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a b s t r a c t

This paper presents a methodology to plan treatments for rehabilitation outpatients. These patients
require a series of treatments by therapists from various disciplines. In current practice, when treatments
are planned, a lack of coordination between the different disciplines, alongwith a failure to plan the entire
treatment plan at once, often occurs. This situation jeopardizes both the quality of care and the logistical
performance.

The multidisciplinary nature of the rehabilitation process complicates planning and control. An
integral treatment planning methodology, based on an integer linear programming (ILP) formulation,
ensures continuity of the rehabilitation process while simultaneously controlling seven performance
indicators including access times, combination appointments, and therapist utilization. We apply our
approach to the rehabilitation outpatient clinic of the Academic Medical Center (AMC) in Amsterdam,
the Netherlands. Based on the results of this case, we are convinced that our approach can be valuable
for decision-making support in resource capacity planning and control at many rehabilitation outpatient
clinics. The developed model will be part of the new hospital information system of the AMC.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Rehabilitation clinics treat patients recovering from injury, ill-
ness or disease. Patients require a series of treatments adminis-
tered by therapists fromvarious disciplines, such as physiotherapy,
occupational therapy, socialwork, speech therapy, andpsychology.
According to the recent World Health Organization (WHO) report
on disability [1], in high-income countries about 18% of the pop-
ulation lives with some form of disability, and the prevalence of
disability is rising due to aging populations and the global increase
in chronic health conditions. The expenditures for rehabilitation
care have substantial pay offs including enhanced economic ac-
tivity, health outcomes, educational achievements, and participa-
tion in community activities of people with disabilities [1]. Public
spending on disability programs amounts to 1.2% of GDP for OECD
countries and is particularly high in the Netherlands and Norway,
where expenditures on disability account for approximately 5% of
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GDP [1]. TheWHO [1] indicates improvement potential of rehabil-
itation care both in terms of quality and efficiency.

Because rehabilitation care is a multidisciplinary process, co-
ordination within both the care process and the logistical orga-
nization is essential [2,3]. As in many health care processes, and
rehabilitation in particular, planning deficiencies have a negative
impact on both the quality of care and logistical efficiency [1,4]. The
multidisciplinary nature of the rehabilitation process complicates
planning and control. Naturally, the best quality of care is realized
when the right treatments are provided at the right time [5]. Re-
habilitation care professionals indicate that a short access time [6],
a simultaneous start with the various disciplines, and the conti-
nuity of the rehabilitation process should be guaranteed. In addi-
tion, the complexity of rehabilitation care carries the risk of both
undertreatment and overtreatment [7]. Despite the positive cost-
effectiveness ratio of current rehabilitation care, both theWHO [1]
and a recent improvement program for the Dutch rehabilitation
sector [8] observe a large potential for rehabilitation care to be or-
ganized more efficiently and effectively. This paper connects with
this improvement potential by presenting a planningmethodology
that enables the integral planning of multidisciplinary treatment
plans. The effectiveness of this planning methodology is demon-
strated by its application to a case study in the Academic Medical
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Center (AMC), a Dutch university hospital. Considerable enhance-
ments in patient-centeredness, quality of care, and efficiency are
achieved. By implementing themethodology,more patients can be
treatedwith the same therapist capacity, and patients benefit from
both a higher quality of care and a higher quality of service.

From the WHO report [1], we can conclude that the setting of
the AMC rehabilitation clinic, and its organizational difficulties and
logistical issues, are typical of rehabilitation care in general. In cur-
rent AMC practice, several factors hinder the planning and control
of rehabilitation care; of these factors, two main drivers are that
planning is decentralized and that computerized support for the
planning task is limited. All disciplines, or even therapists, man-
age their own agendas. Planners are supported by an electronic
calendar system. However, the current state of this system com-
prises a database system that lacks the intelligence of a decision
support system (see Section 3 for amore detailed discussion). Con-
sequently, inmany cases, a short access time and a so-called ‘simul-
taneous start’ cannot be realized. Moreover, the timely planning
of follow-up appointments can be problematic, which can cause a
discontinuity in the rehabilitation process. As a result, certain pre-
scribed treatments may never be realized because they cannot be
scheduled. In addition, outpatients have to visit the clinic more of-
ten than required, because appointments are spread out over sev-
eral weekdays instead of combined into a single day. Concerning
the system’s logistical efficiency, planning deficiencies result in the
suboptimal utilization of the valuable time of the therapists. We
address these issues by developing a model for planning a series of
appointments.

We identify three steps for improving a rehabilitation outpa-
tient clinic’s organization. The first step a clinic can take is to
obtain insight into the demand and the supply of their rehabilita-
tion care [1]. Although seemingly trivial, this insight is often lack-
ing in practice. A clear perception of demand can be acquired by
constructing treatment plans (per disease type or on an individual
basis) [9], prescribing all treatments that should be realized dur-
ing the course of a rehabilitation process. Insight in and control
over supply can be gained via centrally managed therapist sched-
ules [10]. As a second step, automated support of the planning
task can yield further improvements [1,11]. A first requirement of
a software tool is to enable planners to identify feasible planning
proposals for individual patients based on their prescribed treat-
ment plans [8]. Using such a decision support tool, the utilization
of therapists could be made clear in an earlier stage, thereby en-
hancing the planning and control of this precious resource. In a
third step, by exploiting operations research techniques, intelli-
gent planning algorithms can be developed and implemented in
the software tool to find planning proposals that are efficient for
both patients and clinicians. Such tools also permit the evaluation
ofmultiple planning strategies and provide a basis for rationalizing
the required number of therapists, aligning therapist agendas, and
determining the desired patient mix [12].

The present paper specifically addresses the third step noted
above, as we present amethod for planning series of appointments
for rehabilitation outpatients based on an integer linear program
(ILP). Using an ILP, multiple performance indicators are formulated
for planning and are weighted according to a uniform strategy.
As we have developed the planning methodology to support the
rehabilitation outpatient clinic of the AMC, the ILP was developed
in close cooperation with the rehabilitation care experts. Our basic
approach is generically applicable to the rehabilitation sector, and
the model can be customized for other multidisciplinary care
facilities. The results of the AMC case demonstrate the application
of such models for multidisciplinary treatment planning in the
rehabilitation sector to be very promising.

This paper is organized as follows. Section 2 provides an
overview of the related literature. Section 3 describes the case
study setting. Section 4 presents the ILP model for planning a se-
ries of appointments. The planning methodology is applied to data
from one of the treatment teams within the rehabilitation outpa-
tient clinic of the AMC. We display the numerical results in Sec-
tion 5, followed by the discussion and conclusion in Section 6.

2. Literature

Appointment scheduling in health care is a topic that has re-
ceived considerable attention in the literature. Two comprehen-
sive surveys are provided in [13,14]. The literature has mostly
focused on scheduling a given number of single appointments
on a particular day for an individual service provider [13]. Gupta
and Denton [14] identify several open challenges in appointment
scheduling, prominent of which are planning coordinated pack-
ages of care for patients requiring treatment from several health
services, scheduling in highly constrained situations, and incorpo-
rating patient preferences.

In this paper we consider an online scheduling problem, mean-
ing that a patient issuing a planning request gets a direct response
in the form of a planning proposal.Offline scheduling entails saving
up planning requests and executing these periodically. Previous
studies in rehabilitation planning consider such offline scheduling
problems, either in a multidisciplinary setting [15], or for a single
discipline [16–20]. Schimmelpfeng et al. [15] develop a decision
support system for multidisciplinary scheduling in rehabilitation
hospitals. They formulate a mixed integer linear programming
model that is decomposed into a hierarchical three-stage model
system to resolve computational difficulty. Studies considering a
single discipline use a planning horizon of one day [16–18] or one
week [19,20]. The scheduling challenge of sequencing a given set
of physiotherapy treatments of multiple patients on a single day
is addressed in [16–18]. Using a time horizon of a week, Ogulata
et al. [19] consider selecting and scheduling outpatients for phys-
iotherapy treatment, while Griffiths et al. [20] develop a decision
support system that generates a timetable for physiotherapy inpa-
tient treatment.

