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CHAPTERI

INTRODUCTION

1.1  Significance of the Problem

Nowadays, disasters happen frequently around the world and the occurrence
rate is apparently increasing compared to those in the past decades. Disasters may
occur naturally or be originated by human. Earthquakes, volcanic eruptions, floods,
tsunamis, and storms are examples of natural disasters. Man-made disasters include
nuclear plant explosions, terrorist attacks, building collapses, transportation accidents,
act of war, etc. Disasters may occur anytime and anywhere and incur substantial
ecology and economic losses. According to the 2012 annual disaster report conducted
by Guha-Sapir, Hoyois, and Below (2013), there are approximately 400 disasters
emerge every year over the last decade, causing around 100,000 fatalities and
affecting more than 260 million people worldwide (see Figure 1.1). To encounter
these uncertain incidents, emergency management is currently a realizing issue in
various countries (Van Wassenhove, 2006). One important task in emergency
management is emergency logistics or humanitarian logistics. Jiuh-Biing (2007)
proposed definition of emergency logistics as “a process of planning, managing and
controlling the efficient flows of relief, information, and services from the points of
origin to the points of destination to meet urgent needs of affected people under

emergency conditions.”
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Figure 1.1 Trends in disaster occurrence and victims

ce, effective emergency logistics planning is not usually well-

prepared. Fritz Institute (2005) observed the effectiveness of the emergency logistics

planning during

activities in the

the 2004 Indian Ocean tsunami attack and found that most logistics

field were conducted manually without supervision of logistics

experts. Moreover, assessments and planning were inadequate due to limited

collaboration and coordination from the relevant functions. Recently, the situation has

remained unchanged. The 2010 Haiti earthquake is a good example of this

insufficiency of

expert planning (Caunhye, Nie, and Pokharel, 2012), and the 2011

Thailand’s major inundation reflected an unsystematic relief operation as well as a

lack of emergency logistics planning (Koontanakulvong, 2012). As of today,



insufficiency in emergency logistics planning is still a critical topic in relieving the

victims of the super typhoon Haiyan in the Philippines.

1.2  Objective of Emergency Logistics and Their Threats

The purpose of emergency logistics planning is to rapidly provide
humanitarian assistance in the form of food, water, medicine, clothes, shelter, and
supplies to affected areas by the large-scale emergencies such as Emergency Medical
Services (EMS), in order to minimize human suffering and mortalities. The relief
activities include emergency evacuation and medical resource management (Beamon
and Blacik, 2008). The key characteristics in emergency logistics that bring
complexity and distinctive challenges from the business logistics are described by
Jiuh-Biing (2007) and Blacik and Beamon (2008). These challenges comprise an
additional uncertainty such as inaccessible route that makes the timeframe of relief
supply and distribution practically uncontrollable. Communication and cooperation in
affected areas are dysfunctional due to the damage of telephone lines as well as
incorrect and non-real-time demand requirements from information providers.
Furthermore, demands in terms of type, size, timing and location are unpredictable
and occur massively and instantaneously within short lead times. In addition, relief
resources are limited, especially medical supplies, physicians, medical staff,

medicines, emergency rooms, ambulances, recovery beds, and operating rooms.



1.3 Emergency Logistics Operations within the Context of Hospital

Resource Planning

Emergency and relief logistics operations can be implemented pre- and post-
disaster occurrence. Short-notice evacuation, facility location and stock pre-
positioning are primary pre-disaster operations. While relief distribution, casualty
transportation and resource allocation are the main activities in the post-disaster
operations (Caunhye, Nie, and Pokharel, 2012). Emergency or disaster relief
resources, especially medical resources, should be allocated efficiently. Scanty
resource in health care is an extremely vital issue in health care management. World
Health Organization (WHO) has suggested the minimum standard doctor consultation
per capita as 1:600. In 2014, the medical personnel per capita in Thailand have been
reported as follows: there is approximately a physician for population of 2,500; and a
nursing workforce for a population of 480 (World Health Organization, 2014).
Furthermore, bed shortage is also an important problem. A bed per capita is at 1:470
and hospital bed occupancy rate is around 80 % whereas some provinces have high
bed occupancy rates such as Phitsanulok, Satun, and Chumphon where the rates are as
high as 215 %, 141 %, and 109 %, respectively (Minister of Public Health, 2010).

One of the most vital and expensive resources in the medical service is the
operating room (OR). Practically, approximately 60 to 70 percent of patients admitted
to the hospital are operative patients (Denton, Viapiano, and Vogl, 2007). In most
hospitals, it is ideal for patients to undergo surgeries as immediately as they are
requested. In reality, inpatients may need to wait in beds for a day or longer for their
surgeries. Outpatients may not have their operations on schedule. The delays in OR

are caused by many reasons such as equipment failure, inadequate number of



recovery beds, nursing and anesthesia staff and OR facilities, arrivals of emergency
patients, and late arrivals or cancellation of appointed patients. The delay in the first
case can cause a subsequent delay to the cases that await. These delays have a major
effect on OR performance with unsmooth patient flow and under/over resource

utilization (Wong, Khu, Kaderali, and Bernstein, 2010).

