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Abstract

This paper presents the results of a case study in a batch production facility for biological
vaccines. The problem considered is that of finding the best bottling strategy for produced
batches. A batch can be bottled directly after production, after positive intermediate test
results, or after positive final test results. Strategies that start the bottling process quickly after
production, have the advantages of alow capacity requirement for production tanks and of a
small throughput time if al test results are positive. However, a production batch can only be
reworked as long as it has not been bottled. So fast bottling reduces the possibilities for
rework and therefore reduces the production yield. We present performance measures for
comparing the different strategies and derive closed-form expressions for them. We illustrate
the results obtained for the considered case.

Keywords: process industry, rework, yield uncertainty, case study.

1 Introduction

A dtandard (implicit) assumption in the quality control literature is that products are not tested
and processed simultaneoudly. That is, if the quality of a semi-finished product istested, then
further processing is postponed until test results are available. However, stopping the
processing of a product during testing had two important disadvantages. Fird, it increases the
total processing time, which is especially undesirable for perishable (e.g. milk based)
products. Second, either specia storage facilities for products-in-process are required, or a
loss of production capacity results because products cannot leave the production line during
testing.

These disadvantages are relatively more important in situations with long test times
(compared to process times) and reliable processes (high probabilities of passing tests). In
such situations, it may therefore be better to continue processing a product while (a sample
of) it is being tested. On the other hand, this may reduce the possibilities for correcting
actionsin case of a positive (atest is failed) test result, leading to more scrap and higher
production costs.
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This paper deals with the above-mentioned trade-off for a facility that produces (biological)
vaccines. Before discussing the trade-off for this specific company in detail, we first sketch
the company background and the production process.

The company is an important worldwide player with several production facilities. The
production facility that we consider in this paper produces mainly biological vaccines.

The production process consists of three steps: (batch) production, bottling, and packaging
into boxes. Tests are required after production and after bottling. After production, two
samples of the produced batch are sent to different test |aboratories. Both tests start directly
and are hence performed simultaneoudly. The first sampleis tested for sterility. The results of
this ‘batch sterility’ test (A) are known after 2 weeks. The second sample is used to test
whether the product is of sufficient quality. This second test is actually a collection of tests,
but they can be considered together as one ‘ quality test’ (B). This quality test consists of two
phases (B1 and B2) that have to be performed sequentially and require 6 and 3 weeks,
respectively. After bottling, a sample of bottles is tested for sterility. The results of this ‘bottle
sterility’ test (C) are known after 2 weeks. See Figure 1 for a graphical illustration of the
production system.

Figure 1. Schematic representation of the production system.
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The problem that we consider is that of finding the best bottling strategy for each type of
product. A batch can be bottled directly after completion of production/rework (i.e. after O
weeks), after a positive result for test A (i.e. after 2 weeks), after positive results for tests A
and B1 (i.e. after 6 weeks), or after positive results for tests A, B1, and B2 (i.e. after 9 weeks).



The main advantage of bottling directly after production is that batches do not require extra
‘tank time’ for storage. Thisisimportant, since the tank capacity is a bottleneck in the
production process. An additional advantage of bottling after 0, 2, or 6 instead of 9 weeks, is
that tests B and C can be performed simultaneously, which reduces the throughput time by
two weeks (assuming that all test results are positive). However, fast bottling limits rework
options. A negative result for test A, B1, or B2 does not necessarily imply that a batch hasto
be disposed of. In many cases, such a batch can be reworked aslong as it has not been
bottled. Since rework takes less time and is cheaper than production, it is an interesting
aternative. So fast bottling reduces rework possibilities, which may lead to higher production
costs, disposal costs, and purchase costs for input materials and bottles.

It is clear from the above arguments that, ideally, one would like to remove a batch from a
production tank directly/shortly after it is completed, but bottle that batch at a later time. That
strategy could be redlised using specia storage tanks. Although the company has considered
such storage tanks in the past, they are currently not available. Therefore, we will not include
them in this analysis. We remark however, that the analysis can easily be extended for
situations with storage tanks, and that such an extended anaysis could be useful for making
future investment decisions about storage tanks.

Combining the above alternatives results in 4 possible strategies:

Bottle a batch directly after production has finished.

Bottle a produced/reworked batch if the result of test A is positive.

Bottle a produced/reworked batch if the results of test A and B1 are positive.
Bottle a produced/reworked batch if the results of test A, B1, and B2 are positive.
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For al these strategies, the following rules apply.
If the production/rework of a batch is completed, start tests A and B.
If abatchis bottled, start test C.
If there is a negative test result and rework is possible, stop all tests and start rework.
If there is a negative test result and rework is not possible, stop all tests, dispose of the
(bottled) batch, and start the production of a new batch.
If al test results are positive, package the bottles.