Methods have been developed for offline scheduling of appoint-
ment series for radiotherapy [4,21] and chemotherapy [22] outpa-
tients. For these patients, radiation treatments must be scheduled
during a given number of weeks, strictly taking into account the
required rest periods. Conforti et al. [4,21] present an ILP for ra-
diotherapy treatment scheduling, minimizing access times while
maximizing device utilization. Turkcan et al. [22] use a two stage
ILP approach for solving a similar problem. In the first stage, pa-
tients are assigned to days, and in the second stage, appointment
times are given to all patients on their assigneddays. The objectives
are minimizing access times, treatment delays, and staff overtime.
Themain difference between radiotherapy treatment planning and
rehabilitation treatment planning, is the single disciplinary nature
of the former. In addition, the range of objectives involved in reha-
bilitation treatment planning is generally wider.

Considering an offline problem in a hospital-wide, multidis-
ciplinary context, Gartner and Kolisch [23] study scheduling all
the procedures of the clinical pathways of elective inpatients. The
aim is to maximize the contribution margin, defined as the differ-
ence between the payments a hospital receives based on patients’
diagnosis-related groups (DRGs) and the costs for treating these
patients. They formulate two mixed integer programming models
that assign all procedures in patients’ pathways to days, taking into
account precedence relations between the procedures as well as
limited availability of medical resources. Gartner and Kolisch re-
strict their scheduling models to the level of day assignment, stat-
ing that their results can be used as input for more detailed time
slot scheduling models. While inpatients experience the time be-
tween two procedures on the same day as time related to their
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Fig. 1. Patient flow diagram.
treatment, outpatients experience such time aswaiting time. Thus,
for outpatient rehabilitation treatment planning it is essential to si-
multaneously decide on both day and time slot assignment, such
that patients can be provided with minimal amounts of waiting
time between appointments on the same day.

The contribution of this paper is threefold. First, we consider
an online scheduling problem, whereas all aforementioned studies
consider offline scheduling problems. Online scheduling increases
service quality, as a patient issuing a planning request gets a
direct response. Second, we study appointment scheduling in a
multidisciplinary setting, considering the numerous constraints
and objectives that apply to rehabilitation treatment planning,
while the majority of the literature considers scheduling problems
with a single disciplinary nature. Multidisciplinary settings are
also studied in [15,23], but both these papers consider offline
scheduling problems. Third, this paper addresses the open
challenges identified by Gupta and Denton [14] of planning
coordinated packages of care, scheduling in highly constrained
situations, and incorporating patient preferences.

3. Background: the case study

The rehabilitation outpatient clinic of the AMCemploys 9 physi-
cians and 30 therapists of the disciplines physiotherapy, occupa-
tional therapy, social work, speech therapy, and psychology, who
jointly perform approximately 10,000 consultations a year. The
clinic’s expertise is in performing multidisciplinary rehabilitation
care. Since 2008, the clinic has participated in an improvement pro-
gram for the administration and planning practice by implement-
ing a complete package of process redesign interventions, of which
wewillmention themain two. First, agendamanagementwas cen-
tralized, and uniform schedules for the therapists were created.
Second, standard treatment plans were formulated to standardize
care processes, prevent undertreatment and overtreatment, and to
obtain insight into demand. These two interventions are the start-
ing point for the work presented in this paper, which introduces a
planning methodology to enable optimal scheduling of the series
of appointments prescribed in a treatment plan.

The patient flow, which is currently changing due to the
planned introduction of treatment plans, is displayed in Fig. 1. In
the situation of 2008, the rehabilitation process started with a so-
called intake consultation with a rehabilitation physician, who de-
cided upon the disciplines that should be involved in the patient’s
care. The therapists determined the frequency and the timing of
the treatments. After several weeks, the rehabilitation physician
and the therapists discussed the condition of the patient during a
multidisciplinary team (MDT) meeting. Together, they either de-
cided to terminate or to continue the treatment.

As therapists strive to provide patients with the best possible
care, the clinicians did report a risk of overtreatment. For each dis-
cipline, a follow-up appointment for the patient was only sched-
uled after the current treatment had taken place, resulting in
scheduling on short notice. As this policy hampers the scheduling
of an appointment at the prescribed moment, appointments were
often scheduled later than prescribed, whereas the scheduling of
certain appointments was omitted, thus resulting in undertreat-
ment.

The introduction of treatment plans changes the patient flow.
Following the intake consultation, the rehabilitation physician
designs a treatment plan. The standard treatment plans form the
basis for each patient treatment. In addition, physicians have the
freedom to customize treatment plans if induced by individual
patient needs. The treatment plan prescribes the disciplines that
should be involved in the patient’s treatment, the required number
of treatments per discipline, the duration of each treatment
and the week in which it should take place. Subsequently, all
treatments up until the first MDTmeeting are scheduled according
to the treatment plan. During the MDT meeting, the rehabilitation
physician and the therapists decide either to terminate the
treatment of the patient or to design a plan for the continuation
of the treatment. In the latter case, the required treatments are
scheduled and the patient is scheduled to be discussed again
during one of the upcoming MDT meetings.

Since January 2009, therapists and physicians of the rehabil-
itation outpatient clinic are grouped in three diagnosis-related
treatment teams: Team Paediatrics, Team Neurology, and Team
Orthopedics & Traumatology. Each team has a dedicated planner
whomanages the schedules of all teammembers, so that treatment
planning is centralized. Therapist schedules are standardized such
that the time for patient care and the time for meetings or admin-
istration are synchronized among all therapists insofar as possible.
Planners use the electronic calendar system X/Care (McKesson) to
register appointments and select free appointment slots; there-
fore, planning is partially automated. However, X/Care has no
flexible possibilities for planning treatment plans, let alone gen-
erating efficient planning proposals. When planning a treatment
plan, planners have to consider the availability of therapists and
of the patient in addition to patient preferences. Hence, whereas
a single feasible planning proposal is already difficult to find, the
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Fig. 2. Overview of the ILP (the numbers refer to the corresponding constraints in the Appendix).
planning task is further complicated by a complex set of constraints
and preferences (see Section 4). Thus, finding a planning proposal
for a complete treatment plan is a very time-consuming and cum-
bersome task. Planners indicate that they spend on average 15min
to find one feasible planning proposal for amultidisciplinary series
of treatments for a patient. Therefore planning requests cannot be
dealt with immediately. Instead planners tend to save up and exe-
cute planning requests once a week.

When the planner finds a feasible planning proposal, the
appointments are fixed and the patient is informed via a letter.
This process has several disadvantages: it leaves very little room
for patient preferences, both the patient and the planner have to
spend time reconsidering the planning request if the patient is not
available at someof the appointment times, and somepatientsmay
not show up because they have not received the letter. The ability
to execute a planning request promptly, when the patient is on the
phoneor at the desk,would leavemore room to incorporate patient
preferences, result in time savings for planners, and presumably
reduce the number of no-shows.

In September and October 2009 we have performed baseline
measurements of two performance indicators for all new patients
starting their rehabilitation process (70 patients). As not all
required information was available from the hospital databases,
the rehabilitation planners manually registered the access time
of each new patient and we assessed the case history of each
individual patient. The average utilization of therapists during this
period was 69%, and the average utilization per discipline differed
considerably (see Table 5). An access time within two weeks was
achieved only for 22.9% of the patients. Of the 38 patients who
required treatment with more than one discipline, 52.6% had a
simultaneous start with the various disciplines. (For the exact
definition of these performance indicators, see Section 4.1.)

Given the observations described, the current problems de-
scribed in Section 1, and the results of the baseline measurements,
it is to be expected that an intelligent planning methodology pro-
viding online decision support for the planners would be highly
valuable to the rehabilitation outpatient clinic of the AMC.

4. Methods

In this section, the planning methodology is presented. First,
the requirements of the model and the performance indicators
are described, followed by the model formulation. The detailed
mathematical formulation of the model is displayed in the
Appendix. Here, we discuss the framework of the model by
describing the decision variables, the constraints, and the objective
function. Fig. 2 displays an overview of the model.

4.1. Requirements of the model

Given a patient with a prescribed treatment plan in addition
to the skills and availabilities of the therapists, the model has to
generate a planning proposal consisting of an assigned therapist
and a start time for each appointment. The planning proposal,
which must comply with the restrictions and preferences of the
rehabilitation department, should result in a high-quality schedule
for both the patient and the therapists involved.