1.4 OR Performance Evaluation: the Admission Planning and the

Patient Mix

The criteria for evaluating the OR performance consist of waiting time,
throughput, utilization, leveling, makespan, patient deferrals, financial measure and
preferences. One of the widely studied criteria is OR utilization or utilization rate. A
method for managing the OR utilization is scheduling the patients who need to be
admitted as inpatients to the hospital for undergoing surgeries in order to maximize
utilization rate or minimize the shortfall between target resource utilization and
resource usage (Cardoen, Demeulemeester, and Belién, 2010). The process of
planning the appointments of patients to be admitted as inpatients to the hospital is
called admission planning. The concept has been intensively used in scheduling the
patients to undergo surgeries. It shows trade-off between medical staff and patients.
The staff prefer to have as little idle time as possible while patients expect to have
short waiting times (Kaandorp and Koole, 2007). Admission planning for OR aims to
balance daily demands and available OR capacities by selecting the right patient from
waiting list and admitting him/her as an inpatient. OR demands compose of patients
who need to undergo surgeries. OR capacities include available recovery beds as well

as medical staff and operating room time (Kusters and Groot, 1996). In order to make



the planning problem more manageable, admission planning task is done by
classifying patients as groups of different pathology types and determining which
patient from the groups has to be admitted to the hospital. These groups are known as
patient mixes or diagnosis related groups (DRGs). Patient mix is a method of
grouping the related patients according to disease severity or hospital treatments
(Fetter, Shin, Freeman, Averill, and Thompson, 1980). Initially, patient mix was
developed and adopted to serve the Medicare’s payment system for the US hospitals.
Therefore, it resulted in saving of over $50 billion in Medicare hospital payments
(Fetter, 1991). Adan and Vissers (2002) deployed patient mix in OR admission
planning and revealed that it offered superior admission schedules with fewer
resource deviations between actual and target consumptions. Patient mix in OR is
classified according to operation procedures and the amount of resources consumed
such as the expected operation duration, the average length of stay at the pre- and

post-operation care unit, and the amount of nursing time (Vissers and Beech, 2005).

1.5 Sources of the OR Requirements

In this study, OR requirements compose of elective and emergency patients,
length of stay, no-show and cancellation of the patients.
1.5.1 Elective and emergency patients
In general, OR demand patterns (i.e. patient arrivals) are classified into
two types, elective and emergency patients. Elective patients, also called scheduled
patients, are those who do not require immediate medical attention and are put on
waiting list for their turns of medical services, or those who are given appointments

for particular admission dates (Adan and Vissers, 2002). Emergency patients are those



who arrive randomly to the hospital without prior appointments and need immediate
surgical intervention. These two types of demand share the same OR resources.
Hence, planning of the admission for surgical activities must consider uncertain
resource requirements for emergency arrivals in order to avoid any delays of
surgeries, postponement or overtime of the operations, and over/under utilization or
overuses of resources, which have significant effects on service quality and/or add
unnecessary costs to the hospital (Lamiri, Grimaud, and Xie, 2009). OR emergency
demands arise from ill and injured patients. Accidents and disasters mainly cause the
latter ones. In the case of unexpected disaster events, the hospital OR may encounter a
sudden surge of emergency demands.

Yi, George, Paul, and Lin (2010) suggest several requirements for
hospitals on preparation to confront with disasters, which include;

1) To have sufficient personnel to meet emergency care needs.

2 To meet sudden surge of demand with temporary additional
capacity.

3) To conduct resource planning and coordination between the
emergency operation center (EOC) and hospitals in the disaster area.

4) To continuously treat those patients who were already under
care prior to the disaster.

1.5.2 Length of stay

Another uncertain requirement in OR supplies is length of stay (LOS).
Variable LOS of patients will bring fluctuation in beds capacity planning. Inadequate
deliberation on indeterminate LOS for the admission planning will lead to a bed

shortage phenomenon. That may lower the patient satisfaction because of



cancellations of scheduled patients and/or inappropriate recover areas for post-
operative patients (Ma and Demeulemeester, 2013).
1.5.3 No-show and cancellation of the patient

Appointment cancellations and no-shows of scheduled patients appear
to be a further source of uncertainty in OR capacity planning. Cancellations of
planned surgeries have a negative effect on the quality of patient care and
management system. It brings to an underutilization of costly resources and amount of
prepared works for the surgeries. Kumar and Gandhi (2012) reported that the hospital
cancellation rate ranges from 10 % to 40 %. The most common cause of cancellation
is lack of availability of operation time (more than 60 % of total cancellations and no-
shows). This implies that the appropriate planning of the admission can avoid the
appointment cancellation. To date, there are a few works that consider the effect of
cancellation and no-shows in planning the admission of the patient mix. Therefore,
this work focuses on determining appropriate mixes of patients to be admitted for
surgery each day over a planning horizon to optimize the use of OR resources. The
shortfalls between planned and actual usages of resources reflect the performance on
admission schedules. A mixed integer linear programming (MILP) is developed in
this study in order to minimize the total absolute deviations of the utilization of OR
resources from their targets over all days in the planning period. Uncertain demands
can cause the hospital encountering with the vast fluctuations in resource planning.
Hence, it is important to deliberate some uncertain resource requirements such as
length of stay, emergency arrivals and no-shows in the planning problem in order to
diminish the variations and adjust capacity including taking alternative action to

achieve the resource usage goal.



1.6 Research Objectives

The main objectives of this study are as below;

Q) To develop a mathematical model in order to minimize the total
absolute deviation of the utilization of the operating room resources from their targets
over all days of the planning horizon.

(i)  To generate an appointment scheduling for elective patients to have an

operation with better utilization of the relevant resources.

