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Abstract

In this research thesis, we investigate how to improve the production planning of perishable patient-
specific medication at the pharmacy department of Ziekenhuisgroep Twente (ZGT). Each medication
type uses a different type of raw material, which is stored in vials. Any remaining raw material after
opening a vial is considered as spillage. Preparing medication of the same type at the same time
(clustering) may reduce this spillage. In addition, a medical appointment may be cancelled, resulting
in disposal of produced medication. Currently, the pharmacy department prepares medication one day
before the patient’s appointment and uses clustering. The pharmacy department wants to know at
the start of the day which patients’ medication should be prepared such that the spillage and disposal
costs are minimal. We develop a Markov Decision Process to model this scheduling problem, and
we use Approximate Dynamic Programming with the post-decision state variable and basis functions
to find an approximate solution. The computational results show that a myopic policy, which we
also developed, performs best in our research. This myopic policy postpones the production until the
patient actually requires the medication now. If production of a certain medication type must take
place, the policy says to produce medication of the same type for patients that do not require the
medication now. This myopic policy provides a practical decision rule for the pharmacy department
of ZGT.
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1 Introduction

This chapter gives an introduction to this research. We explain the context of this research, give the
main challenges and formulate the objective. We conclude this chapter by giving an outline of this
thesis.

The ZGT pharmacy produces patient-specific medication. The production of this medication is done
in a highly-controlled environment to eliminate contamination. The medication is administered to
the patient at the hospital by medical personnel. However, an appointment can be cancelled (due
to alarming blood levels for example). If the medication has been prepared, it cannot be used for
different patients. The medication is then disposed.

Furthermore, raw material is used to produce the different types of medication. Raw material comes
in vials, sometimes in different sizes. An opened vial cannot be used for later production. Any leftover
raw material is considered as spillage. As several patients might require the same raw material, their
production can be ‘clustered’. This means that the medication is produced at the same time, to
decrease the spillage of raw material. Some medication cannot be produced in advance due to a short
shelf-life.

As we want to minimise the spillage and disposal costs, we should find an optimal planning that gives
us the best tactics for the production of medication. Therefore, the goal of this research is to answer
the following question:

“When should which medication be produced such that spillage and disposal costs are minimised?”

Stochastic processes play a prominent role in finding this optimal choice. These processes include
the cancellation of appointments (as mentioned earlier) and the arrival of new patients with need for
specific medication types.

The remainder of this report is organised as follows. In Chapter 2 we describe the research context in
more detail. In Chapter 3 we review relevant literature. In Chapter 4 we introduce our mathematical
model using a Markov Decision Process (MDP), which we (approximately) solve using the framework
of Approximate Dynamic Programming (ADP), given in Chapter 5. In Chapter 6 we provide the
results for our numerical experiments. Finally, in Chapter 7 we give the discussion and conclusions of
our research.
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2 Research context

In this chapter we introduce the context in which our research is conducted. First, we provide general
information on ZGT. Afterwards, we focus on the aspects of the pharmacy department that are
relevant to our research, including an overview of the current production procedure and the problems
the pharmacy department experiences.

2.1 Ziekenhuisgroep Twente

ZGT is a hospital group situated in Twente, a region in the east of the Netherlands. They provide
healthcare for approximately 390,000 inhabitants of the region (Ziekenhuisgroep Twente, 2018). ZGT
has locations in Almelo and in Hengelo. The location in Almelo specialises in acute healthcare, whereas
the location in Hengelo specialises in long-term outpatient healthcare (such as daily treatments). The
pharmacy department in Hengelo is the focus of this research. Below, we elaborate on the production
process at the pharmacy department.

2.2 Pharmacy department

At the pharmacy department of ZGT, medication is produced for administration within a hospital. In
general the administration takes place in Hengelo itself, but it can also be transported to Almelo. The
medication is not mass-produced, but is produced according to VTGM. VTGM is an abbreviation of
Voor Toediening Gereedmaken (English: Prepare For Administration). The medication is parenteral
(administration via injection) and is patient-specific. Examples of the produced medications are
antibiotics, medication for arthritis and cytostatics.

To ensure high-quality medication without contamination, the medication is produced in a highly-
controlled environment (clean room). The raw materials that are used for production are stored in
sealed vials. If a vial is opened, any leftover material is spilled and cannot be used for later production
unless a phaseal is used. A phaseal is a special cap that can be placed on an opened vial, such that
the raw material can be used later on. The extension depends highly on the type of active substance
and is not suitable for all raw materials.

In the current production procedure, the medication is prepared one day before the patient’s ap-
pointment (if the medication’s shelf-life allows) and the production follows the clustering protocol to
reduce spillage. If the shelf-life is too short, the medication is prepared on the same day as the pa-
tient’s appointment. Medication is also produced on the same day if the raw materials are considered
expensive. This way, the pharmacy department tries to reduce disposal costs as the probability of
same-day appointments being cancelled is low. If the patient’s appointment is early in the morning,
the medication is produced at the end of the day preceding the appointment.

The pharmacy department still experiences spillage even with the current clustering protocol. In
addition, the procedure for expensive medication can result in inefficient production due to a lack of
clustering. Therefore, the pharmacy wants to investigate the possibility of an improved production
planning to reduce disposal and spillage costs.
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3 Literature review

In this chapter we consider literature related to our research. We will look at scheduling problems
in a medical context which include stochastic elements. Afterwards, we discuss literature related to
scheduling using MDPs and we review literature on ADP, which provides a framework to find an
approximate solution to the MDP model.

Given a set of patients, we want to find a subset of patients whose medication should be prepared
now such that the costs are minimal. Finding this subset of patients is done in an on-line scheduling
fashion: patients arrive over time. This is closely related to the process of on-line batch scheduling.
Similar aspects of batch scheduling and our research are that we want to find a subset (batch) of our set
of patients, there are different patient types, the scheduling is done on-line and patient characteristics
are unknown until their arrival (Li et al., 2014; Nong et al., 2008; Poon and Yu, 2005a,b; Tian et al.,
2012). Additionally, there can be a maximum on the size of the batches. Yuan et al. (2009) consider
an on-line batch scheduling problem in which delivery times (i.e. deadlines) play a role. Their goal is
to minimise the time until all jobs have been delivered, in which uncertain job arrivals are taken into
account. Based on the processing time, the delivery time and the type of each job, they present an
algorithm that minimises the time until all jobs have been delivered. They prove that their algorithm
has the best possible competitive ratio, which is a measure for the quality of an on-line algorithm.

In batch scheduling, the objective is to minimise the makespan (i.e. the total time it takes to produce
the items/products). Important aspects are release times and processing times in batch scheduling,
whereas our problem does not focus on production times. In our problem, we aim to minimise disposal
and spillage costs, for which we require more information than the information in batch scheduling as
individual medication requests of the same type are not necessarily identical.

Some studies consider the theory of Markov Decision Processes (MDPs) to tackle on-line scheduling
problems in healthcare (Hulshof et al., 2016; Patrick, 2012; Saure et al., 2012). Hulshof et al. (2016)
consider a tactical planning in hospitals for patient admission planning and the allocation of hospi-
tal resource capacities. Their planning aims to achieve equitable access and treatment duration for
patients. The MDP model considers different resource types, different patient queues and stochastic
arrivals. They solve the problem by developing an ADP algorithm, which produces accurate approxi-
mations and has reasonable run times. Even though Hulshof et al. (2016) do not schedule in batches,
their research shows that MDPs can be used to take different types of information and stochastic
arrivals into account.

