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defective component. Each class of defects is diagnosed separately and is corrected at the rework center.
After fixing all the defects in a defect class, the printed circuit board goes back to the test center for
further testing. Thus, there is one rework loop per class of defects. If defects are discovered one at a
time, defect classes consist of individual defects and the number of rework cycles equals the number of
defects.

Because the wave soldering process is not perfect, it generates defects and hence waste due to
inspection, rework, scrap, yield loss, additional material handling costs, and excessive production delays.
One of the direct consequences of production delays due to rework is that the feedback necessary for
process control (to control the defect level) and process improvement takes too long to reach its
destination so that it looses any effective value. In the electronics industry costs due to such defects
amount to 10-25% of total sales. Typical numbers in the industry for the percent of boards found
defective range from 1-30%. Soldering defects are usually assessed in defects per million solder points
and typical numbers for defect levels range from S to 5000 parts per million (ppm). Reductions in these
numbers directly increase revenues and improve a company’s competitive position.

Our objective in this paper is to investigate the impact of defects generated by the wave soldering
machine on the entire manufacturing process. In the literature, the uncertainty in the defect level is
modelled by assuming that the number of defects (rework or feedback loops) follows a geometric
distribution, that is, after every test the probability that the product exits the system without having to be
reworked is assumed to be a constant p, independent of the number of earlier feedback loops. We model
the number of defects as a random variable having a general discrete distribution and quantify the
impact of the defect distribution on the system performance measures such as yield and production lead
time. The objective is to derive qualitative insights on the problem.

Our main them is that defect level is the leading variable in a company’s short term and long term
performance. We make the distinction between short term control and long term planning. For short
term control, we show how to identify potential bottlenecks that will develop under increased workloads
and determine how to relcase such bottlenecks by adding test equipment or rework stations. In the long
term we can decrease the defect levels by activities such as redesigning the product or initiating a
collaborative program with suppliers. Assuming that different products with varying defect levels are
produced on the same machine, we need to create a priority list for process improvement projects. We
propose a method for allocating a given budget for process improvements between such projects.

Several authors have studied queues with delayed feedback while modelling computer networks. Foley
and Disney (1983) develop a model by assuming that the probability of a unit feeding back after service
depends only on the queue lengths at the manufacturing and rework centers and the service time at the
manufacturing center. Queues with Bernoulli feedback (where probability of feeding back is p) is studied
by Disney and Hannibalsson (1977) and others. Seidmann and Nof (1985) consider a unitary manufactur-
ing with Bernoulli feedback. In a unitary cell, a unit may recirculate between manufacturing and rework
stations. Here, rework is an integral part of the main process. Their results are further extended to
consider batch production (Seidmann et al., 1985) and to include the case when the feedback probabili-
ties are unequal and depend on the number of earlier feedbacks (Seidmann and Nof, 1989). Agnihothri
(1987) studied the impact of an imperfect server on a service system. In an assembly line setting,
Robinson et al. (1990) study the impact of different rework strategies (such as on-line vs off-line rework)
on system performance measures such as work-in-process inventory and throughput rate.

The next section presents the model and provides a summary and interpretations of the results
obtained. This section also discusses the qualitative implications of our analysis for short term control
and long term planning, and simulation results to test the sensitivity of some model assumptions.
Mathematical derivations are provided in Section 3 and Section 4 summarizes the paper.
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2. Qualitative results

2.1. The model

The basic manufacturing system is illustrated in Fig. 1. The system consists of three work centers. A
manufacturing center (which is the soldering center in our case) denoted by M, a test center denoted by
T, and a rework center denoted by R. The manufacturing process is not perfect. Errors can be made
during this process. The total number of defects generated during the manufacturing process is a random
variable. The products are tested at the work center (WC) T for possible defects. If a defect is found, the
product moves on to a rework station denoted by R where the defect is corrected, and returns the test
center for further testing. Here the defects are defined and classified in terms of the rework cycles. That
is, all defects which can be diagnosed by one passage through the test center are grouped togegther and
are fixed simultaneously as one defect class. We make the following assumptions:

* The defect classes are detected one at a time.