In close cooperation with the clinicians of the rehabilitation
outpatient clinic, we have formulated five performance indicators
for the planning methodology, which are defined as follows:
– Access time. The number of days from the registration of a

patient until the first appointment.
– Simultaneous start. The first appointments of a patient with

the various disciplines take place within a pre-specified period
(e.g., five working days).

– Lead time. The number of days from the first until the last
appointment of a patient.

– Combination appointments. The number of days a patient has to
visit the outpatient clinic compared to the minimal number of
days necessary.

– Therapist utilization. The percentage of time available for patient
care that is actually utilized for appointments.

In certain cases, a series of appointments can only be scheduled
if some prescribed appointments are omitted. Because rejecting
a planning request is far less desirable than omitting a small
number of appointments, we allow for these appointments to
not be scheduled if their number does not exceed a certain ratio
per discipline (see Appendix). Moreover, clinicians indicate that
quality of care cannot be guaranteedwhen the access time exceeds
a certain threshold. To guarantee quality of care, a patient is
referred to another clinic if the access time exceeds this threshold
(see Appendix). Of course, it is highly preferable to reduce both of
these occurrences to a minimum. Therefore, we also evaluate the
performance of the following two indicators:
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– Referred patients. The percentage of patients referred to another
clinic.

– Unscheduled appointments. The percentage of appointments
prescribed but not scheduled.

4.2. Model formulation

Wemodel the rehabilitation treatment planning problem as an
integer linear program (ILP). Note that the rehabilitation treatment
planning problem has similarities to the resource-constrained
project scheduling problem (see [24]). In the field of project
scheduling, mathematical programming is a commonly applied
approach. In an ILP, restrictions specific to the rehabilitation
treatment planning problem can be modeled appropriately, and
multiple objectives can be weighted rationally.

The ILP is intended for scheduling a series of appointments
for one patient at a time. Although this process may not produce
the best overall schedules, it enables a direct response to a
patient issuing a planning request, which is strongly preferred
by the AMC for patient-centeredness reasons. For each series of
appointments, the treatment plan prescribes the required number
of treatments per discipline, the duration of each treatment, and
the week in which it should take place. For each discipline,
all appointments should be with the same therapist to ensure
continuity of care. Scheduling a series of appointments exactly
as prescribed by the treatment plan may not always be possible.
Because rejecting a planning request is far less desirable than
scheduling a series of appointments in a way that slightly deviates
from the treatment plan, we allow for some scheduling flexibility.
First, if an appointment cannot be scheduled in the week(s)
prescribed by the treatment plan, it may be scheduled a week
earlier or later if these weeks do not already contain appointments
with the same discipline. Second, as pointed out in Section 4.1,
if the series can be scheduled except for a few appointments, we
allow these appointments to not be scheduled if their number
does not exceed a certain ratio per discipline. If a series cannot be
scheduled despite this flexibility,we shift the planning horizon one
week ahead and try again to schedule the series of appointments.

After each series of appointments, the patient is discussed
during an MDT meeting, in which the decision is made either
to terminate or to continue the treatment. In the latter case,
another series of appointments needs to be scheduled after the
MDTmeeting.When scheduling the next series, information about
the previous series may be relevant. This situation is described in
detail in the Appendix.

4.2.1. Decision variables
For each appointment within a series, we have to decide upon

the assigned therapist and the starting time slot.Weuse the index a
for appointments, h for therapists, and t for time slots. The decision
variables are as follows:

xaht =

1 if appointment a is assigned to therapist h
and starts at the beginning of time slot t ,

0 otherwise.

4.2.2. Constraints
We distinguish several types of constraints:

Basic planning constraints. Appointmentsmay not overlap, both the
therapist and the patient have to be available for an appointment,
and precedence relations between appointmentsmust be satisfied.
Unscheduled appointments. For each discipline, a maximum of one
in every R appointments may be left unscheduled.
Therapist assignment. Per discipline, all appointments must be
assigned to the same therapist. This so-called longitudinal
continuity of care is a means of improving patient satisfaction and
the outcomes of care [25].
Number of appointments per period. Multiple appointments with
the same therapist may not be scheduled on the same day. Prefer-
ably, multiple appointments with one therapist are spread out
evenly, both within and over weeks. The number of appointments
with one therapist in a week is limited to L, and the number that
may be scheduled on a single day is limited to K .
Start of the rehabilitation process. The access time of the patient
should preferably be within S weeks and may not exceed C · S
weeks. To realize a simultaneous start, it is preferable that the first
appointment with each discipline takes place within V days of the
patient’s very first appointment.
Continuity of the rehabilitation process. An appointment should
preferably be scheduled in the range of weeks prescribed by the
treatment plan. However, it may be scheduled a week earlier or
later if these weeks do not already contain appointments with the
same discipline.
Patient preferences. Because combination appointments are high
on the list of outpatient preferences [26], we strive to schedule
the appointments on as few days as possible. The waiting time
between appointments on the same day may not exceed U time
slots.
Recurring day and time. It is preferable that the appointments take
place on the same day and time each week such that the patient
has fewer days and times to remember.
Efficient filling of therapist schedules. We aim to schedule appoint-
ments right at the start or at the end of a session of the therapist, or
right before or after an already scheduled appointment. This pro-
cess prevents a break in the schedule between two consecutive ap-
pointments, that might be too short to fit in another appointment.
Hence, we thereby minimize the number of referred patients and
unscheduled appointments.

4.2.3. Objective function
The objective function consists of two main components. First,

it contains the identified performance indicators (see Section 4.1).
That is, we penalize the situations mentioned below. Each of these
situations is characterized by one or more specific constraints in
the Appendix, referenced by the numbers in Fig. 2:
– the number of time slots by which the preferred access time is

exceeded (b ≥ 0),
– no simultaneous start realized with the various disciplines

(m = 1 in this case),
– the number of weeks by which the prescribed total duration of

the series of appointments is exceeded (z1 = 1 in case of ex-
ceeding by two weeks or less, z2 = 1 in case of exceeding be-
tween one and two weeks, z3 = 1 in case of exceeding by more
than two weeks),

– the number of extra days the patient has to visit the outpatient
clinic because combination appointments have not been sched-
uled optimally (p ≥ 0),

– the number of breaks created in the therapists’ schedules (ga =

1 if appointment a causes a break),
– the number of unscheduled appointments (na = 1 if appoint-

ment a is not scheduled).

The performance indicator referred patients is not contained in the
objective function, because patients might only be referred when
there are no feasible solutions. In addition to penalizing situations
not adhering to the performance indicators, we penalize for three
additional (undesirable) situations:
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– the number of appointments that are scheduled a week earlier
or later than prescribed in the treatment plan (ua > 0 or va > 0
in case appointment a is scheduled a week earlier or later than
prescribed, respectively),

– the number of appointments that take place one day after a
previous appointment with the same therapist, such that the
appointments per discipline are not spread out evenly over the
week (sa = 1 if this is the case for appointment a),

– the number of unique (i.e. non-recurring) appointment times
(µ ≥ 0).

The rehabilitation treatment planning problem is a multi-
objective optimization problem. A survey of methods for such
problems is provided in [27]. The literature distinguishes between
methods where articulation of preferences for the different
objectives is a priori, meaning that preferences are expressed
before the optimization problem is solved, and methods where
articulation of preferences is a posteriori, in which case the
decision maker is presented with a palette of solutions from
which he or she chooses based on his or her preferences. The
rehabilitation treatment planning problem incorporates objectives
of various stakeholders who are not all present when a planning
request is executed. Therefore, a priori articulation of preferences
is preferable. From the available methods with a priori articulation
of preferences we apply the weighted sum method, which is
the most common approach to multi-objective optimization [27].
The low complexity of this approach is in line with the limited
availability of preference information. Moreover, minimizing the
weighted sum using nonnegative weight factors ensures finding a
Pareto optimal solution [28].

The objective of the ILP is hence to minimize the sum of the
weighted penalty costs, where β1, . . . , β11 are the weight factors
and D the number of time slots per day:

minβ1 ·


a

na + β2 ·


a

sa + β3 ·
b
D

+ β4 · m

+ β5 ·


a

ua + va

D
+

3
i=1

βi+5 · zi

+ β9 · p + β10 · µ + β11 ·


a

ga.