Patrick (2012) develops a policy using an MDP model for an outpatient clinic with no-show rates
(i.e. cancellation). The goal of the policy is to find the optimal rewards/costs (consisting of revenue
of servicing patients, idle time, patient access time and servicing through overtime) and provide a
more consistent throughput. After the policy is found, he compares it to the current method called
Open/Advanced Access (doing today’s work today). He uses simulation to demonstrate that the MDP
policy performs better than Open/Advanced Access.

Saure et al. (2012) produce a schedule for a cancer agency in which patients can have multiple appoint-
ment requests. They use a discounted infinite-horizon MDP as a model, with the goal to minimise
the costs (based on waiting time, overtime and postponing of appointments). They take an uncertain
number of new requests into account and indicate that cancellations and no-shows can be incorporated
as well. To find the optimal schedule, they propose a linear program. Due to the size of the problem,
they use approximate linear programming, in which they consider an affine function approximation for
the costs. Their schedule works better than a myopic policy (which is in this case an approximation
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of the current practice in the cancer agency).

Additionally, some studies consider planning and scheduling in the context of perishable goods (Chen
et al., 2009; Haijema, 2011; Lütke Entrup et al., 2005). Chen et al. (2009) distinguish two different
types of perishable goods: goods that decay continuously and deteriorate over time (e.g. fruits) and
goods that have a fixed shelf-life (e.g. blood). They consider stochastic demands, but they solely
focus on perishable goods that decay continuously. Lütke Entrup et al. (2005) consider the planning
of yoghurt production in a deterministic setting. They develop three mixed-integer linear programmes
that provide near-optimal solutions for such a planning.

On the other hand, Haijema (2011) considers a stochastic setting for planning and scheduling related
to perishable goods. In his research, he develops an MDP to provide a policy for a hospital to order
blood platelet concentrates (BCPs) from blood banks. Those BCPs are used to help patients recover
from various treatments. Furthermore, the transfusion does not depend on the patients’ blood type
(in contrast to the transfusion of red blood cells). The MDP uses vector-valued actions and takes
the unknown demand for the next epoch into account. The state consists of the number of BCPs in
stock per age type. He uses an approximate scheme based on value iteration to solve the optimality
equations. The optimal policy may perform much better than the existing policies and Haijema (2011)
indicates that similar results may be obtained for other products that have a short shelf-life. In case
of a larger state space, he proposes aggregation techniques to reduce the number of states and thereby
decrease the computation time.

In general, Markov Decision Processes are powerful tools for making decisions under uncertainty
(Alagoz et al., 2010; Puterman, 2014). It has many applications, and as mentioned before, can also be
used to tackle scheduling problems. It provides a policy that gives the best action given a certain state.
Finding an optimal policy for small-scale MDPs can be done with methods such as value iteration
and policy iteration (Puterman, 2014). As Hulshof et al. (2016) and Saure et al. (2012) show, the size
of real-life problems can be large and thus the methods proposed by Puterman (2014) cannot be used
anymore. These large-scale problems can become intractable due to the three curses of dimensionality:
a large state space, a large action space and a large outcome space (Powell, 2007).

Hulshof et al. (2016) use techniques from the field of Approximate Dynamic Programming (ADP) to
develop an algorithm to approximately find an optimal solution. They used techniques described by
Powell (2007) to tackle the curses of dimensionality. Even for toy-sized instances, the ADP-algorithm
developed by Hulshof et al. (2016) is significantly faster than the dynamic programming algorithm
and produces accurate approximations.

A difference between our research and the literature above, both batch scheduling and scheduling with
MDPs, is that in our case a patient is not completely defined by his/her (medication) type. Besides a
medication type, the amount of medication that a patient requires is determined by their body surface
area. Furthermore, the time of the appointment for administration and the disposal probability are
not (only) determined by the patient’s type. Hence the “uniqueness” of patients distinguishes our
research from the literature, as in literature patients are determined by their type.

The research thesis by Medendorp (2021) also focused on improving the complete production processes
that take place at the pharmacy department at ZGT. Medendorp (2021) also provides an improved
production planning. However, this improved planning was designed for a period of time in the past,
i.e. for a period of time in which all requests and cancellations are known. Where Medendorp (2021)
provided a planning for such a deterministic setting, in this research we intend to take stochastic
future arrivals and cancellations into account.
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4 Mathematical model

In this chapter, we develop the mathematical model that we use to solve our optimisation problem.
We choose the theory of MDPs to tackle this optimisation problem, as has been used in the context
of perishable goods (see Chapter 3). Below, we will describe how we model the problem as an MDP.

For the MDP, we require decision epochs, a state and action space, transition probabilities and costs.

Decision epochs
This is an infinite horizon problem. At the start of the day, the decision is made which medications
should be prepared. Medication can be prepared at most T days in advance, hence all patients that
have an appointment in the next T days are take into account.

State space
We suppose that we have n medication requests in the system. The state of the system is given by
S = {~y, ~m,~τ , ~η, ψ} ∈ S. It contains the following information:

• The type of the patients ~y = (y1, y2, . . . , yn). Patients can be of type j ∈ J , where J =
{1, 2, . . . , J}. The variable yi ∈ J denotes the type of patient i. Only medication for patients
of the same type can be clustered if the medication is produced on the same day. A medication
request only requires one type of raw material.

• The amount of raw material needed for preparing medication ~m = (m1,m2, . . . ,mn), with
mi ∈ R. The value of mi is the amount of raw material that is needed for the i-th medication
request (of type yi).

• The deadline of the preparation for the medication ~τ = (τ1, τ2, . . . , τn), with τi ∈ {0, 1, . . . , T−1}.
The value τi indicates the amount of days left before patient i’s appointment of administration.
When τi = 0, the medication must be prepared immediately.

• The disposal probability ~η = (η1, η2, . . . , ηn), with ηi ∈ [0, 1] the probability that the appointment
of patient i is cancelled (i.e., the probability that the medication is disposed if it has been
produced).

• The current day, ψ ∈ {0, 1, 2, . . . , 6}. Here, ψ = 0 indicates it is Monday, ψ = 1 indicates it is
Tuesday and so on. See the table below:

Day Values for ψ

Monday 0
Tuesday 1
Wednesday 2
Thursday 3
Friday 4
Saturday 5
Sunday 6

In the remainder of this report, we use the words “medication request i” and “patient i” interchange-
ably. There is a difference between these two in practice, however, as a patient may have multiple
medication requests. As these requests are processed individually and as in general patients only have
one request, we use both terms to describe the same thing.
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Action space
The action space A(S) is the set of possible actions that can be chosen in state S. An action is
denoted by ~a = (a1, a2, . . . , an) ∈ A(S). The entries ai are defined in the following way:

ai =

{
1, if the medication for patient i is produced now,

0, otherwise.

The setA denotes the set of patients for which ai = 1. This definition will be useful for the explanation
on how states change.

Transition probabilities
The deterministic part of the MDP consists of the removal of patient i which has ai = 1. There
are also stochastic processes that have to be taken into account for the change of the state. The first
aspect that we take into account is that patients for which ai = 0 may leave with a certain probability.
The second aspect is that new patients may arrive to the system.

Cancellation
The appointment of patient i is cancelled with probability ηi. Let L ⊆ ~x be the set of patients of
which the appointment is cancelled. Then LC ⊆ ~x is the set of remaining patients. The probability
that patients in L leave is given by

P (L) =
∏
i∈L

ηi ·
∏
i′∈LC

(1− ηi′).

