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Read-me

• 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
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1 Discussion Questions

1 (1): What are the basic business trade-offs that Hudson boat works 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: Quality versus duedate, but other choices are defendable too. It is important to show
that HBW is struggling to get the boat out the door in time, and that they often have to work long
hours to get the required quality so that a boat is in time, or that they decide that non-optimal
quality is the best they can achieve given the time frame. This also makes clear that HBW has to
come up with a set of quality levels that the boats have to meet, so that they don’t work too long
on a boat. The effort should meet the prespecified quality, and it is not necessary to do it better
than agreed in the contract.

Hudson boat works makes boats in a number of production steps. They use a point system to
estimate the load at the lay-up department, the first production department of the plant.
2 (1): What is one of the benefits of this point system?

Answer: One benefit is that the amount of work at the lay-up department becomes clear, and
that at least the work in front of this system will not grow out of bound. It is also easy to use, and
gives a (very) rought indicator of the amount of work in the system.

Note that the fact that it is easy to implement is not a good reason. Many things are easy to
implement, but still not useful.
3 (1): What is one of the disadvantages of this point system?
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Answer: The load at the first department is not a good proxy for the load or the capacities at
other stations. Besides this, the first department need not, in fact is not, be the bottleneck.
4 (1): One of the problems is the variability in processing times at the different departments.
What is the reason behind this variability?

Answer: The boats are very innovative, and Hudson boat works are constantly experimenting
with new materials.
5 (1): Would you advise Hudson boat works to reduce the variability in processing times? If so,
at what process step in the process, and why there? If not, why not?

Answer: Reducing variability is not so easy. If Hudson boat works stops using new materials—
if they have much experience with certain materials, they know the material properties well and
can start reducing variability—they may become not sufficiently innovative anymore, hence lose
customers. The variability is part of the industry.

Nevertheless, it is important to try to reduce the variability to increase due-date reliability.
One idea would be to improve quality control between the different stages. Another idea would be
to specify the quality level each boat has to satisfy, and enforce that the production stations stick
to that quality level, and do not try to exceed it by far.
6 (1): The master thesis states that: ‘The delivery schedule is an informal guideline for the due
dates of the paint preparation department. This delivery schedule is based on container deliveries
or deliveries on regattas which usually consists of a bigger quantity of orders. Based on this delivery
schedule, the team manager of paint preparation calculates the order due dates for his department.
He calculates the due dates in a way there is just enough time for the departments downstream
to finish the orders on time. Usually, this is two to four days before orders are shipped.’ Why is
this a naive way of planning?

Answer: The planner does not take any variability into account. This probability of meeting
the planning is very small.
7 (1): How would you propose to change the above planning procedure?
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Answer: Introduce some slack into the planning, and start a bit earlier with each job. Like
this it becomes possible to handle the variability in input quality with a time buffer.
8 (1): Hudson boat works has to make business trade-offs due to variability. How do the
trade-offs relate to the buffers mentioned in the law of variability buffering?

Answer: Clearly, meeting duedates is very important. Since it is a make-to-order process,
inventory cannot really help here, except for maintaining sufficient raw materials inventory. They
need time to deal with the variability of the material properties. Capacity is not easy to change,
given the high technical restrictions on the work. Thus, only the time buffer remains.

Of course, some general answer to this question is not ok. It is essential to apply the law to
the case at hand.
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2 Queueing

Company X produces paint according to a MTS strategy. It makes paint in two steps: mixing and
packaging. In the first step, the ingredients are mixed in large vessels. Once mixed, the vessels are
moved to an intermediate stocking point. Here the paint waits (in the vessels) until the planner
decides to package the paint. Company X has two packaging machines: machine A is dedicated
to filling small cans (1L), machine B to large cans (5L).

For simplicity, assume that Company X makes just two types of paint, A and B. Type A is
packaged at machine A in the small cans, type B in the large cans at machine B. Assume also
that there is just one mixer, called machine M, at the mixing station. Thus, all paint orders have
to pass machine M.

Orders of type A arrive at rate λA = 2 per working day, orders of type B arrive at rate λB = 1
per working day. The processing time at the mixer is, on average, te,m = 2 hours per order,
independent of the type of paint. The average packaging time of an order of type A is tA = 3
hours, while the average packaging time of orders of type B is tB = 7 hours. The paint shop has
8 hours available per day, and any unfinished work at the end of a day is carried over to the next
working day.
1 (1): Make a drawing of the production situation, including the flow of the orders, the processing
steps and stocking/queueing points.

The data, as obtained from measurements, show that the interarrival times of orders and the
processing times at the machines have moderate variability.
2 (1): Based on the data, what values would you take for the SCV of the interarrival and
processing times?

Answer: c2a = c2e = 1.
Independent of your answer, use a value of 1 for all SCV’s you need in the sequel, unless stated

otherwise.
3 (1): Compute the average queueing time at the mixing station.

Answer: λA = 2 per day and λB = 1 per day, hence 1 per 8 hours. te,m = 2. u =
(λA + λB)te,m = 3/8× 2 = 3/4. Fill in the GG1 queueing time formula to get CTq = 6 hours.
4 (1): Compute the average cycle time at the mixing station.

Answer: CTq + te,m = 8 hours.
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To obtain a simple approximation for the average amount of orders waiting between the mixing
station and the packing stations we model the packaging stage as one production station with two
identical machines.
5 (1): Why should we use the G/G/2 queueing model to compute the cycle time at this packing
stage?