1.7  Scope of the Study

This study aims to develop the master surgery schedules for the elective
patients under uncertain demand requirement and unpredicted patient arrivals. The
main purpose for conducting of this research is to provide the mathematical
formulation and practical solution methodologies in order to minimize the total
absolute deviation of the utilization of the resources from their target over all days of
the planning period. To accomplish this objective, the following issues will be
considered:

1) Construct the mathematical model to maximize the major resource
utilization by minimizing the total absolute deviation of the relevant OR resources
from their target utilization over all days of the planning period. The objective is
subjected to the uncertain demand requirements, for instance, emergency patient
arrivals, length of stay and no-show. The impact of emergency patient arrivals and the
no-show will be considered.

(2) Compute the mathematical model using computer software and find an

optimal solution of the problem.
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3 Discuss the computational results and analyze the effect of the
stochastic demand requirements compared to deterministic demand requirements.

4 Generate the master surgery scheduling over the planning horizon
based on the computational results in order to improve operational scheduling for the

hospital operating theatre appointment system.

1.8 Research Hypothesis

According to the limitation in term of cost and time, this study is conducted by
considering the following assumptions;

1) This study is only focused on the operating room planning and
scheduling for the elective patients in the hospital.

2 The relevant resources of interest are the operating room time (OT),
number of intensive-care beds (IC), IC nursing staff (NH), and medium-care beds
(MC). The workloads of these resources are utilized primarily by surgical
interventions. Other resources, which are commonly occupied with outpatients such
as nursing hours at MC, other specialists, laboratory, and radiology capacities, are not
considered as constraints in the planning problem.

3) Uncertain demand requirement such as emergency arrivals, length of
stay, no-show are considered in this study. Empirical distributions based on the actual
data are used in model formulation.

4) All unscheduled patients are assumed to be emergency patients

(5)  All vanished patients including cancellations with and without prior

notification are assumed to be no-shows
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1.9 Expected Usefulness

1) Application of the model will lead to a good admission schedule for
surgery which results in a tiny fluctuation between actual and target resource
utilization.

(2) Model output will emphasize the medical staff and management to be

keenly aware of the importance OR resource allocation.

1.10 Organization of Thesis

This thesis consists of 5 chapters as follows. Chapter 1 illustrates the
significance of the problem and research objectives. Chapter 2 presents literature
reviews of the related works. In Chapter 3, we provide a mathematical formulation for
the planning problem as well as the case settings. The computational results and
discussions are proposed in Chapter 4 including the sensitivity analysis of the model.
Chapter 5 summarizes all the findings and the contributions of the thesis and the

possible future work.



CHAPTER 11

LITERATURE REVIEW

This chapter highlights the comprehensive reviews of the related literatures in

OR planning and resource allocation models.

2.1 ILP and MILP in OR Planning

Due to scarceness and costliness, OR resources have long been considered by
practitioners and academics in developing and planning for the best use. The broadly
used and beneficial tools for capacity planning and resource allocation in OR is
integer and mixed integer linear programming (ILP and MILP). There are several
distinct objectives in deploying ILP and MILP for improving the OR planning
performances. For example, Pham and Klinkert (2008) focused on decreasing the
makespan by extending a well-known job shop scheduling problem to determine a
schedule for a given set of surgical cases in such a way, that the time to finish all
cases over the planning horizon is minimized. Some studies are concerned with the
cost function. For example, Jebali, Hadj Alouane, and Ladet (2006) proposed a two-
step approach to address daily OR scheduling problem comprising of assigning
operations to ORs and operating sequencing in order to minimize the cost incurred by
keeping the patients in hospital waiting to be treated in the OR, and Zhang, Murali,

Dessouky, and Belson (2009) presented a model for constructing a weekly OR
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allocation template, which minimizes inpatients’ in-hospital cost calculated as their
length of stay. Some works concentrated on the leveling of OR resources, which is a
method to develop OR schedule that smoothes the resource occupancies without
peaks. For example, Belién and Demeulemeester (2007) developed a model to
minimize the expected total bed shortage. The number of operated patients per block
and the length of stay of each operated patient were both deliberated stochastically.
Carter and Ketabi (2012) created a surgery schedule to assign surgeons to the blocks
which aims at minimizing the maximum number of required beds on different days.
Much research involved multiple objectives. For instance, Santibafiez, Begen, and
Atkins (2007) offered a number of possible objectives proposed by hospital
management to schedule surgical blocks for each specialty into ORs in order to
expose its trade-offs between OR availability, bed capacity, surgeons’ booking
privileges, and wait lists, and Belién, Demeulemeester, and Cardoen (2009)
demonstrated a decision support system for determining the repetitive surgery
schedules that satisfies multiple objectives including optimization of the resulting bed
occupancy, the best allocation for surgeons of the same group to the same OR, and

maintaining the master surgery schedule consistent from week to week.