Arrival
We assume that the number of patients that arrive at the start of a decision epoch follows a Poisson
distribution with rate λ. Let X be the random variable that records the number of arrivals. The
probability that n patients arrive is then given by:

P (X = n) =
e−λ · λn

n!
. (1)

We assume that the number of arriving patients is bounded to ensure that we have a finite state space
and outcome space. Given that n patients arrive, we have to find the probability that n1 patients of
type 1 arrive, n2 patients of type 2 and so on, denoted by p(n1, n2, . . . , nJ). Let pj be the probability
that an arriving patient is of type j. This situation can be modelled with the multinomial distribution,
as we perform n experiments with j possible outcomes and we assume the outcome of any one of the
n experiments does not affect the outcome of the other n − 1 experiments (Ross, 2007). Under the
assumption that in total n patients arrive, the multinomial distribution for our problem looks like
this:

p(n1, n2, . . . , nJ) = n! ·
J∏
j=1

p
nj

j

nj !
,

10
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with n1 +n2 + . . .+nJ = n. The probability that n patients arrive and that nj patients of type j ∈ J
arrive is denoted by πn(n1, n2, . . . , nJ) and can be computed by

πn(n1, n2, . . . , nJ) = P (X = n) · p(n1, n2, . . . , nJ)

=
e−λ · λn

n!
· n! ·

J∏
j=1

p
nj

j

nj !

= e−λ · λn ·
J∏
j=1

p
nj

j

nj !
.

We assume that arriving patients do not cancel at the same time as they arrive.

For a patient i that is still in the system, we have that τi decreases by one as the deadline comes one
day closer. Furthermore, the value of ψ is increased by 1 as we move a day into the future. When
ψ = 7, we set ψ = 0 (as explained in the description of the state space above).

Costs
The costs consist of two different parts: the spillage costs and the disposal costs. We will describe
both of these separately below.

The spillage costs are denoted by C1(S,~a). Let Yj(S,~a) be the volume of spillage of raw material j
when action ~a is chosen in state S, and let Pj be the costs of one unit of volume of raw material j.

Then the costs of C1(S,~a) =
∑J

j=1 Yj(S,~a) · Pj .

The expected disposal costs are denoted by C2(S,~a). The disposal costs depend on the type of
medication/patient i and are denoted by Ri. The probability that the prepared medicine of patient i
is disposed is given by ηi. Then the expected disposal costs are given by C2(S,~a) =

∑n
i=1 ai · ηi · Ri,

with ai = 1 if and only if the medication for patient i is prepared now.

We let C(S,~a) = C1(S,~a) + C2(S,~a), the total spillage and (expected) disposal costs.

Bellman optimality equations
The optimality equations (Bellman’s equations) are used to compute the value of being in a certain
state (Puterman, 2014). As we are dealing with an infinite-horizon problem, we have to take the
future costs into account. Therefore, we introduce a discount factor β. The optimality equations are
given by

V (S) = min
~a∈A(S)

(
C(S,~a) + β

∑
S′∈S

p(S′|S,~a)V (S′)

)
.

In this equation, S′ denotes a possible state that we transition to based on the current state S and
the action ~a. The quantity V (S) for S ∈ S denotes the value of being in a certain state S. In Chapter
5 we explain how to determine the value of V (S) for any state S. This concludes our MDP model.

11
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5 ADP approach

As most real-life problems are too vast to solve with standard methods of MDP, an algorithm is
developed within the framework of Approximate Dynamic Programming (ADP). This is necessary as
the problem suffers from the three curses of dimensionality (Powell, 2007): a large state space, a large
action space and a large outcome space. Below we briefly explain why our problems suffers from these
three curses. The state of the system is vector-valued. Disregarding the values of the entries of the
vectors themselves, this gives a lower bound on the number of states, which equals n4 · 1. For n = 50
and J = 50, which is a small number of patients and patient types, we would have that each of the 50
patients could have one of 50 patient types, leading to 5050

50! = 2.9 · 1020 combinations. As we have not
taken into account the possibilities for ~m, ~τ , ~η and ψ, the actual amount of states will be even larger.

For the action space, suppose that at most 10 patients can be scheduled in one day (in practice this
amount is much larger). Then the number of actions (with n = 100) equals

∑10
i=0

(
100
i

)
≈ 1.9 · 1013,

providing a lower bound on the size of our action space.

For the outcome space, we disregard the computations for cancellations as they will increase the
number of outcomes. Suppose that between 0 and 10 patients could arrive. So, assuming that J = 50,
we have

∑10
i=0

50i

i! ≈ 3.3 · 1010 possible outcomes.

As we have established that our problem is too large to solve with the standard methods of MDPs,
we will explain how ADP is used. We aim to find a policy Aπ(S), which is a function that returns a
decision ~a ∈ A(S), under the policy π ∈ Π. The set Π refers to the set of potential policies. A(S)
denotes the set of feasible decisions for a given state S. The notation for the policy π should not be
confused with the notation for the arrival probability of n patients, πn, as explained in Chapter 4.

The evolution of the system over time as a result of the decision ~a and the random information W is
captured by the transition function SM , which has the Markov property. It is defined by

S′ = SM (S,~a,W ). (2)

The Post-Decision State
To tackle the large outcome space, the post-decision state variable Sa is introduced. This post-decision
state is reached directly after making a decision, but before the arrival of any new information W .
Hence, it is only based on the current pre-decision state S and the action ~a. This reduces the
complexity of the future costs. Note that we omit the vector notation ~a in the superscript of the
post-decision state variable, where we simply write a for readability purposes.

A new transition function is introduced, which captures the transition from the pre-decision state S
to the post-decision state Sa. This function is given by

Sa = SM,a(S,~a). (3)

After choosing action ~a, the post-decision state is Sa = {~ya, ~ma, ~τa, ~ηa, ψa}. The action ~a influences
the state in the following ways:

• ~ya, ~ma and ~ηa are obtained by removing the entries that correspond to the patients in A from
the pre-decision state. Hence, for all i ∈ A, we remove the i-th entries from all vectors.

12
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• ~τa is obtained by removing the times for the patients in τ that correspond to the patients in A.
The values for the patients that are not in A are reduced by 1.

• ψa = ψ + 1 mod 7, as this will only be updated when moving to a different stage, independent
of the action. As soon as the new week begins on Monday, we set ψ = 0

The post-decision state is used to provide a value estimate from a particular combination of a pre-
decision state and a decision. So, it is used as an estimate of the future pre-decision state.

Now, the DP formulation can be written as

V (S) = min
~a∈A(S)

(C(S,~a) + βV a(Sa)).

The value function of the post-decision state is given by

V a(Sa) = E{V (S)|Sa}.

The value function of the post-decision state V a(Sa) will be approximated. This approximation is
denoted by V̄ k(Sa), in which k denotes the iteration counter as the approximation will be computed
iteratively.

Then, the optimal decision should be made by solving

Ãk = arg min
~a∈A(S)

(C(S,~a) + βV̄ k−1(Sa)). (4)

This will give the decision that minimises the value v̂k for state S in the k-th iteration. This function
is given by

v̂k = min
~a∈A(S)

(C(S,~a) + βV̄ k−1(Sa)).

After making decision Ãk, and finding an approximation for the value (which is v̂k), the value function
approximation V̄ k−1(Sa) is updated.