From the above, it is clear that the strategies differ in required tank time, in throughput time,
and in cost. Therefore the following performance measures for comparing the different
bottling strategies are used:

expected total cost per serviceable (passed al tests) batch,

expected tank time (in weeks) per serviceable batch, and

expected throughput time (in weeks) per serviceable batch.

In the remainder of this paper, we will derive mathematical expressions for these three
performance measures for al four strategies. In Section 2, the system is described
mathematically. We list the assumptions, discuss which costs are relevant, and introduce
notations. In Section 3, we actually derive the above-mentioned expressions. In Section 4, we
illustrate the use of these expressions using real-life (though rescaled) data. We end with
conclusions and directions for future research in Section 5.



2 System description

We make the following assumptions:

Asl The production time, rework time, and test times are constant.

As2 The bottling time, packaging time, and waiting time before a production tank is available
and production can start, are negligible compared to the test times.

As3 The results of gterility tests A and C are (pair-wise) independent of the results of quality
tests B1 and B2 (but there is dependence between A and C, and between B1 and B2.)

As4 Thereis acertain maximum number of times that a batch is reworked.

As5 The probability that a reworked batch fails atest is independent of the number of times
the batch has been reworked before. That probability can be different, however, for a
new produced batch.

As6 The probability that a reworked batch, which fails a certain test, can be reworked is
independent of the number of times the batch has been reworked before. That probability
can be different, however, for a new produced batch.

As7 A batch that fails test C cannot be reworked.

The assumption (part of As2) of negligible waiting times is the most debatable. It is needed to
keep the analysis of throughput times tractable. Without this assumption, al products would
have to be analysed simultaneously, requiring a complex stochastic (queuing) anaysis. Under
the assumption of a negligible waiting time, the expected throughput time per servicesble
batch can be determined separately for each product and deterministically. Of course, once
the bottling strategy for each product has been fixed and the tank time per serviceable batch
for each product has been cal culated, a stochastic (queuing) analysis can be used afterwards to
calculate the number of tanks which ensures a negligible (compared to the test times) waiting
time. We will not perform such a complex analysisis this paper, but we will illustrate in
Section 4 how alower bound for the number of tanks can easily be derived from the
calculated tank times. We remark that the assumption of a negligible waiting time does not
influence the expected total cost and the expected tank time per serviceable batch.

All other assumptions are redlistic. The production time, rework time, and test times are
indeed almost constant (Asl). In fact, the test times are the same for each product: 2 weeks
for tests A and C, 6 weeks for test B1, and 3 weeks for test B2. Bottling and packaging takes
hours, whereas producing, reworking, and testing takes weeks (As2). The results of tests A,
B, and C are indeed independent (As3). A batch is never reworked more than 2 or 3 times
(As4). The number of times that a batch has aready been reworked hardly influences the
probability that tests are passed (As5) or that the batch can again be reworked if sometest is
not passed (As6). A batch that fails test C can never be reworked, sinceit is already bottled
(As7).

As mentioned before, Assumption As2 allows us to analyse each product separately. In the
remainder of this moddl, we will therefore focus on one specific product. The goa isto
determine the expected tota cost per serviceable (passed al tests) batch, the expected
required production tank capacities, and the expected throughput time. The following
operational costs are included: production cost, rework cost, bottling cost, costs for
purchasing input materias and bottles, costs for disposing of unbottled and bottled batches,
and costs for testing. With respect to the costs for testing, we assume that these occur when a
test is started. So when atest is stopped before the result is known, because the vaccine fails
another test that is performed simultaneoudly, testing costs are not reduced. The throughput
time is defined as the length of the time interval from the decision to produce a batch until a
serviceable batch is obtained.



The notations that we will use are listed in Table 1. Since tests A and B1 start if and only if
the production/rework of a batch is finished, the costs for tests A and B1 are included in the
production cost and in the rework cost. Similar, the cost for test C isincluded in the bottling
cost. In thisway the number of cost parameters is reduced.

Tablel. Notations.