One may observe that the objective function contains multiple
goals that are possibly in conflict. For example, in some cases,
it is possible to either schedule the first appointment within the
preferred access time or to provide the patient a simultaneous
start, but not both. As a second example, to optimally schedule
combination appointments, it may be beneficial not to schedule
certain appointments. By varying the weight factors, the relative
importance of the various goals can be specified. The values of
the weight factors can be set according to the preferences of the
rehabilitation clinic in question. For each clinic, setting these values
is part of configuring the ILP to the specific situation. Section 5.1
provides information on calibration of the weight factor values for
the case studied in this paper.

5. Numerical results

5.1. Description of the test cases

In this section, we apply the planning methodology to Team
Neurology of the rehabilitation outpatient clinic in the AMC. Team
Neurology mainly treats patients suffering from neuromuscular
diseases, amyotrophic lateral sclerosis, post-polio syndrome, and
cerebrovascular accidents.

After the intake consultation, the rehabilitation physician can
assign the patient to a treatment plan in two ways. First, he can
design an individual treatment plan for the patient. Second, he can
assign the patient to one of the existing treatment plan blueprints.
We test the methodology with seven treatment plan blueprints
formulated by rehabilitation professionals. Table 1 shows the
characteristics of these seven treatment plan blueprints. Each
patient in our experiments is assigned to one of these seven
blueprints. The relative frequency of the blueprints is based on
hospital database information.

As Team Orthopedics & Traumatology employs no psycholo-
gist, patients fromTeamOrthopedics & Traumatology needing psy-
chology are treated by the psychologist of Team Neurology. To
represent the influence of care demands from these patients, we
introduce a dummy treatment plan (see Table 1). As we do not in-
corporate the entire treatment plan of these patients because they
are not assigned to Team Neurology, we exclude them from the
summary scores on the various performance indicators.

Team Neurology employs nine therapists. Table 2 displays the
availability of each therapist for direct outpatient care. Therapists
spend their remaining time on indirect outpatient care (e.g., writ-
ing reports and ordering rehabilitation aids), meetings, inpatient
care, and research. Because time for these activities is specifically
reserved in their agendas, the sessions during which a therapist
is indicated to be available for direct outpatient care are prefer-
ably completely filled with appointments. In Table 2, morning ses-
sions last from 9:30 until 12:30 and afternoon sessions from 13:30
until 16:00. Therapists are not necessarily available for a full ses-
sion. An indicator of therapist availability in Table 2means that the
therapist is available for at least one hour during that session. As
therapists are not always available for outpatient care, certain
(combination) appointments can only be made on specific days or
at specific moments, which is quite restrictive for planning.

Table 3 lists the values used for the parameters in our experi-
ments, which we set according to the restrictions and preferences
of the AMC rehabilitation outpatient clinic. To be able to evaluate
performance of the planning methodology from an organizational
point of view, in our experiments we assume that patients are al-
ways available (Ht = 1∀t). All appointments have a duration that
is a multiple of 30 min. Therefore, in the experiments, each time
slot has a length of 30 min.

Table 4 lists the values used for the weight factors in the
experiments. To determine these values, the clinicians of the
rehabilitation outpatient clinic scored the relative importance of
each part of the objective function by ranking it as either low (0 or
1), normal (2 or 3), or high (4 or 5). As certain variables are binary
whereas others are integer, we applied a normalization factor
to each variable in order to generate comparable measures. The
normalization factors were obtained by calculating the minimum
and the maximum value for each variable. These normalization
factors, multiplied by their relative importance, produced the
weight factor values listed in Table 4.

5.2. Experimental setup

We use discrete-event simulation to evaluate the performance
of our planning methodology. Prior to the actual simulation, we
generate patient arrivals according to a Poisson process. The arrival
rate of the Poisson process is set such that a desired therapist load
is generated. For each patient, the release date and all treatment
requirements are stored in a database. These requirements are
generated based on the percentages listed in Table 1. Each patient
is randomly assigned to one of the seven treatment plan blueprints.
In addition, the required number of appointment series is drawn.

During the simulation, the patient with the earliest release date
is selected from the database, and appointments are scheduled for
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Table 1
Characteristics of the treatment plan blueprints (PT = physiotherapy, OT = occupational therapy, ST = speech therapy, SW = social work, PS = psychology).

Treatment plan Patients Series Required for Duration # Appointments per discipline (# hours)
PT OT ST SW PS

Amyotrophic lateral 22% 1 100% 5 3 (3.0) 4 (3.5) 3 (3.0) 1 (1.0)
sclerosis 2 40% 8 4 (3.5) 2 (2.5) 5 (5.0) 1 (1.0)

3 20% 5 2 (1.5) 1 (1.5) 1 (2.0) 4 (3.5)

Post-polio syndrome 13% 1 100% 2 3 (2.5) 1 (1.0)
2 60% 2 2 (1.5) 1 (1.0)
3 20% 3 1 (2.0) 4 (5.5)

Neuromuscular 4% 1 100% 4 4 (4.0) 1 (1.5) 1 (1.0)
diseases (other) 2 50% 6 1 (1.5) 1 (2.5) 2 (1.5)

3 20% 10 2 (1.5) 3 (3.0) 2 (1.5)

Cerebrovascular 17% 1 100% 3 3 (3.0) 2 (3.0) 1 (1.0) 1 (1.0)
accidents 2 50% 7 4 (2.0) 2 (3.0) 2 (3.0) 3 (2.5)

Physiotherapy only 16% 1 100% 2 2 (1.5)
2 70% 2 1 (0.5)
3 50% 4 2 (1.5)
4 30% 5 2 (1.5)

Occupational therapy 23% 1 100% 1 1 (1.0)
only 2 50% 4 2 (3.5)

3 25% 4 2 (3.0)

Ortho-trauma dummy 5% 1 100% 4 4 (4.0)

Explanation of the column items

Treatment plan: Name of the treatment plan
Patients: Percentage of patients assigned to this treatment plan
Series: Number of the series of appointments within a treatment plan
Required for: After each series of appointments, during an MDT meeting the decision is made either to

continue or to terminate the treatment of the patient; displayed is the percentage of
patients continuing for the indicated series

Duration: Prescribed duration in weeks of the series of appointments
# Appointments per discipline: Number of appointments within the series, for each discipline, including the total duration
Table 2
Weekly agenda for Team Neurology therapists (x = therapist available for direct outpatient care, PT = physiothera-
pist, OT = occupational therapist, ST = speech therapist, SW = social worker, PS = psychologist).

Therapist Monday Tuesday Wednesday Thursday Friday Total # hours
a.m. p.m. a.m. p.m. a.m. p.m. a.m. p.m. a.m. p.m.

PT 1 x x x x x x x 18
PT 2 x x x x x x 17
OT 1 x x x x x 13
OT 2 x x 6
OT 3 x x x x x 13
OT 4 x x x x 6
ST x x x x x x 14
SW x x x x x x 14
PS x x x x 10
this patient. Subsequently, both the performance indicators and
the relevant parameters of the ILP (such as therapist availabil-
ity Ght ) are updated, the release date of the patient is set to the date
of theMDTmeeting in which the patient will be discussed, and the
next patient is selected. The ILP always has a planning horizon con-
sisting of T time slots,with t = 1 being the first time slot on the day
after the current patient submits a planning request. Therefore, if
the next patient has a release date ∆ days greater than the current
patient, all parameters in the ILP with an index t are updated to ac-
count for the rolling horizon (e.g. Ght := Ght̂ where t̂ = t + ∆ · D).
As patients entering the system near the end of a simulation run
cannot finish their treatment before the end of the run, we exclude
the results of patients arriving during the last 20 weeks, which is
the duration of the longest treatment plan.

We evaluate three scenarios. First, the base scenario, with an
average therapist load of 70%, is comparable to the therapist load
during the baseline measurement observation period. To investi-
gate the potential of the planningmethodology to facilitate growth
in demand, the average therapist load is set to 80% and 90% for the
second and third scenarios, respectively. The average therapist uti-
lization may differ slightly from the average therapist load due to
three factors: first, the variation in the generation of patient ar-
rivals; second, the percentage of unscheduled appointments; and
third, the percentage of referred patients, with the latter two being
preferably minimal.