*The number of defects generated in WC M, denoted by N, is assumed to have a discrete probability

distribution.

+ The manufacturing process M is under statistical control and hence defects are independent of each
other.

*The parts arrival rates to WC i is denoted by A, i€ G ={M, T, R}, the set of work centers. For
notational convenience, we assume A,, = A. In addition, the arrival process to work center M follows
a Poisson process. This is a reasonable assumption, and is observed to be true when printed circuit
boards of different types arrive in batches to be soldered.

* Each work center can consist of multiple parallel servers. The number of servers in WC i is denoted
by ¢, where i € G. Without loss of generality and for the sake of convenience we assume ¢y = 1.
Here, ¢y and/or cg could be « in which case we will have an ample server system.

*The service times in WC i, denoted by S;, are assumed be independent random variables with
exponential distributions with means §1—= 1/u;, i € G. This assumption approximates the actual
situation where the service times in centers M and T are nearer to deterministic distribution and
service times in rework center may depend on the type of the defect class. Hence the results
obtained by this model provides an upper bound to the exact results, as confirmed by simulation.

* A first-come-first-served (FCFS) service discipline is used in all work centers.

* There is ample waiting room capacity (unlimited buffer) in each work center.

% The servers at the test and rework centers are assumed to be perfect. That is, the test identifies all
defect classes correctly and no new defects are introduced while testing. Similarly, rework center
corrects all defects identified in the current cycle and does not introduce new ones.

*The system is under steady state.

We denote the mathematical expectation (mean) of random variable (r.v.) X by X. The probability
density function (p.d.f.) of a continuous r.v. X is denoted by f,(-). Since we are interested in measuring
the effect of defects introduced at M, we will be following the product from the time it lcaves M until it
leaves the system. That is, we will be concentrating on the activities of the test and rework centers and
consider these two together as a subsystem denoted by G, = {T, R}. Fig. 1 illustrates the flow of parts in
the system where A is the input rate of parts into the system. Waiting lines can form in each WC. Under
steady state, the input rate equals the output rate, so that after initial transient effects are damped, we
have that the flow through the rework loop, Ay, is determined by the defects generating process modeled
by a random variable N. We will provide results both for the general case and for specific distribution
functions of M.
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Fig. 1. Schematic representation of the process.

2.2. Summary results and interpretations

In this section, we define some performance measures of interest and summarize the main results
which provide operational insights to the problem. The mathematical derivation of the results are
provided in Section 3. As mentioned before, it is assumed throughout our analysis that the system is in
steady state.

Distribution free measures

We first define measures which depend solely on the average number of defects and do not depend on
the distribution of number of defects. Results on these measures will hold for any work-conserving
service discipline used in work centers, and are therefore not restricted to FCFS discipline.

Flow rate through rework centers: If N is the average number of defect classes per part, then the flow
rate through the rework center is Ar = AN and through the test center is A= A(N + 1). This is quite
intuitive since A is the external arrival rate to the subsystem and each board makes on an average N
visits to the rework center. Similarly, the flow rate through the test center is the sum of the external
arrival rate and the arrival rate from the rework center. Note that the flow rate through the test and
rework centers only depends on the average number of defects. The proof of this is given in Proposition
3.

Average material handling cost per unit time: Material handling cost is the cost of moving units between
the test center and rework center. Although we did not model the material handling time between test
and rework centers, our model could be modified to incorporate this. The material handling cost is
affected by the flow rate between test and rework centers. If we assume that there are ample material
handling units, that is, the delay due to unavailability of material handling units is negligible, then, the
material handling cost per unit time is proportional to AN, since the flow rate into and out of the rework
center is AN.

Test equipment yield: The test equipment yield, y, defined as the flow of defect free boards per unit
time that leave the test center (and hence the subsystem) relative to the work arrival rate to the center, is
given by yr=A/(A +Ag)=1/(N + 1). Note that the test center’s workload consists of new boards that
just completed the wave soldering process and circuit boards that come from the rework centre. The
yield yt can also be interpreted as the proportion of entering units leaving the subsystem. Once again,




















