To find an appropriate approximation for the value function, the goal is to minimise the difference
between the future cost approximation (so V̄ k(Sa)) and the approximation v̂k with the updating
function, as k increases.

5.1 Value function approximation

The state space is too large to compute the value function for each different state. In this section we
explain how we approximate the value of being in a certain state, by using basis functions.
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5.1.1 Basis functions

The large number of states prohibits us to estimate the value for each particular state. For the problem
to become tractable, we introduce basis functions. Basis functions are used to estimate the value V (S)
of being in a certain state S (in the case of the post-decision state we estimate the value of being in
state Sa). To do this, we come up with certain features that might contribute to the value of being
in a state.

First of all, we expect that V (Sa) depends on the amount of patients of each type. More patients of
type j might give the pharmacy the opportunity to cluster the production and with that, minimise
spillage.

Additionally, another feature we distinguish is the amount of medication that all patients need (again
per patient type). For example, if a vial of type j contains 100 mL of raw material it is useful to know
if the total amount of raw material requested is 40 mL or 90 mL as this affects spillage.

The next feature takes the deadlines into account. In case the patients have a deadline ‘far’ into the
future, we have more freedom to choose when to schedule them and reduce spillage. Therefore, the
next feature takes into account the number of patients that have a ‘close’ deadline. We define a close
deadline to be less than or equal to ς days into the future.

Due to the limited shelf-life of medication, it is important to know if the medication is prepared on
a Monday or on a Thursday for example. On Monday, it is possible to prepare medication with a
shelf-life of two days and with that, cluster the production. On Thursday, however, we do not have
the freedom to prepare medication for two days as the administration of the medication generally
takes place on weekdays. Therefore, the day of the week is also one of the features.

As every set of basis functions requires a constant basis function as well, we add this as our last feature
(Powell, 2007). The summary of our features and basis functions is given in Table 1.

Table 1: The features and the corresponding basis functions.

f Feature Basis function # basis functions

f1 Constant φf1(Sa) = 1 1
f2 Amount of patients φf2(Sa) = nj , j ∈ J J
f3 Amount of medication φf3(Sa) =

∑
imj , j ∈ J J

f4 Patients with close deadline φf4(Sa) = n(τ), τ ≤ ς ς +1
f5 Day φf5(Sa) = ψ + 1 mod 7 1

5.2 Finding the decision

To solve for which action we have minimal direct and future costs, we introduce a mixed-integer
program (MIP) which is given below. We introduce the set Ij , where i ∈ Ij if yi = j. Hence, the set
Ij contains all patients of type j.

14
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min
~a∈A(S)

C(S,~a) + Cz + β
∑
f∈F

θfφf (Sa)

 (5)

s.t.
∑
i

ai − uψ ≤ z (6)

bj = −
∑
i∈Ij

ai ·mi mod Mj ∀j (7)

ai = 0 ∀i with τi > li (8)

ai = 1 ∀i with τi = 0 (9)

ai ∈ {0, 1} ∀i (10)

z ≥ 0 (11)

~ya = ~y \A (12)

~ma = ~m \A (13)

~ηa = ~η \A (14)

~τa = ~τ \A− 1n−
∑

i ai (15)

ψa = ψ + 1 mod 7 (16)

This essentially finds the decision that gives the minimal costs and minimal value for the post-decision
state. The objective function and the constraints of the MIP are explained below:

• The objective function (5): We minimise the expected costs with the immediate costs C(S,~a)
and the future costs, which are taken into account with the post-decision state, consisting of
the basis functions. The term Cz indicates the penalty costs. These costs are used to take
production constraints into account (see the point below).

• Constraint (6): No more than uψ medicines can be prepared in one day, which depends on ψ.
When ψ ∈ {5, 6}, then uψ = 0 as no production takes place in the weekend. Production that
exceeds uψ receives a penalty based on the value of z.

• Constraint (7): The amount for spillage of raw material j is bj . This variable is part of the costs

C(S,~a) in the objective function, as the spillage costs equal
∑J

j=1 bj · Pj (see Chapter 4). The
parameter Mj denotes the amount of raw material in an unopened vial of type j.

• Constraint (8): The medication of patient i cannot be prepared in case shelf-life li is too short.
The shelf-life for patient i is determined by its medication type and it is measured in the amount
of days. If the prepared medication of patient i is not administered for li days, it expires and is
disposed.

• Constraint (9): The medication must be prepared immediately in case the deadline has been
reached.

• Constraint (10): The decisions are binary.

• Constraint (12): The post-decision variable for the patient type is computed.

• Constraint (13): The post-decision variable for the amount of medicine is computed.
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• Constraint (14): The post-decision variable for the cancellation probability is computed.

• Constraint (15): The post-decision variable for the time until patients’ appointments is com-
puted.

• Constraint (16): The post-decision variable for the day is increased by 1. If the value of 7 is
reached (a new Monday), it goes to day 0.

To find an (approximate) optimal policy for our ADP, we have to find optimal decisions for each state
(which is done with the MIP) and we have to update our approximation of the value of being in a
state. In Algorithm 1 we propose the steps to solve the problem.

Algorithm 1: The ADP algorithm to solve the problem.

1. Initialisation: Choose an initial approximation V̄ 0. Set k = 1 and set the maximum number
of iterations N . Set the initial state to S1.

2. Update: Solve the MIP (5) to obtain ~ak.
Update the approximation V̄ k(Sk,a) =

∑
f∈F θ

k
fφf (Sk,a), where θk can be obtained by

Algorithm 2.
Find the post-decision state with Sk,a.
Obtain a sample realisation W k+1 and compute the new pre-decision state.

3. Increment/Stop: Increment k by 1. If k ≤ N , go to Step 2.
4. Return: Return V̄ N .

The value function is updated in Step 2. A method to do this is “Recursive Least Squares” (Powell,
2007), where we use non-stationary data. This way, we are able to put more weight on recent obser-
vations instead of having equal weight on each observation.
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Algorithm 2: The recursive least squares algorithm to update θ.

1. Error: Compute the error ε̂k:

ε̂k = V̄ k−1(Sa)− v̂k.

2. Update: Update γk and Bk:

γk = νk + (φ(Sa))TBk−1φ(Sa),

Bk =
1

νk
(Bk−1 − 1

γk
(Bk−1φ(Sa)(φ(Sa))TBk−1).

3. Update: Update Hk:

Hk =
1

γk
Bk−1.

4. Update Update θk:

θk = θk−1 −Hkφk(Sa)ε̂k.

5. Return: Return V̄ k(Sa) =
∑

f∈F θ
k
fφf (Sa).

The matrix B0 = εI, where ε is a small constant. This constant is chosen to be ε = 10−6, which is
suitable for our problem.

The value for νk indicates the weight that is put on the prior observations. It ranges between 0 and
1, which decreases the weight on prior observations. It is defined in the following way:

νk =

{
1, stationary

1− δ
k , non-stationary

,

where k is the iteration counter. The constant δ is determined in the experiments. The experiments
showed that δ = 0.6 is suitable for this problem.
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6 Results

In this chapter, we describe the results for the numerical experiments.

We implemented Algorithms 1 and 2 in Python. The sample realization Wn+1 is obtained as follows.
For each patient i, we generate a random number between 0 and 1 from the uniform distribution. If
the random number is larger than ηi, the patient stays in the system. Otherwise, patient i is removed
and the appointment is cancelled.

For the arrival of new patients, we generate a random amount of arrivals according to a Poisson
distribution with rate λ. In the weekends, we assume there are no new arrivals. Then, based on the
number of arrivals, we use the multinomial distribution to determine which patient types arrive. For
each patient i, we generate random integers (from the uniform distribution) that give mi and τi.