Based on an analysis of the first five performance indicators (see
Section 4.1) for five test runs, we set the warm-up period and the
run length. Thewarm-upperiod is determined by applyingWelch’s
procedure [29] and is set to 2 years. This relatively long warm-
up period results from the fact that the simulation starts from an
empty system, whereas treatment plans have an average duration
of 6.2 weeks, with the longest plan being 20 weeks. The run length
(including the warm-up period) is set to 12 years. Based upon a
desired half-width of 5% for the 95% confidence intervals of the
performance indicators simultaneous start, lead time, combination
appointments, and therapist utilization and a desired half-width of
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Table 3
Parameter values.

Parameter Description Value

D Number of time slots per day 13
R Number of appointments per discipline, of which at most one may be unscheduled 5
L Maximum allowed number of appointments with one therapist in a week 3
K Maximum allowed number of appointments on a single day 3
S Number of weeks of preferred maximal access time 2
W Number of time slots per week 65
C Factor by which the exceeding of the access time is limited 1
V Number of days within which all first appointments preferably take place (simultaneous start) 5
T Number of time slots in the planning horizon 325
U Maximum allowed waiting time between two consecutive (combination) appointments on a day 1
Table 4
Weight factor values.

Objective Outcome range Relative importance Weight factor Value

Unscheduled appointments {0, 1, . . . , 4} 5 β1 500
Spreading of appointments {0, 1, . . . , 6} 1 β2 1
Access time {0, 1

13 , . . . , 10} 4 β3 20
Simultaneous start {0, 1} 4 β4 200
Deviation from treatment plan {0, 1

13 , . . . , 60} 2 β5 1
Lead time {0, 1} 5 β6 50
Lead time {0, 1} 5 β7 150
Lead time {0, 1} 5 β8 300
Combination appointments {0, 1, . . . , 7} 3 β9 20
Recurring day and time {0, 1, . . . , 10} 0 β10 0
Therapist breaks {0, 1, . . . , 12} 2 β11 5
10% for the 95% confidence interval of the performance indicator
access time, the number of replications is set at 7 for Scenarios 1
and 2 and at 10 for Scenario 3.

The ILP was implemented in ILOG OPL 6.3 and solved using
CPLEX 12.1. For our experiments we used a 2.27 GHz Intel Core
i3 ASUS Notebook with 4 GB RAM under a 64-bit version of
Windows 7. Because the ILP is intended for scheduling a series of
appointments for one patient at a time, numerous ILP instances
must be solved during a simulation run. Most instances are solved
to optimality within a few seconds. The average solving time is
14.2 s in Scenario 1 and decreases with increasing load, resulting
in an average of 3.1 s for Scenario 3. In exceptional cases it can take
several minutes to solve to optimality. This prolongation occurs in
some of the cases in which a newmultidisciplinary patient issues a
planning request but therapist utilization is relatively low. Because
the therapists to whom a new patient will be assigned have to
be decided on and the therapist utilization is relatively low, the
solution space is large in such cases. For example, for a new patient
in the ‘Cerebrovascular accidents’ treatment plan, the ILP consists
of 2171 variables, 135,238 constraints, and 284,993 non-zero
coefficients when all therapist schedules are completely empty.

To control the total duration of a simulation run, a CPU time
limit of 600 s is applied to each ILP instance. Less than 0.005% of all
instances are actually affected by this time limit. Hence, an optimal
solution is identified in almost all cases, and for the remaining
instances a near optimal solution is generated.

5.3. Results

Table 5 shows the experimental results for the three scenarios
compared to the results of the baseline measurements. Clinicians
are highly satisfied with the planning proposals generated by the
model. The proposals generated are immediately implementable,
without adjustment.

The planning methodology developed relates to the modified
patient flow entailed by the introduction of the treatment plans
(see Section 3). For the rehabilitation outpatient clinic, this new
system differs so substantially from current practice, that there is
no point in comparing the planning proposals generated by the
model with the schedules that are currently being produced by the
planners manually. Hence, the best we can do is to compare the
results for the performance indicators realized by the model with
the baseline measurements.

Note that the objective function of the ILP is the mechanism
to direct the scheduling of appointments per individual patient.
The value of the objective function in itself is insignificant because
we are interested in the realized planning product for the total
patient population, which is evaluated bymeans of the formulated
performance indicators. Results for the performance indicators
simultaneous start and combination appointments only apply to
patients being treated by multiple disciplines, and are therefore
only reported for these patients. As seen in Table 1, 56% of all
patients follow a multidisciplinary treatment plan.

For four of the performance indicators, the results of the base-
line measurements are not available for various reasons. During
the baseline measurement observation period, the preferred du-
ration of the rehabilitation process of a patient was not prescribed,
such that we had no benchmark for the lead time. As appoint-
ments were scheduled one by one, it was hard to reconstruct
which appointments could have been scheduled on the same day,
complicating the measurement of the percentage of combination
appointments. Because referred patients and unscheduled appoint-
mentswere also not registered under the old system, these indica-
tors were also unable to be measured during the baseline period.

The results of the baseline measurements and the experiments
are displayed in Table 5 and Fig. 3. With a therapist utilization com-
parable to the baseline measurements, the percentage of patients
with an access time within two weeks increases from 22.9% to
98.9%, representing an improvement of 76%. The percentage of pa-
tientswith a simultaneous start also improves from52.6% to 100.0%.
Additionally, in nearly all cases (99.1%), combination appointments
are offered to patients. Although the results for lead time cannot
be compared to the baseline measurements, based on the expe-
riences of our clinicians we can state that the results of the ex-
periments significantly outperform current practice; in addition,
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Table 5
Results of planning methodology compared to current practice.

Performance indicators Baseline Scenario 1 Scenario 2 Scenario 3
measurements (load 70%) (load 80%) (load 90%)

Access time 22.9% 98.9% 89.5% 53.7%
Percentage of patients with an access time ≤ 2 weeks
Simultaneous start 52.6% 100.0% 98.2% 90.8%
Percentage of multidisciplinary patients having a
simultaneous start
Lead time n.a. 92.6% 84.1% 69.3%
Percentage of patients with a lead time ≤ 10% longer
than the prescribed duration
Combination appointments n.a. 99.1% 97.4% 93.4%
Percentage of combination appointments offered to
multidisciplinary patients

Therapist utilization — overall 69.3% 70.1% 79.3% 87.4%
The percentage of time available for patient care
utilized for appointments
Per discipline: PT physiotherapists 72.3% 73.1% 83.2% 92.2%

OT occupational therapists 72.1% 73.0% 83.0% 91.1%
ST speech therapist 74.5% 75.0% 82.4% 88.9%
SW social worker 60.7% 61.6% 69.7% 77.5%
PS psychologist 53.3% 53.6% 61.5% 68.9%

Referred patients n.a. 0.00% 0.29% 2.47%
Percentage of patients referred to another clinic
Unscheduled appointments n.a. 0.12% 0.25% 0.33%
Percentage of appointments prescribed but not
scheduled
undertreatment is prevented. As strongly preferred, the percent-
ages of referred patients and unscheduled appointments are very low.

When the therapist load is increased, the methodology still re-
sults in the production of a high-quality plan.With a therapist load
of 80%, simultaneous start and combination appointments have val-
ues above 95%, and access time and lead time have values of 89.5%
and 84.1%, respectively. With a further increased therapist load of
90%, simultaneous start and combination appointments continue to
perform very well. However, access time, lead time and referred pa-
tients begin to deteriorate. To address this degradation in perfor-
mance, we suggest three possible actions. First, a simple interven-
tion to improve the continuity of care would be to discuss the pa-
tient during anMDTmeeting in the week before the last scheduled
appointments. In that way, the scheduling of follow-up appoint-
ments, if necessary, can take place a week earlier. Second, the val-
ues for weight factors in the objective function of the ILP might be
adjusted, presumably at the cost of the other performance indica-
tors. As pointed out earlier, in the end it is up to the health care
professionals to decide upon the relative importance of the differ-
ent performance indicators. Third, by reserving future capacity for
patients already under treatment and requiring follow-up appoint-
ments, or for new patients, access time, lead time, and referred pa-
tients can possibly be improved. However, developing good reser-
vation schemes is a study in itself, as the effects of reserving ca-
pacity on the various performance indicators are not trivial. No-
tably, with a therapist utilization of 87.4%, the model in its current
form significantly outperforms the baseline measurements, which
are realized at a therapist utilization of 69%. Hence, by implement-
ing the planning methodology, more patients can be treated with
the same therapist capacity, and patients are offered both a higher
quality of care and a higher quality of service.

