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• The duration of the entire exam is 3 hours.

• We do not assign points when your answer is only partly correct, vague, illegibly written,
lacks motivation, or is not to-the-point. So please think carefully, and check and double
check each and every answer.

• The number of points in brackets behind each question represents the relative weight of the
question.

• You should use only the lines below the question to provide the answer.

• You are allowed to use the book Factory Physics (FP) during the exam, but nothing else.

• You can use the backside of the exam as scrap paper.

• The grade of the exam is obtained as follows. If m is the number of points obtained, and t
the total number of points, the grade g will be

g = max

{⌊
10
m

t
+

1

2

⌋
, 1

}
(1)



1 Discussion Questions

1 (1): What are the basic business trade-offs that Bosch Rexroth has to make?

1. Capacity versus holding cost?

2. Capacity versus quality?

3. Holding cost versus quality?

4. Duedate versus quality?

5. Duedate versus capacity?

Comment on your choice.

Answer: Duedate versus capacity. Since they didn’t do a proper capacity check on when, and
whether to accept an order, the throughput times become very uncertain. Quality is not something
that they can easily change. If the quality becomes low, the product may not even work, or not
meet the contractual requirements.
2 (1): What are basic problems of Bosch Rexroth?

Answer: May late orders, only 32% is on time. Very high work in process levels, with asso-
ciated high costs. time buffer.

The report claims that ‘ Another important reason for the problems was that possible capacity
shortages became apparent only within a very short horizon.’
3 (1): In a supermarket capacity shortages at the cashier also become apparent within a
very short horizon, sometimes even within a minute. Why does this problem typically affects a
supermarket much less than Bosch Rexroth?

Answer: In a supermarket cashier capacity is cheap, does not require much training, and the
machines, i.e., the machines required to do the counting, are also cheap. Thus, for supermarkets
it is much easier to cope with fluctuations in demand.
4 (1): Would it a possible to use the planning methods for supermarkets to help solve the
problems of Bosch Rexroth?
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Answer: No, jobs at Bosch Rexroth have a routing. Jobs/customers in supermarkets don’t.
Thus, the methods to control capacity at supermarkets can be very different. Given the differences
in control, the planning methods for capacity must also be different.
5 (1): Why is there a lot of nervousness on the shop floor at Bosch Rexroth?

Answer: To deal with the capacity problems, all sorts of ad-hoc decisions were taken.
6 (1): What was the solution proposed in the report to overcome the problems?

Answer: Make n aggregate production plans, and develop decision support systems.
7 (1): The production process at Bosch Rexroth is characterized as ETO. What does this mean,
and what are the consequences for the I/O point?

Answer: Engineer to order production. The I/O point lies near the start of the process. They
will have much special inventory, since the product is designed for the customer.
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2 Queueing

A packing machine has to process jobs from two production lines. Items from each line are put
into a dedicated queue, see Figure 1. Since the setup times for items A and B at the packing
resource are substantial, the packing machine produces in batches of 5 items for each queue. The
packing time is 1.5 hour per item A, and 1 hour per item B. The setup time is 3 hours for items
A, and 2 hours for items B. Due to lack of information about the distribution of the process and
setup times, assume these are constant. Items A and B are assumed to arrive according to a
Poisson process with rates rA = rB = 8 per week. Assume that a week has 40 hours available for
processing jobs.

B

A

Figure 1: Items A and B wait in separate queues before being served by the packing machine.

1 (1): In the above case description we assume, for simplicity, that the production and setup
times are constant. Do you find this realistic? If not, what would be a better model?

Answer: Not really, as in real environments job processing times vary. An other, better
perhaps, model would be to assume that processing and service times are exponential.
2 (1): Define a production cycle as the time between the start of producing two consecutive
batches of type A items. How long is such a cycle? (If you don’t know how to compute this, just
take 20 hours)

Answer: 3 + 5 · 1.5 + 2 + 5 · 1 = 17.5.
3 (1): How many jobs arrive on average during such a production cycle?

Answer: 8 + 8 = 16 jobs arrive, on average, per week. Thus, the rate per hour is 16/40 = 2/5
per hour. Thus, the number of arrivals during a cycle is 2/5 · 17.5 = 7.
4 (1): What is the load on the packing machine?

Answer: During one cycle the machine can process 10 jobs, while 7 arrive. The load must
therefore be 7/10.
5 (1): Suppose sales proposes to launch a sales campaign for A items, as a result of which the
arrival rate of items A would double, and of items B would stay the same. What should the batch
size of the A items become minimally to deal with the extra demand?

Answer: Let A be the batch size of A items. The cycle time is 3 + 1.5A+ 2 + 5 = 10 + 1.5A.
The arrival rate is 2/5 per hour for the A items. During one cycle the average amount of arrivals
is (10 + 1.5A) ∗ 2/5. The number of jobs served during one cycle is A. Thus, we want that A is
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such that (10 + 1.5A) ∗ 2/5 < A. From this follows that A > 10. Note that the setup time is not
3 hours, the B items also have an influence.
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In the next set of problems we will compute the cycle time for A items. For this we will
compute the expected process time of an item at the packing machine with two different models.

Model 1. Consider first the process times as ‘seen by’ items A. To compensate for the time
spent on setups and the process times of items B, we assume that the process time of the first
job of a batch of type A jobs is exceptional, and that it includes the setup time for items B, the
process time of 5 items B, and the setup time for items Q. Thus, the process time of the first
A-type item is taken to be 2 + 5 · 1 + 3 + 1.5 = 11.5 hours.

To solve some of the questions below you may need the results of previous questions. In case
you have been unable to answer these previous questions, you are allowed to make reasonable
guesses about the missing results. Of course, state explicitly which assumptions you made. You
are also allowed to neglect the time to form a batch.
6 (1): What is the process time for the first, second, third, fourth and fifth A-type item in one
batch?