Firstly, we investigate a toy-sized instance in Section 6.1. Then in Section 6.2 we provide the numerical
results for the ZGT case. Using the toy-sized instance enables us to generate results faster than the
ZGT case as the latter has large computational time. Furthermore, the toy-sized instance can ease
our search for specific behaviour or patterns in the decision making process and with that, provide
useful information for the ZGT case.

6.1 Experiments with toy-sized instance

For the toy-sized instance, the parameters that have been used are given and explained below. These
parameters have been chosen such that the problem is not too large (less patient types and less
arrivals) and that it does resemble the ZGT case (horizon length for example). We chose β = 0.95
as this is standard in Markov Decision Theory and the value for N = 10, 000, 000 was required to
achieve convergence. The maximum production is chosen to be approximately 1.6 times larger than
the arrival rate as has been used for the ZGT case as well (which is based on data and discussion with
the ZGT pharmacy). The close deadlines and the penalty costs are the same values as for the ZGT
case.

Parameter Value

Horizon length in days (T ) 4
Number of patient types (J) 5
Maximum production on a weekday (uψ, ψ ≤ 4) 16
Close deadlines in days (ς) 3
Discount factor (β) 0.95
Number of iterations (N) 10,000,000
Arrival rate per day (λ) 10
Penalty costs for exceeding maximum production (C) 1,000

As J = 5, we have selected 5 different medications to be part of the experiments for the toy-sized
instance. These medications have the following characteristics:
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Table 2: Medication parameters for the toy-sized instance.

Medication
Volume
(vial)

Price
(p/u)

Shelf-life Min Max
Arrival
fraction

Disposal
probability

1 100 3.644 0 139 291 0.487 0.015
2 500 2.58 3 698 1152 0.035 0.005
3 150 0.05 7 139 900 0.212 0.010
4 1000 0.00321 4 294 6303 0.133 0.014
5 30 77.33 14 210 840 0.133 0.008

We briefly explain the information given in each column. Each medication has a name, an amount
that is in a vial, the price per unit of the medication (in euro), the amount of days the medication
can be made in advance, the minimum and maximum amount of units of medication a patient could
need, the fraction of arrivals that correspond to this medication and the probability that the request
is cancelled.

We clarify that these characteristics in Table 2 are based on five real medication types. They have
been selected from the complete list of medication of ZGT. The reason for their selection is such that
there is some variability in all of the characteristics. Finally, we do note that the arrival fractions have
been normalised in this toy-sized instance such that the total arrival fraction equals 1.

6.1.1 Convergence

To approximate the value of a state, we introduced basis functions in Section 5.1.1. Each basis
function φf has a coefficient, θf . Using the recursive least squares algorithm (see Algorithm 2), we
try to determine the value of these coefficients.

As the number of iterations is very large, we store the values of θf , f ∈ F , every 100 iterations. In
Figure 1, the development of each value θf is shown as the number of iterations increases. Each graph
seems to converge to a steady value, even though some have not reached this steady state yet as a
nonzero slope can be observed from this graph.

The graph that stands out is the one that has a value of approximately 8000. This graph corresponds
to f1, the constant feature. This implies that the minimal costs always amount to 8000, independent
of the action that is chosen.
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Figure 1: Values of θf for each feature.

To understand how much the coefficients are updated in each iteration, we can compute the value of∑
f∈F |θkf−θ

k−1
f |, i.e. the total absolute difference of the value of θf in iteration k (θkf ) and in iteration

k − 1 (θk−1f ). The value of this total absolute difference can be seen in Figure 2 for each iteration.

Figure 2: The value of
∑

f∈F |θkf − θ
k−1
f |.

As can be seen in Figure 2, the differences of subsequent values of θkf are relatively large. As the
iteration counter k increases, this sum of differences seems to decrease. For large values of k, we
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want to know the value of this sum. In Figure 3, we plotted this sum for the last 250,000 iterations.
Note, as this difference is only plotted every 100 iterations, we see 2,500 values. None of these values
exceeds the value of 0.10, which implies that the values of theta change slightly between iterations.
In combination with Figure 1, it seems the values of θf are converging.

Figure 3: The value of
∑

f∈F |θkf − θ
k−1
f | for k = 9, 750, 000 to k = 10, 000, 000.

As
∑

f∈F |θkf − θk−1f | is smaller than 0.12 for the last 250,000 iterations, we believe that we can

use θNf to investigate the performance of the ADP approach versus a myopic policy in a toy-sized
instance. For real-life problems, we might set a stricter stopping criterion. As we cannot guarantee
that

∑
f∈F |θkf − θ

k−1
f | will reach a stricter stopping criterion and as the current value of N already

results in a computation time of over 10 hours, we believe that the current estimate is adequate (taking
into account that some values of θf are of the order of 1,000). Below, we give the values of θ that
are used in the investigation of the performance of the ADP approach. For those features that have
multiple “categories”, we introduce new notation. For example, our second feature f2 is the amount
of patients. As this is divided into the amount of patients of each type we write f2,j , indicating feature
2 and category (in this case patient type) j.
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Table 3: Values for θf for all f ∈ F .

Feature f Value of θf

Constant f1 7,698.05260

Amount of patients of type 1 f2,1 -1,416.86861
Amount of patients of type 2 f2,2 -219.653036
Amount of patients of type 3 f2,3 -229.614452
Amount of patients of type 4 f2,4 -198.830478
Amount of patients of type 5 f2,5 -1,385.78986

Amount of medication of type 1 f3,1 2.94319537
Amount of medication of type 2 f3,2 0.582988875
Amount of medication of type 3 f3,3 0.113707810
Amount of medication of type 4 f3,4 0.000461934444
Amount of medication of type 5 f3,5 0.247931238

Amount of patients with deadline today f4,0 1,319.45230
Amount of patients with deadline tomorrowf4,1 2,401.00030
Amount of patients with deadline the day after tomorrow f4,2 1,251.45593
Amount of patients with deadline in three days f4,3 -465.648721

Day f5 1,655.80571

6.1.2 Performance compared to myopic policy

The values of θf we computed in Section 6.1.1 are used in our MIP to take future states into account.
We hope to select the optimal action that minimises the direct costs and the costs that future states
might bring. We compare the ADP-approach (called look-ahead) to a myopic policy, which only takes
into account the direct costs and thus ignores the contribution of any future states an action might
bring us.

We start with an initial state S0, which is generated randomly according to the data that is also used
to find the values of θ. Then we solve the MIP from Section 5.2 in two ways: one with the values of
θf we computed and one with β = 0. The latter is the myopic policy as this ensures the future costs
of states are not taken into account.

Both approaches find their respective optimal decision. Based on this decision, the states are up-
dated. Using statistically equivalent external arrival information, the state is updated again and the
MIP computes a new optimal decision. We simulate this process for one year and see how the two
approaches perform. Note that only the initial state of the two MIPs is the same, as their different
decisions will result in different post-decision states. In Figure 4 the costs both policies give in one
year are given.
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Figure 4: The costs of one year of the myopic policy and the look-ahead policy with β = 0.95.

As can be seen from the graph, the myopic policy actually performs better than the ADP approach
(i.e. look-ahead policy). One of the possible factors is that the look-ahead policy values the future
costs excessively. To decrease this dependency on the future costs, we used different values of β to
analyse its effect. In Figure 5 we plot the costs of the myopic and look-ahead policy using β = 0.05.