2.2 OR Performance Evaluation using Utilization

A widely studied objective that has been implicated in recent research in OR
planning is utilization. It represents the workload of a resource. Hence, some research
attempted to maximize the utilization of resources such as van Oostrum, Van
Houdenhoven, Hurink, Hans, Wullink, and Kazemier (2008) who generated cyclic

operation room schedules that maximize OR utilization involving the stochastic
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operation durations. Another tried to minimize the unutilized resource. For example,
Hans, Nieberg, and Oostrum (2007) deployed ILP technique to optimize the OR
utilization by minimizing the unused OR time. Maximizing the utilization is a way to
avoid any unnecessary costs incurred by underutilized OR resources. On the other
hand, a tightly scheduled OR without proper time buffers may lead to an
overutilization or overtime that can add extra costs like staff overtime costs and
patient deferrals (Cardoen, Demeulemeester, and Belién, 2010). To encounter these
circumstances, the admission schedule for OR should emphasize the minimization of
the gap between planned and actual usages of resources. Some studies follow this
concept, For example, Blake, Dexter, and Donald (2002) focused on creating a master
schedule for assigning surgical block-times to surgeons in order to minimize the
difference between targeted and allocated OR times and improve accuracy of the
schedule, and Chaabane, Meskens, Guinet, and Laurent (2008) constructed a model to
minimize the gap between the total supply and the weekly requests of the surgical

specialty.

2.3  Hospital Admission Planning for Surgical Activity

For a better understanding of hospital admission planning task for surgery,
Figure 2.1 illustrates the flow of patients for the hospital admission planning.
Generally, an elective patient is waiting at home or department inside the hospital for
an operation and is admitted either to pre-operative wards or the Medium Care unit
(MC) one day before performing an operation or directly to the operating room. In
contrast, an emergency patient is admitted to hospital without prior appointment and

need immediate surgery. After the operation, both types of patients can either stay for
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a few days at the Intensive Care unit (IC) or spend a few more days recovering at
post-operative wards or the MC unit. If the surgical patient does not need a recovery
process at IC and MC, he/she is allowed to return either to home or to other units
inside the hospital. An efficient surgery admission planning can lead the hospital to

allocate their relevant resources more realistically and practically.

Home/Other Medium |,
department care unit

A

Admission

Unit es

Performed
operation?

Yes

Need
intensive
care?

Elective

Operating
patients? —

room
K

Intensive Home/Other
care unit department

Figure 2.1 Flow of patients through the hospital admission process

for operating room

2.4  Deploying a MILP Technique in Hospital Admission Planning

for OR

Gemmel and Dierdonck (1999) proposed a very first intensive review on
hospital admission planning by collecting a number of works on hospital admission
planning and patient classification from 1960s to 1990s. Their work revealed that

those studies have not much considered on planning of admissions and resources
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based on the mix of different categories of patients within a specialty. Patient mix is
mostly used for marketing and finance purpose such as the billing system of hospitals
or units (Barnes and Krinsky, 1999). Adan and Vissers (2002) first introduced patient
mix methodology in patient flow planning. They developed an integer linear model to
generate an admission schedule for OR that minimizes the total absolute deviations
between resource consumption and their targets. OR time, number of beds at medium-
care unit, nursing hour and number of beds at intensive-care unit are all critical
resources put in this model. Vissers, Adan, and Bekkers (2005) furthermore provided
a case study in cardiothoracic surgery planning by implementing the model developed
by Adan and Vissers (2002) to derive the weekly OR plan. Along the same line,
Vissers, Adan, and Dellaert (2007) continued working on a similar problem with the
introduction of stochastic requirement of resources. In this contribution, length of
stay, both at medium and intensive care units is fitted as distribution from the
empirical data. However, the three above-mentioned works focus on planning of OR
resources at a tactical level, which are based on average arrivals of patient and
provided guidelines of the mix of patients to be admitted in long term periods such as
a month, a quarter, or a year. Adan, Bekkers, Dellaert, Vissers, and Yu (2009)
extended those works by developing several strategies using actual arrivals of patients
to determine the best scheduling of individual patients on an operational level. Their
work illustrates that introducing the stochastic durations can decrease the deviations

by more than 40 %.
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2.5 Uncertainties in OR Planning

A key feature of the surgery planning and scheduling processes is the
coordination of multiple activities in an uncertain environment. Two types of
uncertainty that seem to be well addressed in the stochastic literature are arrival
uncertainty and duration uncertainty. The former points, for instance, at unpredictable
of emergency patients or at the lateness of surgeons at the beginning of the surgery
session, whereas the latter represents deviations between the actual and the planned
durations of activities related to the surgical process. Harper (2002) presents a
detailed hospital capacity simulation model that enables system evaluations by means
of a scenario analysis. The participation of multiple hospitals in the development
phase resulted in a generic framework that allows incorporating uncertainty or trends
in arrival profiles of patient groups as well as duration variability (e.g., length of stay
or surgery durations). Persson and Persson (2009) describe a discrete-event simulation
model to study how resource allocation policies at the department of orthopedics
affect the waiting time and utilization of emergency resources, taking into account
both patient arrival uncertainty and surgery duration variability.

Next to arrival and duration uncertainty, other types of uncertainty may be
addressed. Dexter and Ledolter (2003) examine to what extent uncertainty in the
estimated contribution margin of surgeons may lead to inferior allocations of
operating room capacity when the goal is to maximize a hospital expected financial

return.
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2.6 Challenges of OR Admission Planning

The vital challenges in planning the admission schedule in order to allocate
OR resources more efficiently are dealing with uncertainty. The duration of activities
related to the intake process, the recovery process, surgeries, availability of medical
staff and emergency patient arrivals are assumed to be stochastic. There are few
literatures focusing on hospital admission planning of patient mix to optimize major
resources utilization with stochastic demand requirements. Adan, Bekkers, Dellaert,
Jeunet, and Vissers (2011) presented a goal programming approach to obtain a tactical
plan for patient mix which accounts for emergency patients by reserving capacities for
these patients. An intensive review shows none of work studies the effects of no-
shows or appointment cancellation in an MILP model to optimize patient mix for
surgery. Consequently, there is still a room for improving a better model to allocate of

OR resources.