Time lengths
T, Production time (per batch)

T, Rework time (per batch)

(Conditional) Probabilities that a (new) produced batch or a reworked batch passes atest
PA Probability that a produced batch passes test A

Pe, Probability that a produced batch passestest B1

P, Probability that a produced batch passestest B2 if it passed test B1
Pe Probability that a produced batch passestest C if it passed test A

r Probability that a reworked batch passestest A

r Probability that a reworked batch passes test B1

r Probability that a reworked batch passestest B2 if it passed test B1
Probability that a reworked batch passestest C if it passed test A

Probability that a (new) produced batch or a reworked batch, if it failsatest and is not yet
bottled, can be reworked
R Probability that a produced batch which fails test A can be reworked

sy Probability that a produced batch which fails test B1 can be reworked

Oss Probability that a produced batch which fails test B2 can be reworked

S, Probability that a reworked batch which failstest A can (again) be reworked
Sa, Probability that a reworked batch which failstest B1 can (again) be reworked
Sa» Probability that a reworked batch which failstest B2 can (again) be reworked

Costs (per batch)

c, Production cogt, including purchase cost of input materials and costs of tests A + B1
C, Rework cogt, including purchase cost of extra materials and costs of tests A + B1

c, Bottling codt, including purchase cost of bottles and cost of test C

Cs, Test B2 cost

Cy, Net (minus possible revenues) disposal cost unbottled

Cap Net (minus possible revenues) disposal cost bottled

Performance measures

P, Expected total cost per serviceable (passed all tests) batch
P, Expected tank time per serviceable batch (in weeks)
P, Expected throughput time per serviceable batch (in weeks)

Other
R Maximum number of times that a batch is reworked (RT {1,2,K })




3 Derivation of the performance measures

In this section, we derive expressions for the three performance measures B, B, B. These

expressions are valid for al four strategies. We first introduce some additional (strategy-
dependent) notationsin Table 2.

Table2. Additiona notations (strategy-dependent).

Probabilities for production

Pr

p,s

Pr

pr

Pr

p.du

Pr

p.db

Probability that a produced batch is serviceable (passes al tests)

Probability that a produced batch fails some test, is still unbottled, and can be
reworked

Probability that a produced batch fails some test, is still unbottled, but can not be
reworked and has to be disposed of

Probability that a produced batch fails some test, is aready bottled, and hence has
to be disposed of

Probabilities for rework

Probability that a reworked batch is serviceable (passes al tests)

Probability that a reworked batch fails some test, is still unbottled, and can be
reworked

Remark: If the batch has aready been reworked R times, it has to be disposed of!
Probability that a reworked batch fails some test, is still unbottled, but can not be
reworked and has to be disposed of

Probability that a reworked batch fails some test, is dready bottled, and hence has
to be disposed of

Expectations for production

E

p,c

E

ptk

E

p,tm

Expected total costs until a produced batch is serviceable, disposed of, or ready for
rework (costs during and after rework, if a batch is reworked, are not included)
Expected tank time until a produced batch is serviceable, disposed of, or ready for
rework (tank time during and after rework, if a batch is reworked, is not included)
Expected time until a produced batch is serviceable, disposed of, or ready for
rework

Expectations for rework

E

rc

r,tk

rtm

Expected total costs until a reworked batch is serviceable, disposed of, or ready for
another round of rework (costs during and after another round of rework; if abatch
is reworked again, are not included)

Remark: Disposd cost for an unbottled batch that can be reworked, but is not
because it has aready been reworked R times, is excluded from this variable (not
from the analysis, of course!)

Expected tank time until a reworked batch is serviceable, disposed of, or ready for
another round of rework (tank time during and after another round of rework, if a
batch is reworked again, is not included)

Expected time until areworked batch is serviceable, disposed of, or ready for
another round of rework




The derivations of the three expressions for the performance measures are similar. We will

present the derivation for P, , the expected total cost per servicesble (passed all tests) batch,
as an example.

To that end, we focus on an arbitrary batch from the moment that it enters the system until the
moment it leaves the system, i.e., from the moment that production starts until the moment
that the batch is either (serviceable and) packaged or disposed of. The probability that

production directly resultsin a serviceable batch is Pr , ;. The probability that the batch is

serviceable after reworking it n,n=1,2K , timesis Prp’r(Prr’r)“'1 Pr, . Since abatch is
reworked at most R times, the total probability that production results in a serviceable batch

is Prps+a [Pro. (P, )" 'Pr, ;]. The average number of batches needed to obtain one

serwceable batch is the reciproce of this probability. For instance, if the total probability that
production results in a serviceable batch is 0.50 then, on average, 1/0.50 = 2 batches have to
be produced/reworked in order to get one serviceable batch. The probability that a batch is

reworked for the n-thtime(n =12,...,R) is Prp'r(Pr,Yr)”'l, and hence the total expected

R
costs for one produced batch are E . + é [Pro. (Pr. )" "E JJ+Pr, (Pr, ) cq - Thelast
n=1

term represents the disposal cost if the batch is unbottled and can be reworked, but is disposed
of because it has already been reworked R times (this cost isnot included in E, , seethe
notations in Table 2). This gives

& o
ED,C + a. [Prp,r (Prr,r) 1EI’ ,C] + Prp,r (Prl’,l')RCdU
P]_ = n=1 §
Prp,s+ a [Prp,r (Prr,r )n-l Prr,s]

n=1

- (1_ Prr,r)Ep,c + Prp,r (1_ (Prr,r)R)Er,c + (1_ Prr,r)Prp,r (Prr ,r)RCdu .