Figure 5: The costs of one year of the myopic policy and the look-ahead policy with β = 0.05.
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Decreasing the value of β shows that the look-ahead policy gets closer to the myopic policy (as the
myopic policy uses β = 0). In this particular graph, the myopic policy outperforms the look-ahead
policy. However, for the same value of β, in other attempts the look-ahead policy outperformed the
myopic policy. We can see that decreasing the value of β improves the performance of the look-ahead
policy, but it does not result in a policy that performs better than a myopic policy. Hence, using a
myopic policy would be preferable as there is no need to go through the process of ADP.

6.1.3 Performance myopic policy compared to ZGT pharmacy policy

Below, we briefly describe the policy that the pharmacists currently use to prepare the medication.
Afterwards, we will compare this to the myopic policy.

In general, medication is prepared one day before the patient’s appointment, if the shelf-life of the
medication is large enough. Otherwise, the medication is prepared on the same day as the patient’s
appointment. The production is always done according to the clustering protocol. There is an
exception to this rule: if the medication is too expensive (of which the pharmacy has a list), the
medication is also prepared on the same day as the patient’s appointment, regardless of the shelf-life.
In rare cases, if the patient’s appointment is early in the morning, the pharmacy does prepare the
medication one day in advance (after 14:00). Due to the model taking into account days instead of
day-segments, these rare cases are not considered in this research. In the toy-instance there are two
medication types that are considered expensive: the first and the last one (see Table 2).

We do mention that the actual procedure at ZGT might perform slightly better than the policy we
described in this research. In some cases, if during the day a medication request arrives for the next
day, the pharmacist assistants ask the pharmacist to add the request to their software so it can be
added for clustering and reduce spillage costs that way.

The performance of the current ZGT policy and the myopic policy is compared in the same way that
the look-ahead policy and myopic policy were compared. The initial state is generated randomly
and both policies make a decision on how to prepare the medication. Then, statistically equivalent
external arrival information is used to update the state. The process continues for one year. The costs
can be seen in Figure 6.
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Figure 6: The costs of one year of the ZGT policy, the look-ahead policy (β = 0.05) and the myopic
policy.

This figure shows that the myopic policy as well as the ADP policy much perform better than the
current ZGT policy. A possible explanation is that our toy-instance contains two medication types
that are considered expensive. As the myopic policy focuses on decreasing spillage, this gives a major
reduction in the total costs. Furthermore, the arrival of these ”expensive patients” is quite frequent
compared to the real-life situation and can therefore give a major reduction in the total costs.

To show that both the myopic policy and the look-ahead policy reduce spillage compared to the ZGT
policy, we computed the daily spillage over a year. This data can be seen in the boxplot in Figure 7.
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Figure 7: The total daily spillage of the look-ahead (1), myopic (2) and ZGT (3) policies.

As Figure 7 shows, the overall spillage of the myopic policy is the lowest out of these three policies.
To understand this, we take a look at the decisions of the myopic policy.

It seems that the myopic policy focuses on reducing the spillage costs, as the disposal costs are low
due to the small disposal probabilities. In general, the myopic policy chooses to prepare medication
for patient i if τi = 0, i.e., when the patient needs the medication today. However, we also observe
that in some cases, a patient i for which τi 6= 0 is scheduled.

By further examination of these cases, we see that that happens when medication of the same type is
produced for a patient who has an appointment for today. By preparing this medication in advance,
the pharmacy can use clustering to reduce spillage. This is only done when the shelf-life of the
medication allows the preparation.

Choosing which medication to prepare besides the ones that must be prepared today is an optimisation
problem that is solved by the myopic policy. However, we can investigate whether a ”simple” policy
based on our observations can reduce the costs.

Hence, we extend our current ZGT policy by adding a new rule. This rule is as follows: if the spillage
for medication type j does not equal zero, we check if there is another patient i with yi = j and
τi ≥ 1. If mj is such that we do not have to open a new vial of raw material j, we add this to the
current production moment. Note that we only do this if the shelf-life of this medication type allows
this. The costs for this new policy (”ZGT New Rule”) can be seen in Figure 8. Also, the costs for
the myopic, look-ahead and the current ZGT policy are plotted.
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Figure 8: The costs of one year of all four policies.

As can be seen in this figure, the new decision rule does lower the costs. The decrease is not as major
as the costs of the myopic and the look-ahead policies, as in those policies an optimal decision is made
to reduce the (spillage) costs. It shows that adding a ”simple” rule to the current ZGT policy has a
positive effect on the reduction of spillage.

6.2 Experiments with ZGT case

From the results in Section 6.1, we see that the look-ahead policy does not perform better than the
myopic policy. As computing the coefficients θf in the look-ahead policy is time consuming, we decide
to disregard the look-ahead policy in the experiments for the ZGT case. Similar to the toy-sized
instance, we simulate the situation of ZGT for a period of one year. The general parameters that were
used are given in the table below:

Parameter Value

Horizon length in days (T ) 4
Number of patient types (J) 68
Maximum production on a weekday (uψ, ψ ≤ 4) 130
Close deadlines in days (ς) 3
Arrival rate per day (λ) 83
Penalty costs for exceeding maximum production (C) 1,000

The horizon length in days has been chosen as in general medication cannot be prepared more than
four days in advance. The penalty costs have been chosen to allow the pharmacists to work overtime,
but only in cases when there is no other way.

The characteristics of the medication types and the arrival rate per day has been based on the data
provided by the ZGT pharmacy. This data contained all medication requests to the ZGT pharmacy in
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the period of 14-12-2020 until 14-12-2021. This data is given in Table 4 in Appendix A. We note that
the disposals are only considered if the medication had already been prepared, as ZGT removes the
requests from their database in case it has not yet been prepared. Based on the research of Medendorp
(2021) and in consultation with a ZGT pharmacist, we decided to set the disposal probability of a
patient depending on the day they arrive. Let η̂j be the disposal probability of a patient of type j in
Table 4. Then, for a patient i of type j:

• Patient i arrives with τi = 0: disposal probability is η̂i.

• Patient i arrives with τi = 1: disposal probability is 1.25 · η̂i.

• Patient i arrives with τi > 1: disposal probability is 1.5 · η̂i.

Each day, we make a new decision on which medication should be prepared. The costs can be seen in
Figure 9.

Figure 9: The costs of one year for the myopic, ZGT and the ZGT New Rule policies.

Regarding costs, we see a similar situation as for the toy-sized instance. Again, the myopic policy
outperforms the current ZGT policy and the current ZGT Policy with our added rule. We also observe
that again, the ZGT New Rule policy outperforms the current ZGT policy. This is due to the reduction
of spillage, of which the results are given in Figure 10.
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Figure 10: The total daily spillage of the ZGT New Rule (1), myopic (2) and ZGT (3) policies.

Again, it must be said that the ZGT policy performs better in practice than it does in our simulations
as we cannot model the exact approach that the pharmacy uses to reduce spillage cost as described
in the previous section.

To sum up the results for the ZGT case, we see that the myopic policy outperforms the current ZGT
policy. Also, the additional rule to the current ZGT policy that was introduced in the former section
shows a reduction in spillage and total costs for the ZGT pharmacy.
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7 Discussion and conclusions

In this chapter, we provide the discussion on the results and the limitations of this research (Section
7.1). Afterwards, in Section 7.2, we give conclusions and further implications of this research.