6. Discussion

In this paper,wehave presented amethodology for planning se-
ries of appointments for rehabilitation outpatients, that improves
both the quality of care and logistical efficiency. These improve-
ments in quality of care are realized through significantly shorter
access times, an increased percentage of simultaneous starts, an
enhanced continuity of care, a better coordination between disci-
plines via the introduction of treatment plans, and the elimination
a b

Fig. 3. Percentage of patients with an access time within 2 weeks (a), and percentage of multidisciplinary patients with a simultaneous start (b).
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Fig. 4. Utilization of physiotherapist 2 during 50 weeks of a simulation run with a total length of 12 years (Scenario 3).
of both undertreatment andovertreatment. These findings are sup-
ported by the numerical results of a case study within the rehabil-
itation outpatient clinic of the AMC.

The planningmethodology enhances patient-centeredness as it
improves quality of care, provides patients with quick service, and
yields a high percentage of combination appointments. Moreover,
patient preferences, such as longitudinal continuity of care, are
incorporated in the model. Multiple planning proposals can be
generated quickly, either by varying patient availability or by
varying the weight factor values, so that the patient is presented
with a number of proposals to choose from. Because a planning
proposal can be generatedwithin seconds, themodel can deal with
a planning request online, whereas, currently, planners tend to
save up planning requests and execute the time-consuming and
cumbersome planning task once a week. Dealing with a planning
request on the fly reduces access times and provides prompt
service to patients and up-to-date insight in terms of the demand
for the rehabilitation clinic. This approach also presumably reduces
the number of no-shows because patients are unquestionably
notified of their appointments, andpatients can immediately verify
whether or not they are available at the proposed appointment
times. Furthermore, the methodology induces cost savings as
it reduces the time rehabilitation planners spend per planning
request. Planners spend on average 15 min to put together
one feasible planning proposal for a multidisciplinary series of
treatments for a patient, whereas the model generates such a
proposal within seconds.

Current health care planning systems do not support integral
treatment planning. We have developed a prototype of a tool
that does support such planning, and we have tested it in a
rehabilitation outpatient clinic. Both patients and professionals
are highly satisfied with the planning proposals generated by the
model. This would not have been possible without formulating
the model in cooperation with physicians, therapists, planners,
and management of the rehabilitation outpatient clinic. Thus,
despite the wide range of objectives and constraints, by carefully
investigating these and formulating these in an ILP, our study
has demonstrated that automated support of the planning task is
possible. Based on the workability and the expected performance,
the management of the AMC has decided to include our planning
methodology in the new hospital information system.

Planning multidisciplinary treatments is complex. The multi-
disciplinary character of rehabilitation care entails interaction be-
tween the agendas of the various therapists. The treatment of a
patient with a particular discipline can only begin once the other
disciplines required also have available capacity, and during the
rehabilitation process appointments with the various disciplines
have to be synchronized. As this interaction influences all perfor-
mance indicators, aligning the capacities of the disciplines is of ut-
most importance. For the AMC case, the imbalance between the
utilizations per discipline (see Table 5)may have a negative impact
on the results, especially when therapist load is high, as an over-
loaded discipline blocks multidisciplinary patients from entering
the clinic, whereas at the same time the other disciplines might
have capacity available to accept those patients.

The AMC case is relatively small, with three disciplines (speech
therapy, social work, and psychology) consisting of only one ther-
apist. Although a larger case presumably results in a longer com-
putation time, it increases planning flexibility, likely resulting in
improved schedules. For example, therewould bemore freedom to
select the therapists to whom the patient could be assigned, and as
each discipline would presumably be present on most weekdays,
there would be more possibilities for combination appointments.
In addition, a clinic with a larger number of both therapists and pa-
tients would be less sensitive to demand fluctuations. Hence, we
believe that, due to economies of scale, the potential of our ap-
proach for larger clinics is even greater than demonstrated in this
paper.

Given the results of the AMC case, we are convinced that this
methodology can be valuable to many rehabilitation outpatient
clinics on the operational, tactical, and strategic planning levels. On
the operational level, the ILP can be used for scheduling appoint-
ments. This process would require customization of the method-
ology to match the specific restrictions and preferences of each
particular clinic. This customization is certainly possible as the ILP
approach is suitable for changing or adding constraints and modi-
fying the objective function. On the tactical level, by simulating the
application of the methodology, therapist agendas can be aligned.
The ILP method can also be beneficial on a strategic planning level,
to rationalize the planning strategy and to expose the influence of
increasing the relative importance of a particular performance in-
dicator on overall performance. Moreover, the effects of changes
in the case mix can be investigated, and insight can be acquired in
rationally determining the relative capacities per discipline.

In future research, we will focus on three directions. First, as
mentioned in Section 5.3, reserving capacity for both future pa-
tients and patients already under treatment might be a possibility
to keep achieving excellent scores for all performance indicators
under a high therapist load. Second, in our experiments we ob-
served substantial variability in therapist utilization from week to
week (see Fig. 4). Balancing out of the utilization per therapist may
be favorable. This balancing may possibly be achieved by taking
the current utilization of therapists into account when assigning
new patients to therapists. Third, as pointed out before, balancing
the capacities of the various disciplines is of utmost importance. It
may improve the performance of the system as a whole because it
may positively affect all performance indicators. As aligning these
capacities is not trivial due to the interactions between the disci-
plines, this area is an interesting direction for future research.
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To conclude, this study has demonstrated that the world-wide
organizational challenges recently established by the WHO can
be well addressed by exploiting operations research techniques.
Bringing together health care professionals and operations re-
searchers can result in considerable improvements in both service
quality and patient-centeredness for the rehabilitation sector.
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Appendix

This appendix contains themathematical formulation of the ILP.
Tables 6 and 7 provide a summary of the notation used. We use
capital letters for parameters and lower case letters for variables.

Decision variables

Weuse index a for appointments, h for therapists, and t for time
slots (see also Table 6). Each day is divided into D time slots. Time
slots are numbered consecutively, so t = 1 is the first time slot on
day one, t = D + 1 is the first time slot on day two, and so on. We
use the notation Td for the set of time slots on day d andWw for the
set of time slots in week w.

For each appointment within a series, we must select the
therapist towhom thepatient is assigned and the starting time slot.
Hence, the decision variables are as follows:

xaht =

1 if appointment a is assigned to therapist h
and starts at the beginning of time slot t ,

0 otherwise.

To limit computation time, we do not construct decision
variables xaht that are not allowed. That is, xaht is not constructed
in the following cases:
– the disciplines of appointment a and therapist h do not match,
– therapist h is not available in time slot t ,
– the patient is not available in time slot t ,
– time slot t is too near to the end of a day, such that appointment

a could not be finished before the end of the day if it were
started in time slot t ,

– the patient is not treated by therapist h (only applicable to
patients who have already had treatments).

Constraints

In this section, we present the constraints of the model. Sev-
eral types of constraints are considered. In addition to basic
planning constraints, we distinguish constraints with respect to
unscheduled appointments, therapist assignment, number of ap-
pointments per period, start and continuity of the rehabilitation
process, patient preferences, recurring day and time, and the effi-
cient filling of therapist schedules.
Basic planning constraints

LetMa be the duration of appointment a. Any two appointments
of the patient may not overlap. Starting with appointment a, other
appointments â may not start at time slots in which appointment
a is taking place:
â≠a,ĥ

xâĥt̂ + xaht ≤ 1, ∀a, h, t, t̂|t ≤ t̂ ≤ t + Ma − 1. (1)
Table 6
Indices and sets ILP.