1
- Pr.) ProstPro, @- (Pr, ’r)R) Pr @
Similar derivations give
— (1_ F)rr,r)Ep,tk + I:)rp,r (1_ (Prr,r)R)Er,tk
? (1- I:)rr,r) Prp,s+ Prp,r (1' (Prr,r)R) Prr,s ,
_ (1' I:)rr,r )Ep,tm + I:)rp,r (l' (Prr,r)R)Er,tm (2)

> @-Pr)Pr+Pr, (- (Pr, )P,

What remains to be determined, are the probabilities and expectations in the above
expressions for each strategy separately. Thisis donein Section 3.1 for Strategy 1 and in
Appendix A for the other three strategies.



3.1 Strategy 1: Bottle a batch directly after production is completed.

Since bottled batches cannot be reworked, we have Pr, . = 0. So, for this strategy, the rework

probabilities and expectations are not relevant. The production probabilities and expectations
can be determined using the ‘ scenario-table’ below. That table has a separate row for each
possible scenario, i.e. a combination of test results until some test isfailed or al tests are
passed. The scenarios are listed in ascending order of duration, based on the availability of
test results: A and C (2 weeks), B1 (6 weeks), B2 (9 weeks). The columns give the
corresponding probability, duration, costs (excluding disposal costs), tank time, and whether
or not the batch is bottled at the end of a scenario. We remark that disposal costs are excluded
from this table to be consistent with similar scenario-tables for the other three strategiesin
Appendix A. If disposal costs would be included in the tables in Appendix A, then the rows
for rglected unbottled batches would have to be duplicated into one for a reworkable and one
for a non-reworkable batch. For readability, disposal costs are therefore excluded from the
scenario-tables. Of course, we do include the disposal cost in the cost expressions and hence
in the cost performance measure.

Table 3. Different scenarios under strategy 1.

PRODUCTION | Probability Duration | Costs Tank | Bott-

(excl. disposd) | time | led?
Fal AorC 1- PAPC TP +2 Cp +cC, TP Yes
PassAandC, | p,(1- pgy)p. | To+6 | c,+c, T, | Yes
fal B1

gﬁ:l’ gizand pA pBl (1_ pBZ) pC TP +9 Cp + Cb + CBZ TP Yes

Pessall PaPs1Ps2 Pe T.+9 |c,+c,+Cy [T, |V6S

Using the above table, and the fact that a batch is disposed of if not al tests are passed, we get

Pros = PaPeiPssPes

Pr,, =0,

Proa =0,

Progs =1 PaPeiPesPe

Epe =€ +C, +CyPaPaiPc +Cy (1~ PaPaiPe2Pe)

Eow = Tps

Epim =Tp +2+4p,Pc + 3P, Pey Pe- 3

Combining (1), (2), and (3) gives

P = Eoc _ o * Co * Cor PaPeiPe +Ca (1= PaPerPezPe)
Pros P Pe1Pez P

P, = o = T ,
Prp,s pA pBl pBZ pC

p, = Com _ Tp #2+4P,Pc +3PaPesPc
Pros PaPe1Pez Pe



In the next section, we will estimate all model parameters and calculate the performance
measures (for all 4 strategies) using reak-life (though rescaled) data.

4 Data and results

Production (and rework) of biological vaccines takes place in two types of tanks, small and
large. Annua demand for a product determines which type of tank is used. Table 1 gives the
tank type for each product (A, B, ..., O) and the estimated number of serviceable batches that
are needed to satisfy annual demand. Table 1 also gives the process times per batch and the
rescaled costs per batch. Table 2 gives the additiona input that is needed to apply our mode.

Table4. Tank type, number of batches per year, process times, and costs.