CHAPTER Il

RESEARCH METHODOLOGY

This study is based on the framework proposed by Adan et al. (2009) and
Adan et al. (2011). This chapter proposes an MILP model for generating a hospital
admission planning for surgical patients in order to maximize the OR resource
utilization by minimizing the gap between resource consumptions and their targets.
To be able to accomplish the goal, indeterminate demand requirements composing
length of stay at IC and MC, emergency arrivals and no-shows are comprised in the
planning model in order to decrease the resource deviations. This study concentrates
on four scarce operating room resources in the planning problem, i.e. operating time
(OT), IC-beds, IC-nursing hours, and MC-beds. The workloads of these resources are
utilized primarily by surgical interventions. Other resources, which are commonly
occupied with outpatients such as nursing hours at MC, other specialists, laboratory,

and radiology capacities, are not considered as constraints in the planning problem.

3.1 The Concept

The utilization is a key performance indicator in this study. OR utilization
represents amount of consumed resources for surgical intervention comprising the
pre- and post-operative activities. Figure 3.1 illustrates the concept behind the study.

The under-utilization and over-utilization of resources indicate the amount of resource
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consumed below and beyond target utilization level, respectively. An overuse of
resources denotes the amount of consumed resources beyond the maximum

capacities.

Under- . Over-
utilization Utihzation uilization | ©Veruse

Figure 3.1 Demonstration of under-, target, over-utilization, and overuse of resources

The total absolute deviations, as depicted in Figure 3.2, mean the absolute
summation of the under-utilization, over-utilization and overuse of resources. The
lesser deviations imply the better utilization of the resources. Hence, this research
deals with the minimization of the total absolute deviations of OR resources between
target utilization and actual usage. The model fulfills this assumption is proposed in

the following sub-section.

<—— Total absolute deviations ———>

Under- Over-

dilization | utlization | ©Veruse

Figure 3.2 Depiction of total absolute deviations
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3.2 Research Procedure

This research begins with a problem statement and literature review in the
preceding chapters. Figure 3.3 illustrates the research steps for this study. In this
chapter, the research concept is exaggerated as a planning model. The significant
factors of interest, notations and model formulation, as well as the model validation
and data sets, are proposed. The result discussion and interpretation including

conclusions and recommendations are exemplified in the succeeding chapters.

Is the model

Problem | | Literature | |  Model | | Model
corrected?

definition review formulation validation

A

No Yes
Conclusions Data analysis Data
and ] and < collection and [«—
recommendations interpretation model solving

Figure 3.3 Research procedure

3.3  The Model

This section explains the influencing factors of the model including the
notations and mathematical formulation of the planning problem.
3.3.1 Relevant factors

The following factors play an important role in the planning problem;
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1) Planning period. This is the complete time period over which
the admittance of patients has to be planned, usually several months or a year.

2) Patient groups. There are typically such a wide variety of
patients that they need to be categorized for planning purposes to make the planning
problem more manageable. In this study, patients are categorized according to their
workload for the resources. Patients in the same category have a similar length of stay
in IC and require on average the same amount of IC nursing staff and operating
theatre time.

3) Resources. The resources available are operating room time
(ot), intensive-care (ic) beds, medium-care (mc) beds, and intensive-care nursing
hour (nh)

4) Available capacity of the resources. An operating room
capacity is total operating time available per day. The IC and MC bed capacity are the
total number of beds available to the specialty at the IC unit and wards, respectively.
IC nursing hour is measured in number of hours per day.

(5) Planning cycle. Since the capacity is cyclically allocated, the
cyclic admission pattern should be considered. On one hand, the cycle length should
be long enough to accommodate patient admission and treatment cycle. On the other
hand, a lengthy cycle may result in a planning problem that is computationally too big
to handle. In practice, the cycle length typically varies from one week to four weeks.

(6) Admission schedule. The admission schedule describes the
inflow of patients, i.e. the number and mix of patients admitted on each day within the

planning cycle.
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(7) Target patient throughput. The target patient throughput (TPT)
is the number of patients that should be admitted within the planning cycle. The
number can be easily deduced from the target number of patients set for the whole
planning period.

(8) Target utilization of the resources. This is desired utilization
(or occupancy rate) of the resources on each day of the planning cycle. It should be
realized as close as possible.

9) Length of stay. The length of stay can be measured as the
number of days that patients stay at IC and MC. This study will incorporate an
uncertain length of stay into the model in order to evaluate its impact on resource
utilization.

(10) Emergency Admission. An emergency admission is an
unscheduled admission of a patient who needs immediate medical attention, either an
operation or a treatment. Daily emergency arrival rate and the probability of an
emergency arrival of each patient type are considered in this study.

(11) Unattended patient (No-Show) and appointment cancellation.
The numbers of no-shows and appointment cancellation have a significant impact on
the revenue, cost and resource utilization. They may cause substantial disturbances on
the operations scheduling of the admission planning system.

3.3.2 Notations

Input Parameters

T Planning cycle length (days)

TPT,  Target patient throughput of category c patients,

c=12,...,N.
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Number of patient categories

Set of resources including operating room time (ot), intensive
care beds (ic), medium care beds (mc), and nursing hours
(nh)

Available capacity of resource r on day t,

reR ={ot, ic, mc,nh}andt=1,2, ..., T.

