 
viation at the nodal level between BQNA and 
simulation. These results suggest that local cycle 
time performance also can be accurately estimated 
from calculated nodal arrival parameters in the 1 O- 
product system. Table 5 shows that simulated sys- 
tem-level performances in mean cycle time and 
throughput rate are close to the specified produc- 
tion goals. It also suggests that the system pro- 
duction goals can be achieved in this lo-product 
fab model when lot arrivals follow the interarrival 
times requirement derived by BQNA. 

System goals 40.64 1.0 
Simulation 38.0203 1.0014 

Relative error % -6.446% +o. 14% 

95% of accuracy at both node and system levels as 
compared to those of the simulation results. In par- 
ticular, how well BQNA works depends largely on 
how well the adopted decomposition approxima- 
tion method captures the features of the manufac- 
turing processes. 

Summary 
This paper is aimed at getting local performance 

bounds or targets for individual nodes. BQNA is a 
systematic and computationally efficient way to trans- 
late system production goals into local performance 
bounds. In BQNA, FCFS is adopted as the PFC 
scheme for all nodes but wafer release control at the 
entry node. In the simulation, the wafer release is 
controlled to meet the derived external parameters, 
and FCFS is the #&vice discipline of each node. It 
is observed that in the application of BQNA to the 
above two fab models, the calculated performance 
measures of WIP and cycle time are mostly within 

It is also observed that it takes less than one milli- 
second of CPU time to apply BQNA to the 
abovementioned reentrant lines. Specifically, the main 
computation load of BQNA lies in solving the two 
sets of linear equations to obtain required arrival pa- 
rameters of individual nodes. After aggregation, the 
dimension of the linear equations depends only on 
the number of different MGs but not on the total num- 
ber of machines, the number of production steps, or 
the’number of part types. There are many existing 
and efficient algorithms for solving such linear equa- 
tions. Such computation efficiency warrants the ap- 
plication of BQNA to real-sized fabs and to fast 
recalculations with respect to changes in system ca- 
pacity and production goals. 

Note that the local performance bounds or targets 
obtained by application of BQNA for PFC at indi- 

60 



* Simulation 

Machine group index 

- 

Figure 7 
Mean Cycle Time of MGs in FABZ 

Machine group index 

Figure 8 
Standard Deviation of Cycle Times for FAB2 MGs 

61 



vidual nodes are the minimum levels of performance 
to be achieved by PFC. The simulations show that 
FCFS at each internal node in conjunction with a 
wafer release control at the entry node is just one pos- 
sible PFC to achieve the desired performance. Be- 
cause FCFS is a very simple PFC scheme, there can 
be many alternative local PFC or dispatching schemes 
that perform better within the performance bounds at 
individual nodes and hence achieve more beyond the 
overall fab goals than using FCFS. Design of such 
PFC or dispatching schemes, however, is not the sub- 
ject of this paper. 

Conclusions 
In this paper, a production goal translation method 

has been developed for translating desired system per- 
formance into local control parameters in terms of mean 
rates and SCVs of input processes for reentrant manu- 
facturing systems, specifically VLSI wafer fabrication. 
A multiple part type reentrant manufacturing system 
with failure-prone machines was first modeled as a 
single aggregated type, failure-free OQN. In conjunc- 
tion with this model, the decomposition-based method 
was adopted to approximate the relationship among 
the external input, machine service, and output pro- 
cesses as two sets of linear equations. Taking a reverse 
viewpoint of relations among variables in the decom- 
position approximation, BQNA was developed to de- 
rive local control parameters from two sets of linear 
equations with a two-item system production goal. Re- 
sults of BQNA could further be utilized to obtain the 
managerially tangible PFC references of both the ag- 
gregate and per-part type nodal cycle time and WIP 
level. The overall performance of a fab will attain the 
given production goals even under a FCFS dispatch- 
ing rule at each node, if the job release is controlled to 
meet the translated control parameters. BQNA was ap- 
plied to two fab models and each application took less 
than one millisecond of CPU time. Numerical results 
demonstrated that the differences between BQNA and 
simulation are mostly within 95% accuracy at both 
node and system levels. Both the accuracy and com- 
puting efficiency of BQNA support its potential for 
real-sized applications. 
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Appendix 
Machine failures result in service unavailability 

and interruption to customers, which in turn leads to 
a longer average and a larger variation in the time 
needed for completing a service step than when ma- 
chines are failure free. To study the long-run behav- 
ior of an equilibrium network, there has been a 
standard procedure in the literature to convert a fail- 
ure-prone OQN into a failure-free one by modifying 
the processing time distribution. The basic idea is to 
incorporate machine failure effects into the general 
service time distribution of each node and form a 
statistically equivalent failure-free node. The con- 
version procedure is given as follows. 

Define for a service node m 

original mean processing time; 
original processing time SCV, 
mean down time or mean time to repair; 
downtime SCV or repair time SCV, 
mean up time or mean time to failure; 
modified mean processing time; 
modified service time SCV. 

Then the probability that a job encounters a break- 
down while being processed can be calculated as 
follows: 

The average of modified service time at node m is 
then 

z,, = Pm k, + ~,I I+ Cl- Pm IL 

= 7tll + pnlTr,,,’ 
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and the corresponding modified SCV can be calcu- 
lated as follows: 
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