Process times
(in days) Rescaled costs
Tank Prq- Prq— _ Test Disposal Disposal
duction Rework [duction Rework Botting B2  unbottled bottled
Vac- | (volume Batches

cine |per batch) peryear| "Tp 7Tg Co C G, Cs2 Cay Cap
A Large 17 5 4 14 6 8 3 0.6 0.6
B Large 15 5 4 18 6 8 3 0.6 0.6
C Small 3 5 4 23 7 9 3 0.6 0.6
D Large 6 10 9 86 13 6 3 0.6 0.6
E Small 2 10 9 38 9 7 3 0.6 0.6
F Large 2 5 4 187 22 8 3 0.6 0.6
G Large 13 13 12 79 12 9 3 0.6 0.6
H Large 2 4 3 23 6 9 3 0.6 0.6
| Large 19 13 12 100 14 6 3 0.6 0.6
J Small 3 5 4 21 7 9 3 0.6 0.6
K Large 2 4 3 119 16 10 3 0.6 0.6
L Small 2 7 6 66 10 12 3 0.6 0.6
M Small 2 4 3 50 9 12 3 0.6 0.6
N Large 6 5 4 39 9 18 3 0.6 0.6
0 Small 3 5 4 21 6 7 3 0.6 0.6

Tableb. Test and rework probabilities.

Probability that a produced Probability that a reworked Probability that a batch can be
batch passes a test batch passes a test reworked if it fails a test
Vac-
cine pA pBl pBZ pC rA rBl rBZ rC qA = SA qu = SBl qBZ = SBZ
A 0.993 0.980 0.980 0.990| 0.997 0.990 0.990 0.995 0 0.9 0.8
B 0.999 0.998 0.998 0.998| 0.999 0.999 0.999 0.999 0 0.9 0.8
C 0.999 0.998 0.998 0.998| 0.999 0.999 0.999 0.999 0 0.9 0.8
D 0.993 0.990 0.990 0.990| 0.997 0.995 0.995 0.995 0 0.9 0.8
E 0.979 0.975 0.975 0.970| 0.990 0.988 0.988 0.985 0 0.9 0.8
F 0.979 0.965 0.965 0.970| 0.990 0.983 0.983 0.985 0 0.9 0.8
G 0.979 0.975 0.975 0.970| 0.990 0.988 0.988 0.985 0 0.9 0.8
H 0.979 0.980 0.980 0.970| 0.990 0.990 0.990 0.985 0 0.9 0.8
I 0.979 0.980 0.980 0.970| 0.990 0.990 0.990 0.985 0 0.9 0.8
J 0.999 0.998 0.998 0.998| 0.999 0.999 0.999 0.999 0 0.9 0.8
K 0.999 0.998 0.998 0.998| 0.999 0.999 0.999 0.999 0 0.9 0.8
L 0.979 0.935 0.935 0.970| 0.990 0.968 0.968 0.985 0 0.9 0.8
M 0.979 0.965 0.965 0.970| 0.990 0.983 0.983 0.985 0 0.9 0.8
N 0.979 0.965 0.965 0.970| 0.990 0.983 0.983 0.985 0 0.9 0.8
®) 0.999 0.998 0.998 0.998] 0.999 0.999 0.999 0.999 0 0.9 0.8




We calculate the performance measures P, - P, for strategies 1-4 for al products A-O. The

complete resultsfor R = 2 are given in Appendix B. Other values of R produce similar
results. Thisis explained by the fact that the production and rework processes are reliable
(high probabilities for passing tests), and hence it is seldom required to rework a product
more than once.

A first important conclusion from the resultsin Appendix B is that postponing the bottling
leads to a cost reduction for al products. Thisis caused by the preference of rework over
production, due to the shorter (one day) process time, the much lower process cost, and the
higher probabilities of passing tests.

A second conclusion is that the cost reduction from postponing the bottling is larger for
products with high failure probabilities. Thisisillustrated by the results for products B and L,
which are given below. These products have been selected because they have the lowest (1%)

and highest (18%) probability (1- P, Pg;Ps» P ), respectively, for not passing al tests.

Table6. Resultsfor product B (R = 2). Table 7. Resultsfor product L (R = 2).
Product Strategy Product Strategy
B 1 2 3 4 L 1 2 3 4
Cost Bl 29.2 29.2 29.2 29.1 Cost | 97.3 97.0 91¢ 8738

Tanktime B| 07 27 68 o8 Tanktime Bl 15, 36 82 115

Throughputtime P g5 98 98 118 Throughputtime Byl 114 115 116 13.6

The results for product L also illustrate a third conclusion: postponing the bottling until test A
is passed (i.e., going from strategy 1 to strategy 2) leads to arelatively small cost reduction
compared to those for postponing until test B1 is passed (i.e., going from strategy 2 to
strategy 3) and further postponing until test B2 is passed (i.e., going from strategy 3 to
strategy 4). Thisis explained by the fact that a product which failstest A can never be
reworked, whereas products that fail tests B1 or B2 can be reworked in most cases. So,
postponing the bottling until test A is passed only reduces the bottling cost, whereas further
postponements al so reduce process Costs.