Target utilization of resource r on day t,

reR ={ot, ic, mc,nh}andt=1,2, ..., T.

Operation duration (hours) of category c patient,
c=12,...,N.

Probability that a patient of category ¢ remains at the IC unit j
days after operation,c=1,...,Nand j=0,1,2, ..., Li".
Maximum length of stay recorded at IC over all categories

Number of pre-operative days in MC unit for one patient of
category c

Probability that a patient of category c is at the MC unit j
days after operation,c=1,...,Nandj=0,1,2, ..., L. .
Maximum length of stay recorded at MC over all categories
Probability that an emergency patient of category c arrives
duringdayt,c=1,...,Nandt=1,2, ..., T.

Arrival rate of emergency patients of category ¢ on day t,

c=1,...,Nandt=1,2, ..., T.
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Pnsct  Probability that an elective patient of category c is absent (no-
show) and makes a cancellationondayt,c=1,...,Nandt=
1,2,...,T.

Yei No-show and cancellation rate of category c patients on day t,
c=1,...,Nandt=1,2, ..., T.

NW¢ ¢ IC nursing workload (in hours) required for a patient category
c,  days after operation,c=1,...,Nandt=1,2, ..., T.

ar Relative weight of resource r, reR ={ot, ic, mc, nh}

Bx Maximum number of patients form categories that can be
operatedondayt, t=1,2,...,T.

Variables

Xeit Number of category c patients to be operated on day t,
c=1,...,Nandt=1,2, ..., T.

UU;;  Under-utilization of resource r on day t,
reR ={ot, ic, mc, nh}andt=1,2, ..., T.

OU;;  Over-utilization of resource r on day t,
reR ={ot, ic, mc,nh}andt=1,2, ..., T.

Ert Overuse of resource r on day t compared to maximum

capacity, reR ={ot, ic, m¢, nh}andt=1,2, ..., T.

3.3.3 Mathematical model formulation

This sub-section translates the planning problem into a mathematical

model, so called a mixed integer linear problem, by adopting the above-mentioned

notations. The objective is to minimize the total deviations between expected

utilizations of resources and target consumptions. The important decision variables
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are Xqt which denote the number of patients from category c operated on day t where
c=1,2,...,Nandt=1,2, ..., T. Thus, the objective is to determine the variable X
satisfying certain constraints and for which the expected utilization of all resources
matches the target as close as possible. Hence the formulation for the problem is as

follows;

.
Minimize > a,> (UU,, +0OU, +b-E ), (3.1)

reR t=1

The objective function (3.1) is to minimize the total deviations
between expected utilizations of resources and target consumptions and the overuse of
resources relative to the maximum capacities. The coefficient b is a constant penalty
value for capacity excess. This constant is dimensionless and set to a sufficiently high
value to avoid any capacity excess, where b > 0. The relative weight, a, is used to
make dimensionless for the sum of each resource deviation and overuse. The weight
also represents the importance of the resource according to the stakeholders in the
hospital including IC nurses, MC nurses, surgeon and management staff. The relative

weight «, for resource r is defined as;

o =t (3.2)




27

Where resource r € R = {ot, ic, mc, nh}. g, refers to an absolute weight

for resource r accessed by the stakeholders. C;; is the maximum capacity for resource

rin period j.
The objective function is subjected to the following constraints;
.
> X =TPTec=1,2,...,N. (3.3)
t=1

A balance constraint (3.3) ensures that the total number of patients of
category c to undergo surgery in T-day period must be equal to the target patient

throughput TPT,.

N N N
(Zocxc,t + Zoc pemg,c,t/lc,t J 1] Zoc pNS,c,tyc,t
c=1 c=1 c=1

< Cott + Eoty
S Uot,t + OUOt,t t= ], 2, veey T. (34)

2 Ut — UUqy

The OT utilization constraint set (3.4) confirms that the expected
utilization of the OT by both elective and emergency patients of category ¢ on day t
deducted by the no-shows should be less than or equal to its maximum capacity on

day t and should be within its target utilization on day t.
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Z piCvaJ' XCI*J + ZZ piC,C,jﬂ’C,tfj - Z pic,c,jyc,t—j

c=1 j=0 c=1 j=0 c=1 j=0
< Cic,t + Eic,t
S (]iC,t + OUiC,t t = ]’ 2’ ceey T (3.5)
= Uic,t - UUic,t

The 1C-bed utilization constraint set (3.5) guarantees that the expected
utilization of IC beds for elective and emergency patients of category ¢ on day t
deducted by the no-shows should not be larger than its maximum capacity on day t
and should be within its target utilization on day t. Because the recovery periods at IC
and MC, j days, can be larger than the planning cycle T or smaller than 1 day, then the
variable X should be re-written. This constraint set should then adopt the system that
wraps around the numbers upon reaching a certain value, called modular arithmetic. A
familiar application of modular arithmetic is in the 12-hour clock as depicted in
Figure 3.4. Suppose that we concentrate only on hours. If the time is 9:00 now, then 4
hours later will be 1:00. General addition would suggest that the later time should be
9 + 4 =13, but the clock system wraps around every 12 hours. Modular arithmetic can
be handled mathematically by introducing the theory of congruences which was
developed by Karl Friedrich Gauss at the beginning of the nineteenth century (Rosen,
2010). The definition and basic properties of congruences can be defined as follows;