7.1 Discussion

In this section we discuss the results of our research and what they imply. Furthermore, we look into
the limitations of our research.

Regarding the ADP-approach, we observed that the coefficients θf converged, implying that we used
enough iterations to get an idea of the future costs based on our actions and current state. We note
that the coefficients for the amount of medication patients need (f3) are much smaller than the other
coefficients. There could be two reasons for this. Firstly, it could be that the amount of medication
that patients need is not important for estimating the value of being in a certain state. However, it
is also possible that the amount of medication does matter. We note that the values of φf3 range
between 139 and 6303, whereas the values of φf are usually below 10 for each f 6= f3. This way,
the importance of the amount of medication can be justified and thus the feature f3 should not be
discarded.

Looking at the performance of the look-ahead (ADP) policy compared to the myopic policy, we see
that the myopic policy outperforms the look-ahead policy. One of the reasons might be that the ADP
approach provides an inaccurate value function approximation. As described in Chapter 5, the MDP
has an enormous state space. Therefore, not all states can be visited during the training (i.e., the
process of determining the values of θf ) and we cannot guarantee that we visit the best possible states.

Additionally, our problem contains a high amount of uncertainty. The outcome space of our MDP is,
like the state space, incredibly large. Making decisions based on the current state and the immediate
costs only (i.e., making decisions myopically) seems to be favourable, as there is very little chance that
the “desired” states are actually reached. This leads to a high number of iterations necessary to reach
converging coefficients. Furthermore, the low quality of the data might prohibit us from obtaining a
solid prediction of the future. First of all, the ZGT pharmacy does not record every time a request is
cancelled. This only happens when the medication has already been prepared. Furthermore, with more
accurate data we might be able to estimate disposal probabilities better using patient characteristics.
For example, initially, we had the additional research objective to determine patient- and time-specific
disposal probabilities. We did this using multiple linear regression, see Appendix B. In the hospital,
recording data is done in various departments. Therefore, recording data is not “streamlined” and
impacts the quality of the data, resulting in incorrect predictions (see Section B.3). This led to us
making the assumption to base the disposal probabilities only on the medication type instead of other
factors.

Additionally, the data we used for the ZGT case (see Appendix A) was also incomplete. As medication
types change frequently, information is outdated quickly (e.g., removing or adding medication types).
We could therefore only use the medication types of which we had all the information. The pharmacy
works with approximately 90 medication types, where we were only able to use 68 due to outdated
information. Finally, we note that the data is mostly from the year 2021 and we have to take into
account that the Covid-19 pandemic had an impact on the healthcare system, including the pharmacy
department as they were also involved in the vaccination process in the Netherlands. In general, the
long-term healthcare was put on hold, resulting in less requests for medication. However, in case data
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is available that resembles the normal situation more closely, our method might provide better results
for the ZGT pharmacy.

Compared to the ZGT policy, we see that the myopic and the look-ahead policies both outperform
the ZGT policy. That is due to two things: the myopic and look-ahead policies generally prepare
the medication on the day that the patient needs it, whereas the ZGT policy prepares it one day in
advance. This way, the disposal costs are virtually eliminated. In addition, the myopic and look-ahead
policies also focus on minimising the spillage costs by preparing medication that is not needed on the
same day, but that can be stored for a patient in the days to come.

However, in practice the myopic and look-ahead policies might not be completely suitable. In theory,
we can prepare medication on the same day as the appointment, but if the appointment is early in
the morning, the pharmacy has to produce that much earlier. In terms of logistics, this will impact
the current procedure drastically. We did model it this way, as ZGT requested decision moments at
the start of the day. Dividing the day into different blocks, we could make a decision at the beginning
of each block to ensure we can prepare the medication for the patients on that day.

As we showed that the look-ahead policy does not perform better than the myopic policy, we decided
to not take the look-ahead policy into account for the ZGT case. Obtaining the look-ahead policy for
the toy-sized instance took 11 hours and therefore, it was not worth using it further in this research.
In the remainder of this discussion, we will only compare the myopic policy with the ZGT policy and
the ZGT policy with the new rule. Note that the myopic policy does, to certain extent, take the
“future” into account as the scheduled appointments for the coming days are known.

One of the characteristics of the myopic policy is the preparation of medication for patients a few days
in advance, if that decreases the spillage costs on the current day. Due to time constraints, we chose
to implement a (sub-optimal) rule to the current ZGT policy. It is not optimal as we always choose
to prepare the medication of the first patient we encounter that reduces today’s spillage costs. We
see that this simple addition to the current ZGT policy can already improve the performance. Note
that the addition of this rule would not impact the current procedure much. To improve this rule,
it is possible to create a linear program to find the set of medication requests with the objective to
minimise today’s spillage.

For the sub-optimal rule, the software at the ZGT pharmacy should be adjusted slightly such that
it either outputs the medication requests that should be prepared, or that it shows a list of possible
medication requests in such a way that the pharmacists can make the selection of which requests
should be prepared. Note that, in case a linear program is developed to find the optimal set of
medication requests, the software should output the list of medication requests.

Furthermore, due to the size of the MDP, we were not able to find an optimal policy using Markov
Decision Theory. We were only able to use the heuristic method of ADP and therefore, we cannot
compare the performance of the ADP policy to an optimal policy computed by our MDP model.

Finally, due to time constraints we had to exclude some parts of the optimisation problem. The first
problem that we had to exclude was the use of phaseals, which can extend the shelf-life of raw material.
Furthermore, we used only one size of vials, whereas the pharmacy has different vial sizes for some
medication types (also to reduce spillage). Choosing which vials require phaseals and choosing which
vials should be opened drastically increases the size of our optimisation problem.
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7.2 Conclusions

The goal of this research was to answer the following question: ”When should which medication be
produced such that the spillage and disposal costs are minimised?”. We developed a Markov Decision
Process to find the optimal policy to prepare medication such that the costs are minimal. Due to the
size of the problem, we turned to the theory of Approximate Dynamic Programming.

The ADP algorithm provided a policy to minimise the costs, which we compared to a myopic policy
(not taking the future uncertainties into account) and the current ZGT policy. We conclude from the
results that the myopic policy performed better than the policy provided by ZGT and that of the
ADP algorithm. Based on the decision rules from the myopic policy, we developed a simple decision
rule to add to the ZGT policy which can already reduce the total costs.

In practice, for the ZGT pharmacy this means they can reduce spillage by adjusting their working
procedure slightly. In case a vial contains some leftover raw material, the pharmacists should check
if this leftover material can be used for a medication request for two (or more days) from now. Of
course, if it is impossible to prepare this medication due to the limited shelf-life of the medication (or
if there are no medication requests), the leftover material in the vial is considered spillage.

In future research, it is possible to extend the ZGT New Rule policy by developing a linear program
that selects the optimal medication requests (instead of the first one that is encountered). This way,
there is no drastic change in the current production procedure at ZGT. We expect this linear program
to be similar to mixed-integer program in Section 5.2. In addition, phaseals and different vial volumes
can be taken into account. Finally, for ZGT it might be useful to carefully keep track of data to obtain
a better view of the stochastic processes and with that, provide a better view of the uncertainty.
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A Parameters ZGT case

In this appendix, we provide the data of the medication we used in the ZGT case. In Table 4 we
give the detailed information for each medication type, including the volume in a vial, the price, the
shelf-life, the minimum and maximum amount of raw material necessary, the arrival fraction and the
cancellation probability.
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Table 4: Data for the ZGT case.