A fourth conclusion, illustrated by the results for products B and L, is that the throughput time
is amost the same under strategies 1, 2, and 3, but two weeks more under strategy 4. The
amost identical throughput times under strategies 1, 2, and 3 result from equal test times and
similar process times (difference of one day) for production and rework. The throughput time
under strategy 4 is two weeks more, since test C cannot be performed simultaneoudy with
other tests.

Based on the above findings, we propose to either use a mixture of strategy 1 for some
products and strategy 3 for the other products (* 1-or-3-policy’), or use a mixture of strategies
1 and 4 (‘2-or-4-policy’). A 1-or-3-policy should be chosen if throughput times are important,
and a 1-or-4-policy should be chosen otherwise. For both types of policies, we determine a
series of ‘cost versus tank time efficient’ solutions (combinations of strategies for separate
products) as follows. We start with strategy 1 for al products, and then change to strategy
3(4) for one product at atime, always choosing that product with the highest ratio of cost
reduction and tank time increase. As an example, for the 1-or-3-policy and product L (see
Table 7), thisratio is (97.3-91.9)/(8.3-1.2).

Since there are two types of tanks (small and large), the above-proposed method is applied

separately for the two corresponding sets of products. The results are represented graphically
in Figures 2 and 3. The total cost per year and the required number of tanks that are given in
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those figures for each solution are calculated as follows. Determine the cost per year for each
product by multiplying the cost per batch (Appendix B) with the number of batches per year
(Table 4). Add those costs per year for dl products to obtain the total cost per year. Determine
the tank time (in weeks) per year for each product by multiplying the tank time per batch
(Appendix B) with the number of batches per year (Table 4). Transform to tank time in years
by dividing with 46 (tanks are estimated to be available for production or rework during 46
weeks of ayear). Add the tank timesin years for al products to obtain the required number of
tanks. Weillustrate these cal culations for the following solution for large tanks: apply

strategy 4 for products L, M, and E, and strategy 1 for products C, J, and O. The total cost per
yearis87.8 2+69.4" 2+51.1" 2+35.2" 3+33.2" 3+31.2" 3=715.5. Therequired
number of tanksis (11.5° 2+10.5" 2+11.3" 2+0.7" 3+0.7" 3+0.7" 3)/ 46 =1.59.
We remark that the required number of tanks resulting from this analysis (1.59 for the above
example) is actually alower bound for the required number of tanks. Some spare tank
capacity is needed to ensure small waiting times before the processing of a batch can start.
See Section 2.

It isimportant to remark that the required number of tanks, given in Figures 2 and 3 for each
proposed solution, is just enough to ensure that the yearly production covers the yearly-
expected demand (number of batches given in Table 4) for each product. In practise, some
spare capacity is needed to protect againgt variations in demand and variations in production
yield. A stochastic (queuing) analysis could be used to determine the required spare capacity.
See also the discussion in Section 2.
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total cost per year

Figure 2. Annual cost and required number of large tanks under a 1-or-3-
policy or 1-or-4-policy, starting with strategy 1 for all products (left hand side)

and changing to strategy 3(4) for one product at a time.
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Figure 3. Annual cost and required number of small tanks under a 1-or-3-
policy or 1-or-4-policy, starting with strategy 1 for all products (left hand side)

and changing to strategy 3(4) for one product at a time.
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5 Conclusions

We have analysed a production facility for multiple biological vaccines. The problem
considered was that of choosing the bottling strategy for each vaccine. The first possible
strategy is to bottle a batch as soon as production finishes. Three adternative strategies
postpone bottling and leave a finished batch in the production tank until (some or all) test
results are known. We devel oped a model that can be used to compare these strategies for
each vaccine separately, based on the assumption that the production capacity is sufficient to
ensure small waiting times before a production tank becomes available. For all four strategies,
closed-form expressions were derived for three performance measures. the expected total cost
per serviceable (passed al tests) batch, the expected tank time (in weeks) per serviceable
batch, and the expected throughput time (in weeks) per serviceable batch.