Definition  Given integers a, b, m with m > 0. We say that a is
congruent to b modulo m if m | (a — b), and write a = b (mod m). If m t (a — b), we
write a # b (mod m), and say that a and b are incongruent modulo m. The integer m is

called the modulus of the congruence.
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Example 3.1 we have 24 = 3 (mod 7), since 7 | (24 — 3) = 21.
Similarly, 3 = -6 (mod 9) and 200 = 2 (mod 9). In contrast, 23 # 2 (mod 11) since

114(23-2) =21

+ 4 h

-

Figure 3.4 Demonstration of the clock using arithmetic modulo 12

A planning horizon in this study will wrap around every T period.
Hence, the constraint sets (3.5), (3.6), and (3.7) occupy the convention that subscript
t-j in Xcj should be treated modulo T: day 0 is the same as day T, day -1 is the same
as day T-1, day -2 is day T-2 and so on. Table 3.1 shows example of treating Xcj

“Modulo T”whenT=7,c=1,t=1andj=0,1,2,..., 10.

Table 3.1 Example of treating Xc.j “Modulo T”
T=7c=1t=1

0 1 2 3 4 5 6 7 8 9 10
X110| X111 [ X112{ X113 X114 X115 X116 X117| X11-8[X119| X 1110
X11 | Xoo [ Xoa [ Xy | Xy3 | X1a| X5 | Xa6| X7 | X18] X190
modulo T Xaa | Xz | Xag | Xas | Xoa | Xaz | Xao | Xag | Xo7 | Xug | Xus

X ct-j
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N L™ N L™ N L™
(Zznwc,j pic,c,j Xc,t—j + Zznwc,j pic,c,jﬂ“c,t—j J - Zznwc,j pic,c,jyc,t—j

c=1 j=0 c=1 j=0 c=1 j=0
< Cnh,t + Enh,t
<Umt+OUpe st=1,2 .. T (3.6)

= Unh,t - UUnh,t

The nursing workload utilization constraint set (3.6) validates that the
expected utilization of nursing hours for elective and emergency patients of category c
on day t deducted by the no-shows should not be more than its maximum capacity and

should be within its target utilization on day t.

N e N_Lnc N Lo N LT
ZZ xc,t+j +ZZ pmc,c,j Xc,t—j +ZZ pmc,c,j/lc,t—j j_zz pmc,c,jyc,t—j
- i

c=1 j=1 c=1 j=0 c=1 j=0

< Cct + Emcit
S Umc,t + OUmc,t t= ], 2, veey T (37)

2Umct— UUmct

Similar to the constraint set (3.6), an MC-bed utilization constraint set
(3.7) certifies that the expected utilization of MC beds for both elective and
emergency patients in pre- and post-operation periods of patient category ¢ on day t
deducted by the no-shows should not exceed its maximum capacity and should be

within its target utilization on day t.
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D Xy <But=1,2,...,T (3.8)

ceS

In addition to the above-mentioned utilization of the resources
constraints, the restrictions valid for specific days of the operation schedule are
needed to be taken into account. The first restriction means that certain variables X
are fixed to prescribed values. The second restriction, B; are introduced to indicate the
maximum of patients from groups that can be performed surgeries on a day of the
operation schedule. Then, the second restriction translates to a constraint (3.8) that
ensures the total number of patients from categories ceS, where S is a subset of {1, 2,
..., N}, to be operated on day t must not exceed the maximum number of patients

from categories ce S that can be operated on day t of the operation schedule.

Xete {0,1,2,..0,¢=1,2,..,N, t=1,2,...,T. (3.9)

A constraint (3.9) restricts all decision variables, X.;, to be positive

integer values.

UUr’tz 0, OUr][ 2 0, Er’tz 0, I’ER, t: 1, 2, ceey T (310)

Finally, constraints (3.10) are the non-negativity constraints of the
under-utilization, over-utilization and overuse of resource r on day t, respectively.

The planning problem therefore consists of minimizing the objective
function in (3.1) subjects to the constraints (3.3) — (3.8) and non-negativity constraints

(3.9) - (3.10).
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3.4 Model Validation

The proposed model has been validated for its tractability as presented in
Jittamai and Kangwansura (2011). The pilot data sets were generated to verify the
model. The study showed that the planning model is practical and can reach to the

optimality.

3.5 Data Sets

The data sets used to solve this model are collected from a large community
hospital in Thailand, called Hospital A, consisting of 6 operating rooms and performs
surgery 24 hours a day. Hospital A undergoes more than 4,000 operations per year or,
an average of 12 cases per day. The following sub-section will discuss data used in
interpreting the model, e.g. patient mix, volume, demand requirements, length of stay
both at IC and MC, available resources, emergency patient arrivals, and no-show or
cancellation of elective patients.

3.5.1 Patient mix, volume and demand requirements

There are typically a wide variety of patients that need to be
categorized in order to make the planning problem more manageable. Table 3.2
illustrates the 8 categories of patients classified by their usage of resources; namely,
the expected operating room time, average length of stay at the IC, and average
number of patients per mix.