Answer: 11.5, and 1.5 for the rest. Processing time is not waiting time!
7 (1): The service time of each individual job is assumed to be constant. For this reason it may
seem reasonable to use the formula for the M/D/1 queue to compute the cycle times. However,
this model cannot be used. Why not?

Answer: Because the jobs do not have the same processing times as seen by server. The first
job is exceptional, and has a larger processing time than the others.
8 (1): Use the idea in the description above to find the average processing time of an A item.

Answer: te = ES = 11.5/5 + 1.5 · 4/5 = 3.5 hours
9 (1): What is the utilization of the server?

Answer: ra = 8/40 = 1/5 hours. u = rate = 3.5/5 = 7/10. See also one of the previous
problems.
10 (1): What is variance and SCV of the processing time of an A item?

Answer: ES2 = (11.5)2/5 + (1.5)2 · 4/5. VarS = ES2 − (ES)2. SCV follows from the
definition.
11 (1): Use the above results to compute the average queueing time of A items.

Answer: Use the GG1 waiting time formula with c2a = 1 and c2e from the previous exercise to
find CTq.
12 (1): Use the above results to compute the cycle time of A items.

Answer: CT = CTq + te.
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The questions on this page are, perhaps, a bit more difficult than the other questions. I
advise you to postpone these to the end of the exam. Also, I don’t expect numerical answers, but
motivation/insight.

If you don’t know the answer to a question, then explain what procedure you would use to get
an answer.
13 (1): If you would make the batch size of type A items larger, what happens to the utilization,
does it become smaller or larger?

Answer: Suppose we would increase the batch size of A items with one unit. Then the effective
processing time becomes

te = 11.5/6 + 1.5 ∗ 5/6 = 3.2.

Thus, the effective processing time becomes smaller! Hence, the utilization must decrease.
14 (1): If you would make the batch size of type B items larger, what happens to the utilization:
does it become smaller or larger?

Answer: Suppose we would increase the batch size of B items with one unit, and still use
A = 5 for the batch size of the A items. Then the effective processing time becomes

te = 12.5/5 + 1.5 ∗ 4/5.

This is larger than the original te = 3.5! Thus, the utilization must increase.
15 (1): If you make the batch size of items A larger, what happens to the SCV of the A items?
Does it become larger, or smaller?

Answer: Suppose we would increase the batch size of A items with one unit. Then the effective
processing time becomes

ES2 = (11.5)/6 + (1.5)2 ∗ 5/6

This is smaller than the original ES2. Using the same computations as above to compute the SCV
shows that the SCV decreases.
16 (1): If you make the batch size of items B larger, what happens to the SCV of the A items?
Does it become larger, or smaller?
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Answer: Similar reasoning as above shows that now the SCV increases.
17 (1): If you relate the above insights to question 5, what would you propose to do about the
batch sizes of items A and B?

Answer: If the demand for A times increases, then the batch size for A items should also
increase. Moreover, it might be interesting to decrease the batch size of the B items.
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Model 2. In this model we interpret, from the perspective of A items, the time the server
spends on setups and on serving B items as an outage.
18 (1): Why is it reasonable to model the time the server does not spend on items A as a
non-preemptive outage, rather than a preemptive outage?

Answer: The outages do not occur while the server is processing type A items.
19 (1): To apply the book’s formulas to compute the variability due to the non-preemptive
outages, the book makes a few assumptions about how these outages occur. Which is assumption
is certainly not satisfied in our case?

Answer: The assumption is that between any two jobs an outage can occur. This is simply
not true here. Outages only occur between every 5 jobs, not between any two jobs.

Even though one (or some) of the assumptions is not met, we just use the formulas for the
non-preemptive outages, and see what we get.
20 (1): What is the mean processing time according to this other model?

Answer: The same as earlier. Now the setup time is 3 + 2 + 5 ∗ 1 = 10 hours.
21 (1): What is the SCV according to this model?

Answer:

σ2
e = σ2

0 +
σ2
s

N2
s

+
Ns − 1

N2
t2s

= 0 +
0

N2
s

+
5− 1

5
(2 + 5 + 3)2.

22 (1): By comparing the utilizations and the SCV of the processing times, which of the two
models gives the smallest cycle time?

Answer: The first model. The utilizations are the same. But the SCV is a bit larger in the
second model. Thus, the cycle time as computed by the first model is shorter.
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23 (1): In the above models we made a number of assumptions to simplify the analysis. Do you
expect that the real cycle time will be higher or lower than calculated with the models?

Answer: Higher. The process times and setups have variation. This will increase the cycle
time. We also neglected the time to form batches.

Another way to analyze the queue length process of the type A items is by simulation. For
this we need a set of recursions. Let ai be the number of type A items during day i and Qi the
number of items A in the system at the end of the day.
24 (1): Why is it reasonable to take

ci = 8
5

1.5 · 5 + 2 + 3 + 5

for the daily capacity?

Answer: It is the number of items processed per hour times the number of hours per day,
25 (1): The set of recursions we typically use is di = min{Qi−1, ci}, and Qi = Qi−1 + ai − di.
Why are these recursions not quite OK to analyze the current situation?

Answer: The setup times and batch sizes are not taken into account.
Up to now we neglected the time it takes to form batches.

26 (1): Is it necessary to take these times into account in the analysis? Stated otherwise, do
you expect that the results of the above two models are reasonable, or is it essential to take the
batch forming times into account?

Answer: Yes. The time to form a batch of A items is about 5/2 · 5: the batch size is 5, and
the interarrival time between two jobs of type A is also 5 hours. Thus, the time to form a batch is
12.5 hours. This is not small compared to the cycle time.
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