After collecting data, the three performance measures for each of the four strategies were
calculated for al vaccines. Based on the results, we proposed combinations of bottling
drategies for the different vaccines. For each of those combinations, we indicated the total
cost per year and the required number of tanks (no spare capacity) in a graph. This graph aids
the decision maker in trading off cost and capacity. Of course, it is important to keep in mind
that there should be enough spare capacity to ensure small waiting times (as assumed in our
model). In afollow-up study, stochastic (queuing) analysis could be used to determine the
required spare capacity for a given combination of strategies.

The modd and analysis that we presented can be adapted and applied to other multi-stage,
multi-product production systems with variable yield, rework options, and several time
consuming tests. They provide valuable insight into the potentias of rework, and aid a
decision maker in trading of cost, capacity requirement, and throughput time.
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A Derivation of probabilities and expectationsfor strategies2, 3, 4

We use the notationsin Tables 1 and 2. The derivations are similar to those for strategy 1 in
Section 3.1.

Strategy 2: Bottle a produced/reworked batch if the result of test A is positive (after 2 weeks
50 that the test C result is known after 4 weeks).

The order of the test resultsis: A (2 weeks), C (4 weeks), B1 (6 weeks), B2 (9 weeks).

Table 3. Different scenarios under strategy 1.

PRODUCTION | Probability Duration | Costs Tank | Bott-
(excl. disposd) | time led?
Fal A 1- p, T.+2 |c, T, +2 | No
PessA; fal C pA(l' pc) TP +4 Cp +Cy Te +2 Yes
fPf:.:SSBP]\- adC,; Pa(l- Pg1)Pe T, +6 C, tCy T, +2 | Yes
a
Ea:sa,lABlsz’l and PaPei(@- Pg)Pe | T +9 C, *+Cy +Cg, T, +2 | Yes
Fazsel PaPg1Ps2Pc T, +9 C, +C, +Cg, T, +2 | Yes

Pros = PaPeiPs2 P

Pro. = (- Pa)aa,

Proa = (@ Pa)I- qa),

Prog = Pal- Pc) + Pa- Pai) P *+ PaPa(l- Ps2)Pe
Epc=C,+CyPa*CayPaPePc +Coy ProautCan Prians
Ew=Tr +2,

Eom =Tp +2+2p,+ 2Py Pc + 3P4 Pe Pe-

Similarly, we get

Pres = lalelelc:

Pr.. =(@-r,)s,,

Prr,du = (1' rA)(l' SA)’

Progy =Ta(@- 1) +ra(l- rgg)re +rarg@- rgy)re,
E . =C, Gy +Cqylalylc +Cy, Py g+ Cop Py
E w=Ts +2

Er’tm =T +2+2r, +2r,1c + 3,0 lc.
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Strateqy 3: Bottle a produced/reworked batch if the results of test A and B1 are positive (after
6 weeks so that the test C result is known after 8 weeks).

The order of the test resultsis: A (2 weeks), B1 (6 weeks), C (8 weeks), B2 (9 weeks).

PRODUCTION | Probability Duration | Costs Tank | Bott-
(excl. disposd) | time led?

Fal A 1- p, T.+2 |c, T, +2 | No

Pass A; fail B1 pA(l_ pBl) TP +6 Cp To + 6 No

ES?SCA and B, pApBl(l' pc) TP +8 o +C, tCg Tp +6 Yes

E}??a‘i/lb\’Bgland PaPei(l- Pe)Pc | Tp +9 C, +C, *+Co, T.r6| Ve

Pessall PaPs1Ps2Pc T, +9 C, tC, tCyp, T, +6 | Yes

Prp,s = PaPg1Pe2Pc

Proc = Q- Pa)da+ PA(d- Pei)le

Proa =@ Pa)d- )+ Pald- Per)(1- Qgy),

Proaw = Pa Pe (1= Pc)+ PaPei(l- Psy) e,

Epec =Cp T CPaPe +CoaPaPr1 *+ Cay Prpgu™ Can Proans
Eou =Tp +2+4p,,

Epim =Tp +2+4p, + 2PsPgy + PaPe; Pe-

Similarly, we get

Pros =Malealeolc,

Pro, =(@- ra)s, +ra@- ry)ss,

Proge = (@- ra)(@- s) +ra(L- rgg)(d- Sg),

Prr,db = rArsl(l' rc) + rArsl(l' rsz)rc'

E ¢ =C +Culale + Coalaler + Cou Prraut Cap PP
E o« =Tg +2+4r,,

Er,tm =T +2+4r, +2r,rg, + 1l 0.
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Strategy 4: Bottle a produced/reworked batch if the results of test A, B1, and B2 are positive
(after 9 weeks s0 that the test C result is known after 11 weeks).