Index Description Set Description

t, t̂ Time slots Td Time slots on day d
d Days Ww Time slots in week w

w Weeks DYa Days in the week before
h, ĥ Therapists week Ya
c Disciplines DZa Days in the week after
a, â Appointments week Za

An appointment may only be scheduled if both the patient and
the therapist are available. Let Ght be 1 if therapist h is available in
time slot t , and let Ht be 1 if the patient is available in time slot t .
Thus, we have to require the following:

xaht ≤ Ght̂ · Ht̂ , ∀a, h, t, t̂|t ≤ t̂ ≤ t + Ma − 1. (2)

The treatment plan may contain precedence relations between
certain appointments. Let parameter Baâ be 1 if appointment
a should take place before â and 0 otherwise. To satisfy the
precedence relations, we have to require the following:
t̂≤t

Baâ · xâĥt̂ ≤ 1 − xaht , ∀a, â, h, ĥ, t. (3)

Unscheduled appointments
As pointed out in Section 4.2, we allow a limited number of

unscheduled appointments. The variable na is 1 if appointment a
is not scheduled and 0 otherwise:
h,t

xaht = 1 − na, ∀a. (4)

As it is undesirable to omit appointments, the number of unsched-
uled appointments is penalized in the objective function. For each
discipline c , the number of unscheduled appointments is limited to
amaximum of 1 in every R appointments that are prescribed in the
treatment plan. Recall that when scheduling a series of appoint-
ments for a patient, previous series of appointments may already
have been scheduled for this patient in the past. Let Pc be the num-
ber of appointments prescribed for discipline c in previous series,
Qc the number of those appointments that have not been sched-
uled, andOc the number of appointments prescribed in the current
series. Furthermore, Iac is 1 if appointment a belongs to discipline
c and 0 otherwise. Thus, for the limitation on the number of un-
scheduled appointments per discipline, we have the following:

Qc +


a

Iac · na ≤
1
R
(Pc + Oc), ∀c. (5)

Therapist assignment
For each discipline, all appointments have to be assigned to the

same therapist. This so-called longitudinal continuity of care is a
means of improving patient satisfaction and outcomes of care [25].
We introduce the auxiliary variables yh that equal 1 if the patient
is assigned to therapist h and 0 otherwise:

xaht ≤ yh, ∀a, h, t. (6)

Let parameter Jhc be 1 if therapist h belongs to discipline c . We
enforce longitudinal continuity of care by the following equation:

h

Jhc · yh ≤ 1, ∀c. (7)

By not constructing decision variables xaĥt for therapists ĥ who do
not treat the patient, we will require that yh = 1 if the patient has
had treatments from therapist h in previous series.
Number of appointments per period

Multiple appointments with the same therapist may not be
scheduled on the same day d. Let Aht be 1 if an appointment of the



156 A. Braaksma et al. / Operations Research for Health Care 3 (2014) 145–159
Table 7
Parameters and variables ILP.

Parameters Description Variables Description

Binary parameters Binary variables
Ght 1 if therapist h is available in time slot t xaht 1 if appointment a is assigned to therapist h and starts at the
Ht 1 if the patient is available in time slot t beginning of time slot t
Baâ 1 if appointment a should take place before â na 1 if appointment a is not scheduled
Iac 1 if appointment a belongs to discipline c yh 1 if the patient is assigned to therapist h
Jhc 1 if therapist h belongs to discipline c sa 1 if appointment a takes place one day after a previous
Aht 1 if an appointment of the previously scheduled series of the appointment with the same therapist

patient is assigned to therapist h and starts at the beginning ed 1 if appointments for the patient are scheduled on day d
of time slot t γc 1 if the very first appointment takes place with discipline c

Fac 1 if appointment a is the first appointment for discipline c m 1 if the patient has no simultaneous start with the various
according to the treatment plan disciplines

N 1 if the patient is a new patient qa 1 if appointment a may not be scheduled a week earlier than
Et t̂ 1 if time slot t and t̂ are on the same day prescribed in the treatment plan

ra 1 if appointment a may not be scheduled a week later than
General integer parameters prescribed in the treatment plan
D Number of time slots per day z1 1 if prescribed duration of the series of appointments is exceeded
Ma Duration of appointment a by two weeks or less
R Number of appointments per discipline, of which at most z2 1 if exceeding of prescribed duration of series of appointments is

one may be unscheduled between one and two weeks
Pc Number of appointments prescribed for discipline c in z3 1 if prescribed duration of series of appointments is exceeded

previous series by more than two weeks
Qc Number of appointments prescribed but not scheduled for τt 1 if t is a non-recurring starting time slot

discipline c in previous series ξw 1 if week w contains the most appointments
Oc Number of appointments prescribed for discipline c in the ia 1 if appointment a causes idle time in the schedule of the

current series therapist beforehand
L Maximum allowed number of appointments with one ja 1 if appointment a causes idle time in the schedule of the

therapist in a week therapist afterwards
K Maximum allowed number of appointments on a single day ga 1 if appointment a causes idle time in the schedule of the
Γ Sufficiently large number therapist both beforehand and afterwards
S Preferred maximal access time (# weeks)
W Number of time slots per week General integer variables
C Factor by which the exceeding of the access time is limited f Number of the starting time slot of the first appointment
V Number of days within which all first appointments preferably k Number of the day on which the first appointment is scheduled

take place (simultaneous start) b Number of time slots by which the preferred access time
Ya Number of the first week in which appointment amay be is exceeded

scheduled ua Number of time slots that appointment a is scheduled before
Za Number of the final week in which appointment amay be week Ya

scheduled va Number of time slots that appointment a is scheduled after
Φ Number of days that have passed since the start of the week Za

treatment δ Number of the starting time slot of the last appointment
T Number of time slots in planning horizon p Difference between the number of appointment days realized
Θ Number of weeks delay in treatment process and Ω

Ψ Prescribed duration of series of appointments α Maximum number of appointments taking place within
Ω Minimal number of appointment days needed one week
U Maximum allowed waiting time for the patient between two µ Excess number of non-recurring starting time slots

consecutive appointments on a day
Ξ Sufficiently large number
previously scheduled series of the patient is assigned to therapist
h and starts at the beginning of time slot t . Recall that Td denotes
the set of time slots on day d. Then, we require the following:
t∈Td


Aht +


a

xaht


≤ 1, ∀h, d. (8)

Preferably, multiple appointments with one therapist are
evenly spread over a week. Hence, we will penalize situations in
which appointments with one therapist are scheduled on consec-
utive days. Let variable sa be 1 if appointment a is scheduled such
that it takes place one day after a previous appointment with the
same therapist. We penalize sa in the objective function. Let d(t)
denote the day time slot t belongs to. Therefore, the constraint is
as follows:
t̂∈Td(t)+1


Aht̂ +


â

xâht̂


+ xaht ≤ 1 + sa, ∀a, h, t. (9)

To also enhance the spreading out of the treatments per discipline
over weeks, the number of appointments with one therapist in a
week is limited to L. Remember that Ww denotes the set of time
slots in week w. Hence, the constraint is as follows:

t∈Ww


Aht +


a

xaht


≤ L, ∀h, w. (10)

As treatments may be strenuous for the patient, the number
of appointments that may be scheduled on a single day is limited
to K . We introduce auxiliary variables ed which are 1 if one or
more appointments are scheduled on day d and 0 otherwise. These
variables are introduced here for later use in (30). Therefore, we
require the following:
t∈Td


h


Aht +


a

xaht


≤ K · ed, ∀d. (11)

Start of the rehabilitation process
As we want to control the access time, we have to identify the

number f of the starting time slot of the very first appointment.
Let parameter Fac be 1 if appointment a is the first appointment for
discipline c according to the treatment plan and 0 otherwise. Then,
we have to require the following:

f = min
c


a,h,t

(Fac · t · xaht)

. (12)

However, (12) is obviously nonlinear. Let γc be a binary auxiliary
variable, which will be 1 for the discipline c that minimizes the
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right-hand side of (12) and 0 for all other disciplines. We linearize
(12) as follows:

f ≤


a,h,t

(Fac · t · xaht), ∀c, (13)

f ≥


a,h,t

(Fac · t · xaht) − Γ · (1 − γc), ∀c, (14)


c

γc = 1, (15)

whereΓ is a sufficiently large number, such that (14) is not binding
unless γc = 1. Based on f , the number k of the day on which the
very first appointment takes place is defined as follows:

k ≥
1
D

· f , (16)

k <
1
D

· f + 1. (17)

The access time of the patient should preferably bewithin S weeks.
Let W be the number of time slots in a week. We introduce the
variable b, which is the number of time slots by which the access
time exceeds the preferred access time (b ≥ 0):

f − b ≤ S · W . (18)

We limit exceeding of the access time by requiring that b may be
no larger than C times the preferred access time:

b ≤ C · S · W . (19)

Patients who cannot be seen within the preferred access time plus
the maximum allowed extension, are instead referred to another
rehabilitation clinic, as clinicians indicate that quality of care
cannot be guaranteedwhen the access time exceeds this threshold.