Answer: The combined station has two machines, which we assume to have equal capacity.
Thus, the processing times become a mix of processing times of jobs of type A and of type B. The
processing times are must surely no longer exponential.
6 (1): Motivate that

te =
λA

λA + λB
tA +

λB
λA + λB

tB =
2

3
3 +

1

3
7 = 13/4.

is a reasonable approximation for the average processing time at the packaging stage.

Answer: A fraction λA/(λA+λB) of jobs is of type A and requires tA service time on average.
The answer above is just the weighted average of service times.
7 (1): Just for this and the next question, assume that c2e(B), i.e. the SCV of the processing
times of type B paint at the packing stage, is not 1 but such that c2e(B) = 2. Use the idea of the
previous question to estimate the SCV of the processing times at the packing station.

Answer: As a simple approximation, take c2e = λA

λA+λB
c2e(A) + λB

λA+λB
c2e(B).

A better way would be to use the definiton of the SCV. Let T be the process time of a job.
Then, according to the above ET = te. Next,

Var(T ) =
λA

λA + λB
Var(A) +

λB
λA + λB

Var(B).

Now Var(A) = c2e(A)t2a = 1 · 32 = 9, and likewise for Var(B) = 1 · 72 = 49. Finally,

c2e =
Var(T )

t2e
.

8 (1): Use the results of the previous two questions to compute the CTq of jobs waiting at the
intermediate storage point.

Answer: Use the GG2 formula to compute CTq. Thus, use the fact that u has to be raised to
some power of m. . . Many of you used the G/G/1 formula.
9 (1): If the CTq would be 10 days, what would be the average number of jobs waiting in this
intermediate storage point?
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Answer: Use Little’s law to convert this to mean queue length, WIPq = CTq × λ, where
λ = λA + λB = 3 per day. Hence WIPq = 30.

Don’t divide by te! Note, 1/te is not the arrival rate!
10 (1): Just for this question, the marketing department proposes to start a campaign to sell
type A paint at a slightly lower price. They estimate that for at least one year the demand for
type A paint will increase with about 1 order per day. What is your opinion about this campaign?

Answer: This is not a good idea as the utilization becomes larger than one at station A:
(2 + 1) · 3/8 > 1.

7



For the last questions, assume that the processing times of jobs of types A and B are constant
and require tA and tB hours. The arrival rate is λA for type A and λB for type B jobs. It takes
S hours to clean the mixing station when changing from paint type A to type B, and there is no
time required to change from type B to A.

To determine the minimal batch sizes kA and kB to produce at the mixing station we formulate
the following linear optimization problem:

minimize kA + kB (2)

such that

kAtA + S + kBtB = T (3)

λAT < kA (4)

λBT < kB (5)

11 (1): What are the decision variables for this problem? In other words, what are the ‘things’
we can control/change?

Answer: The batch sizes kA and kB.
12 (1): What is the meaning of the constraint (3)?

Answer: The total time to complete one production cycle is T . This should be equal to the
setup time plus the time to produce the batches.
13 (1): What is the meaning of the constraints (4) and (5) ?

Answer: The average number of arrivals of type A during the cycle time T is equal to λAT .
This must be smaller than the amount of jobs of type A that are served/processed during the cycle.
This latter quantity is the batch size kA. Likewise for type B.
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To study the behavior of the queue in front of the mixing machine we can use the following
recursion.

dn = min{Qn−1, Cn},
Qn = Qn−1 + an − dn.

(6)

14 (1): What is the meaning of the symbols?

Answer: dn is the amount served during period n, Qn the queue length at the end of the
period, an the number of arrivals.
15 (1): In this recursion, do we assume that the jobs that arrive in a certain period can be, or
cannot be, processed in the period in which they arrive?

Answer: No. See the next question.
16 (1): Modify the recursion so that it applies to the other case. For instance, if you think that
in (6) the arrivals can (not) be served in the period in which they arrive, what are the recursions
to handle the case in which they cannot (can) be served in that interval?

Answer: Take dn = min{Qn−1 +an, Cn}. It is not ok to take dn = min{Qn, Cn}; Qn depends
on dn, not the other way around.

Suppose we want to analyze the queue in front of station A. For this we need to know the
arrivals to station A, that is, the departures of the mixing station that go to station A.
17 (1): Why is the information given by the recursions in (6) not sufficient for this goal?

Answer: The recursions provide us with the total number of departures during period n.
However, it does not tell us about the type of these departures. To compute the queue in front of
station A, we need do know the number of departures of type A, rather than the total number of
departures.
18 (2): (This is an extra question to enable you to earn a bonus. It is not necessary to answer
it.) How should the recursions of (6) be changed to analyze the entire production system?
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Answer: It is reasonable that the number of jobs of type A at the mixing station is equal to
QnλA/(λA + λB). It is therefore reasonable to assume that the capacity cn is also shared in this
proportion to type A and B jobs. Thus, the number of departures to station A is

dn(A) = min

{
Qn,

λA
λA + λB

cn

}
. (7)

If other choices for the division of the production capacity over the types is made (for instance
strict priority to type A), it is necessary to split the queue in front of the mixing station into two
separate queues, one for each type.

BTW, how to implement a strict priority rule?

LAST PAGE OF THE EXAM

10