The order of the test resultsis: A (2 weeks), B1 (6 weeks), B2 (9 weeks), C (11 weeks).

PRODUCTION | Probability Duration | Costs Tank | Bott-
(excl. disposd) | time led?

Fal A 1- p, T.+2 |c, T, +2 | No

PassA; fail B1 pA(l_ pBl) TP +6 Cp TP +6 No

FglssBé andBL | p,pg(1- Pes) T, +9 C, +Cg, T, +9 | No

ai

PassA B1and PaPsPey - Pe) | Tp +11 C, +C, +Cq, T, +9 | Yes

B2; fal C

Fazsil PaPgs1Ps2Pc T, +11 C, ¥C, +Cpg T, +9 | Yes

Pros = PaPsiPs2Pc;

Prp,r =(1- pa)da + Pall- Pe)le * PaPei(l- Ps2)Us2

Proa =@ Pa)d- 9a) + Pald- Pe)(1- Ggg) + PaPeid- Per)d- Gg),
Proa = PaPe P (1~ Pc)

Epc =Cp +CPaPeiPe2 +CazPaPa + Coy Proaut Can Proans

Epi =Tp +2+4D, + 3P, Py,
Ep,tm :TP + 2+4pA +3pA pBl +2pA pBlpBZ'

Similarly, we get

Pres = Maledlealc,
Pro. = (@- ra)sa+ra(l- rg)Se; +ralei (- rg,)Ss,,
Proge = @- ra)@- sp) +ra(@- rg)(L- Sg) +algi (- 1g,)(A- Sgy),
Proa = Maleilen (1- 1c),
E ¢ =Cp +Cylalelgy T Caolaley +Cy PY

E w=Tp +2+4r, + 3,0y,

du + Cdb F)rr,db '

r

Er,tm =T +2+4r, +3r,Ig +2r,l505,-
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B Performance measuresfor all strategiesand all products(R=2)

Product Strategy Product Strategy
A 1 2 3 4 B 1 2 3 4
Cost P| 26.4 26.3 26.0 25.7 Cost P| 202 202 292 29.1
Tanktime B} g 29 7.1 102 Tanktime Bl o7 27 68 98
Throughputtime B} 1901 101 102 129 Throughputtime B} 95 98 9.8 11.8
Product Strategy Product Strategy
C 1 2 3 4 D 1 2 3 4
Cost B| 352 352 352 35.1 Cost B| 985 985 97.8 97.1
Tanktime Bl g7 27 68 o938 Tanktime B} 15 36 7.7 107
Throughputtime B} 93 98 98 118 Throughputtime B 107 107 107 12.8
Product Strategy Product Strategy
E 1 2 3 4 F 1 2 3 4
Cost P| 530 528 52.0 51.1 Cost P| 223.7 2235 217.2 211.8
Tanktime B} 15 38 81 11.3 Tanktime BY gg 31 75 107
Throughputtime Pyl 171 111 11.3 133 | Throughputtime B} 195 105 106 127
Product Strategy Product Strategy
G 1 2 3 4 H 1 2 3 4
Cost P| 100.6 100.4 98.5 96.8 Cost P| 382 38.0 37.5 37.0
Tanktime By 57 43 g6 114 Tanktime B} 95 28 7.1 103
Throughputtime Bl 116 116 117 13.8 Throughputtime Bl 100 101 102 12.3
Product Strategy Product Strategy
| 1 2 3 4 J 1 2 3 4
Cost P} 119.3 119.2 117.4 115.8 Cost P| 332 332 332 33.1
Tanktime Bf 59 42 85 117 Tanktime Bf 07 27 68 o938
Throughputtime B 115 115 116 137 Throughputtime By 95 98 98 11.8
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Product Strategy Product Strategy
K 1 2 3 4 L 1 2 3 4
Cost P} 132.9 132.9 132.7 132.5 Cost P| 97.3 97.0 91¢ 878
Tanktime Bl 06 26 6.6 9.6 Tanktime B} 15 36 82 115
Throughputtime By 96 96 96 116 Throughputtime B 114 115 115 13.6
Product Strategy Product Strategy
M 1 2 3 4 N 1 2 3 4
Cost P| 733 73.0 71.1 69.4 Cost P| 67.6 67.2 655 63.8
Tanktime B} 06 209 7.3 105 Tanktime B 08 31 75 107
Throughputtime Bl 193 104 105 12.6 Throughputtime B 195 105 106 12.7
Product Strategy
0 1 2 3 4
Cost P| 312 312 312 31.1
Tanktime Bl 97 27 68 9.8
Throughputtime Bl 98 98 9.8 11.8
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