For the rehabilitation process it is preferable that the patient
starts treatment with all of the various relevant disciplines simul-
taneously. Therefore, we would like the first appointment with
each discipline to take placewithin V days of the very first appoint-
ment. We introduce the variable m, which is 1 if this preference is
not satisfied, and penalizem in the objective function:
a,h,t

(Fac · t · xaht) ≤ D · (k + V − 1) + W · m, ∀c. (20)

As controlling the access time and striving for a simultaneous
start are relevant for newpatients only, (18)–(20) are only included
in the model if the current patient is a new patient.

Continuity of the rehabilitation process
For each appointment a, the treatment plan prescribes the

range ofweekswithinwhich it should be scheduled (counting from
the week in which the rehabilitation process started). Let Ya be the
number of the firstweek inwhich amay be scheduled and Za be the
number of the final week. Now we would like to schedule a in one
of the weeks Ya, . . . , Za. As a deviation from these preferred weeks
is better than not scheduling a at all, we allow for some (penalized)
scheduling flexibility: amaybe scheduled aweek earlier thanweek
Ya or a week later thanweek Za if the patient does not already have
an appointment â with that same discipline during these other
weeks. Hence, we first determine whether or not this situation
applies. We introduce variables qa (ra), which are 1 if appointment
a may not be scheduled a week earlier (later) and 0 otherwise. Let
DYa denote the set of days in the week before week Ya. Thus, we
require the following:
h,c,t∈Td


d∈DYa


Aht +


â

xâht

· Iac · Jhc ≤ L · qa, ∀a. (21)
Similarly, if DZa denotes the set of days in the week after week Za,
we need the following:
h,c,t∈Td


d∈DZa


Aht +


â

xâht

· Iac · Jhc ≤ L · ra, ∀a. (22)

In case appointment a has to be scheduled before week Ya, the
variable ua counts the number of time slots between the start of
a and the start of week Ya. Now, ua may be at most a week, unless
amay not be scheduled earlier:

ua ≤ W − W · qa, ∀a. (23)

In case appointment a has to be scheduled after week Za, the
variable va counts the number of time slots between the end of
week Za and the start of a, and we require the following:

va ≤ W − W · ra, ∀a. (24)

Now, we would like to schedule each appointment a in the week
or range of weeks prescribed in the treatment plan or set ua (va)
to the right value if a is scheduled earlier (later) than prescribed. In
the latter case,we penalize for this in the objective function. If a can
neither be scheduled in the prescribed weeks nor earlier or later, a
is not scheduled at all, and na is set to 1. Let N be 1 if the patient is
a new patient and 0 otherwise. Further, let T be the total number
of time slots in the planning horizon, Φ the number of days that
have passed since the start of the rehabilitation process, and Θ the
number of week-long delays since the start of the rehabilitation
process. To not schedule a too early, we require the following:

1 + N · D · (k − 1) + W · (Θ + Ya − 1) − ua

≤ D · Φ +


h,t

t · xaht + T · na, ∀a. (25)

Similarly, to not schedule a too late, we require the following:

D · Φ +


h,t

t · xaht ≤ N · D · (k − 1) + W · (Θ + Za) + va,

∀a. (26)

The lead time of the rehabilitation process, from the first until
the last appointment, should preferably be as prescribed in the
treatment plan. It is undesirable to lengthen the lead time for
scheduling reasons. Let Ψ be the prescribed duration in weeks of a
series of appointments, and let δ indicate the starting time slot of
the last appointment. We introduce the binary variables z1, z2, and
z3. If the prescribed duration is exceeded by one week or less, z1 is
1. Otherwise, if the actual duration exceeds the prescribed duration
by between one and twoweeks, both z1 and z2 are 1. If the duration
exceeds the prescribed length by more than two weeks, z3 is 1:

δ ≥ t · xaht , ∀a, h, t, (27)

δ − N · f ≤ W ·

Ψ + z1 + z2 + T · z3


. (28)

When the prescribed duration is exceeded, we penalize this situa-
tionwith theweights β6, β7, and β8 (for z1, z2, and z3, respectively),
where β6 < β7 and β6 + β7 < β8.
Patient preferences

Combination appointments are high on the list of outpatient
preferences [26]. Therefore, we strive to schedule the appoint-
ments on as few days as possible. We introduce a parameter Ω

representing the minimal number of ‘appointment days’ required.
Given the constraints of no more than K appointments on a single
day (11) and the fact that multiple appointments with the same
therapist may not be scheduled for the same day (8), Ω is calcu-
lated is follows:

Ω = max


1
K


c

Oc


,max

c
Oc


. (29)
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The variable p that is penalized in the objective function represents
the difference between the true number of ‘appointment days’ and
Ω (p ≥ 0):

d

ed ≤ Ω + p. (30)

To limit patients’ waiting time between appointments on the
same day, these time intervals between two consecutive appoint-
ments in one day should not exceed U time slots. Let Et t̂ be 1 if
time slots t and t̂ fall on the same day. Thus, we have to require the
following:

t+D
t̂=t+Ma+U+1

Et t̂ ·


ĥ


Aĥt̂ +


â

xâĥt̂


≤ K ·

t+Ma+U
t̂=t+Ma

Et t̂ ·


ĥ


Aĥt̂ +


â

xâĥt̂


+ K · (1 − xaht),

∀a, h, t. (31)

Recurring day and time
It is preferred that the appointments take place on the same day

and time each week, such that the patient has to remember only a
short list of days and times. Hence, for an appointment that starts in
time slot t , we first verify whether or not another appointment has
been scheduled for the same time slot in one of the previousweeks
(i.e., a multiple ofW time slots before t). If not, the binary variable
τt is set to 1, indicating that t is a non-recurring appointment time
slot:

xaht −


w|w·W<t


ĥ


Aĥ(t−w·W ) +


â

xâĥ(t−w·W )


≤ τt ,

∀a, h, t. (32)

Clearly, the number of non-recurring appointment time slots is
at least equal to α, the maximum number of appointments that
take place within one week. Let ξw be 1 for the week w with the
maximum number of appointments, and 0 for all other weeks. We
define α as follows:

α ≥


t∈Ww


h


Aht +


a

xaht

, ∀w, (33)

α ≤


t∈Ww


h


Aht +


a

xaht


+ Ξ · (1 − ξw), ∀w, (34)


w

ξw = 1, (35)

whereΞ is a sufficiently large number, such that (34) is not binding
unless ξw = 1. Now, we let the variable µ count and penalize the
excess non-recurring appointment time slots by adding µ to the
objective function. Then, the constraint is:

t

τt − µ ≤ α. (36)

Efficient filling of therapist schedules
For the convenience of the therapists and to achieve a high

utilization rate, it is preferable to avoid idle time in the schedules
of therapists between two consecutive appointments in a day.
As it might be impossible to later fit another appointment into
this idle time, the prevention of idle time minimizes the number
of referred patients and unscheduled appointments. Hence, we
aim to schedule appointments right at the start or at the end
of a session of the therapist, or right before or after an already
scheduled appointment. We introduce the variable ia (ja), which
is 1 if appointment a is scheduled in such a way that idle time is
caused in the schedule of the therapist before (after) a. Then, we
have to require the following:

ia ≥ Gh(t−1) · xaht , ∀a, h, t, (37)

ja ≥ Gh(t+Ma) · xaht , ∀a, h, t. (38)

If an appointment a is scheduled in such a way that it causes
idle time in the schedule of the therapist both beforehand and
afterwards, we say that a causes a break in the schedule of the
therapist. This break is penalized in the objective function by the
variable ga, which is 1 in this case (and 0 otherwise):

ia + ja ≤ 1 + ga, ∀a. (39)

Objective function

The objective function of the model, as presented in detail in
Section 4.2.3, is as follows:

minβ1 ·


a

na + β2 ·


a

sa + β3 ·
b
D

+ β4 · m

+ β5 ·


a

ua + va

D
+

3
i=1

βi+5 · zi

+ β9 · p + β10 · µ + β11 ·


a

ga.
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