Medication
Volume
(vial)

Price (p/u) Shelf-life Min Max
Arrival
fraction

Disposal
Probability

1 100 3.644 0 139 291 0.1086402 0.015287099
2 50 59.9254 1 100 100 0.0002836 0.142857143
3 500 2.58544 3 698 1152 0.0081014 0.005
4 1200 2.999166667 2 840 1200 0.0012152 0
5 100 0.8974 2 120 156 0.0095597 0.038135593
6 25 0.448 7 120 188 0.0053064 0.015267176
7 10 0.825 4 6 18 0.0139345 0.014534884
8 15 1.688666667 4 15 21 0.0010532 0.038461538
9 3 199.9 1 1 3 0.0316766 0.003836317
10 100 1.4 7 5 500 0.0908575 0.010699955
11 100 0.0365 5 312 312 0.0019849 0
12 20 0.03 1 80 80 0.0002836 0
13 20 15 4 62 95 0.0008101 0.05
14 150 0.05 7 139 900 0.0484871 0.010025063
15 1000 0.000625 7 3000 6000 0.0147851 0
16 2000 0.001025 8 6000 8000 0.0044153 0
17 2000 0.00048 7 2000 2000 0.0010937 0
18 1500 0.000486667 0 4500 4500 0.0006481 0
19 10 51.226 4 225 225 0.0005671 0.071428571
20 10 0.217 4 32 178 0.0099648 0.016260163
21 10 37.5 1 376 701 0.005671 0.028571429
22 500 0.1045 1 490 801 0.0013367 0
23 20 2.9285 4 77 229 0.0213068 0.009505703
24 2 0.995 1 33 150 0.0267347 0.009090909
25 5 0.97 1 10 110 0.0066027 0.006134969
26 300 7.03 4 300 300 0.0123142 0.003289474
27 10 0.488 4 50 203 0.0023899 0
28 100 0.0772 4 134 351 0.0295702 0.015068493
29 200 9.49 4 6000 12000 0.0106534 0
30 1000 0.00321 4 294 6303 0.0323652 0.013767209
31 1000 0.00225 7 386 934 0.0045368 0.017857143
32 2400 0.034620833 14 5400 5400 0.0015798 0
33 1000 2.865 4 1000 1000 0.0048204 0
34 5 74.9 4 259 259 0.0023899 0.016949153
35 500 0.054 3 350 450 0.0138534 0
36 1000 3.2 4 100 1000 0.0023899 0.016949153
37 40 0.10875 4 40 2522 0.0204156 0.007936508
38 1 384.8068182 1 1 2 0.0018633 0.043478261
39 50 10.9 3 550 1500 0.0040102 0.01010101
40 100 0.95 4 50 1200 0.0799206 0.007095793
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Medication
Volume
(vial)

Price (p/u) Shelf-life Min Max
Arrival
fraction

Disposal
Probability

41 40 0.09125 1 121 748 0.0110585 0.014652015
42 40 15 1 40 60 0.0026735 0.015151515
43 100 16.49 4 204 453 0.0055495 0.01459854
44 25 103.92 14 200 400 0.0202941 0.013972056
45 5 0.08166 7 500 500 0.0006076 0
46 50 0.018 4 500 500 0.0000405 0
47 20 2 4 20 46 0.0085065 0
48 100 16.99 14 4 1000 0.0094787 0.025641026
49 100 0.685 4 273 1125 0.0273018 0.022255193
50 10 0.978 1 26 56 0.002714 0.044776119
51 10 40.503 1 240 480 0.005671 0.021428571
52 250 1.3332 4 750 1000 0.003038 0
53 50 0.085 7 82 358 0.0330538 0.023284314
54 50 114.64 4 5 10 0.0371451 0
55 30 0.185 2 87 384 0.1043059 0.013592233
56 300 0.537333333 1 300 300 0.0000405 0
57 500 0.0093 1 2000 2000 0.000162 0
58 30 77.33333333 14 210 840 0.0309475 0.007853403
59 80 1.56975 1 240 800 0.0013367 0
60 50 0.037 4 150 150 0.000162 0
61 10 3.2 0 500 1000 0.0305424 0.0066313
62 500 1.95 0 1000 2000 0.0002836 0
63 5 0.05 1 260 660 0.0005266 0.076923077
64 15 8.248 4 15 15 0.0000405 0
65 500 0.0032 1 500 2500 0.0107749 0.033834586
66 100 3.51 4 320 610 0.0019443 0.020833333
67 10 3.535 4 5 13 0.0022279 0.036363636
68 2 10.57 4 1 2 0.01118 0
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B Disposal probabilities with Multiple Linear Regression

In this appendix, we explain how we investigated the possibilities of multiple linear regression to find
patient-specific disposal probabilities.

B.1 Literature review for disposals

Disposal of medication happens due to three reasons. Firstly, it is possible that a patient does not
show up. Secondly, the physician or the patient may cancel the appointment (e.g. due to deviating
blood levels or due to illness). Lastly, the dose of medication may have changed.

One of the major challenges in this research is to determine the cancellation/disposal probability of
an appointment. Reasons for patients to cancel the appointment are feeling better or worse, transport
problems and misunderstanding about the time of consultation (Kaplan-Lewis and Percac-Lima, 2013;
Perron et al., 2010). Feeling better or worse can be influenced by the medication that the patient is
already taking.

Shaparin et al. (2014) have researched failure to attend medical appointments in Newark, New Jersey.
They took several characteristics into account, such as spoken language, age, gender and referring
physician. They found that there are several reasons why for instance speaking Spanish as a primary
language can result in the cancellation of an appointment. Age and gender are common predictors for
no-show rates (Davies et al., 2016; Glover IV et al., 2017; Mohammadi et al., 2018). Other predictors
are for example visit type, insurance, tobacco use and ethnicity.

B.2 Mathematical framework

Suppose we would like to estimate a variable y based on n data points and k explanatory variables.
The explanatory variables can also be qualitative with the use of dummy variables (Friedman, 2017).
We regard y as the outcome of a random variable Y and we write the following model equation:

yi = β0 + β1xi1 + β2xi2 + . . .+ βkxik + εi. (17)

In Equation (17) the βi’s are unknown parameters and the disturbances εi follow a normal distribution
with mean 0 and variance σ2.

For convenience, we define the vectors Y =


Y1
Y2
...
Yn

, β =


β0
β1
...
βk

, ε =


ε1
ε2
...
εn

 and the matrix X =


1 x11 . . . x1k
1 x21 . . . x2k
...

... · · ·
...

1 xn1 . . . xnk

.

Now, the estimator β̂ can be found by the method of least squares (Friedman, 2017) and is given by

β̂ = (XTX)−1XTY.
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In case Y is a binary variable, the result will be a linear probability model for estimating Pr(Y = 1|X).

B.3 Experimental results

Based on the literature review, the advice from ZGT and the available data, our explanatory variables
are taken as the patients’ age, gender, specialism, referring physician and medication type.

Using data of the whole of ZGT for 5 years (2015 - 2019), we used our model to predict the probability
that the medication will be administrated. The value of R2 = 0.009, which implies that the linear
regression model does not fit the data well.

Simple calculations showed that in these 5 years, the probability that an appointment was cancelled
was approximately 0.33%. After consulting ZGT, it appeared that the data contained flaws. The
cancellation of appointments was not always recorded in the data provided by ZGT and therefore,
we decided to exclude this data in our research and use a different data set to determine the disposal
probability. Due to the restrictions of that data set, we were not able to use multiple linear regression.
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