To distinguish the patient in each mix, classification is based on their
operating room time (in hours) and length of stay at ICU. The terms “Very

short/Short/Middle/Long OT” and “No/Short/Middle/Long IC” are used in the
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classification of each mix. The “Very short OT” represents the surgical cases that
consume the operating room time less than or equal to an hour. The “Short” and
“Middle OT” signifies the operation case that requires an operation for less than or
equal to 3 hours and 6 hours, respectively. The “Long OT” is for the patient who
requires more than 6 hours of operation time. In the same way, the “No IC” denotes
the patient who requires no recovery in the intensive care unit after operation. The
“Short” and “Middle IC” indicate the patient who needs to recover at IC for less than
or equal to 1 day and 3 days, respectively. The “Long IC” means patients who require
IC stays more than 5 days. The target patient throughput (TPT.) indicates the total
number of patients of each category that need to be admitted for operation within the
planning cycle of a week. This number is deducted from the total number of patients
which undergo operations in the hospital during the 3-month period from Mar 2011 to
Mar 2011, containing 1,044 operation cases (See Appendix A).

Demand requirements of each patient category are depicted in Table
3.3. As an extension of Table 3.2, Table 3.3 provides the average length of stay at MC
for pre- and post- operations of each category. Average IC nursing hours required for
each patient category are derived from average of a total actual nursing time required

for a patient divided by the number of days that a patient stays at IC.
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Table 3.2 Patient category, use of OT and IC and Target patient throughput per week

. Operatin
Patient Description Sample Procedures roFc))m timg IC-Stay TPT .
category, ¢ ) (days)
1 Very short OT, No IC Colonoscopy, Gastroscope 0.5 0 25
2 Short OT, Short IC C-Section, Appendectomy 1 0.15 50
3 Middle OT, Short IC Rhinoplasty 3 0.1 15
4 Long OT, Short IC Cranicetomy 8 0.12 1
5 Short OT, Middle IC D&C 1 3 1
6 Middle OT, Middle IC  |Craniotomy 3 2 3
7 Long OT, Middle IC Abdominoplasty 6 2.3 1
8 Long OT, Long IC loner 8 5 1
Table 3.3 Demand requirements of each resource for each patient category
Operating | Awerage Average MC-stay Awerage IC
Patient . ) (days) .
category, ¢ Description roomtime | IC-stay Preo osto nursing (h)
(h), O¢ (days) P P | per day, nw
avg avgy

1 Very short OT, No IC 0.5 0 0.13 0.76 0
2 Short OT, Short IC 1 0.15 0.11 17 7.11
3 Middle OT, Short IC 3 0.1 0.13 1.39 0.92
4 Long OT, Short IC 8 0.12 0.09 2.61 24
5 Short OT, Middle IC 1 3 0 1 24
6 Middle OT, Middle IC 3 2 0.2 2.98 24
7 Long OT, Middle IC 6 2.3 0.11 3.38 24
8 Long OT, Long IC 8 5 0.5 2.68 24

3.5.2 Length of stay (LOS)

The length of stay is measured as the number of days that patients stay
at IC and MC. This study incorporates a stochastic length of stay for IC and MC
based on empirical data from an actual 3-month admission record. The total sample
population consists of 1,044 operation cases, distributed as 282, 550, 157, 11, 1, 30, 9,
and 4 for patient categories 1, 2, 3, 4, 5, 6, 7, and 8, respectively. Tables 3.4 and 3.5
illustrate the probability of length of stay at IC and MC for each patient category,

respectively. The distribution was fitted using the number of days of each patient from



35

each category stay at IC and MC. The maximum length of stay recorded during the

period of the study is 7 and 20 days at IC and MC, respectively.

Table 3.4 Probability of length of stay at IC for each patient category

Patient category, ¢

Probability of length of stay at IC (days), pic;

0 1 2 3 4 5 6 7
1 Very short OT, No IC 1 0 0 0 0 0 0 0
2 Short OT, Short IC 0.902 | 0.093 | 0.002 | 0.003 0 0 0 0
3 Middle OT, Short IC 1 0 0 0 0 0 0 0
4 Long OT, Short IC 1 0 0 0 0 0 0 0
5 Short OT, Middle IC 0 0 0 1 0 0 0 0
6 Middle OT, Middle IC | 0.333 | 0.167 | 0.133 | 0.167 | 0.1 | 0.067 | 0.033 0
7 Long OT, Middle IC 0.111 | 0.111 | 0.445 | 0.222 0 0.111 0 0
8 Long OT, Long IC 0 0 0 0 05 | 0.25 0 0.25
Table 3.5 Probability of length of at MC for each patient category
Patient category, ¢ Probability of length of stay at post-operative MC (days), P mc,cj
0 1 2 3 4 5 6 7 8 9 10
1 Very short OT, No IC [0.539]0.312|0.082 | 0.035|0.011 { 0.007 | 0.004 [ 0.004 | 0.007| O 0
2 Short OT, Short IC 0.316 ({0.213]0.164 | 0.244 ( 0.020 | 0.009 | 0.011 | 0.009 | 0.004 | 0.002 | 0.004
3 Middle OT, Short IC |0.548|0.083]0.172|0.115(0.019|0.013(0.019]0.013| O 0 0
4 Long OT, Short IC 0.364(0.091]0.182]0.091(0.091| 0 ]0.091| O 0 0 0
5 Short OT, Middle IC 0 1 0 0 0 0 0 0 0 0 0
6 Middle OT, Middle IC | 0.433|0.067 | 0.067 | 0.033]0.167 | 0.033|0.067[0.033| 0 [0.033|0.033
7 Long OT, Middle IC |0.111]0.111]0.222|0.333| 0 |0.111| O 0 0 0 0
8 Long OT, Long IC 0.250| O 0 |0500| 0 [0.250| O 0 0] 0 0
11 12 13 14 15 16 17 18 19 20
1 Very short OT,NoIC | 0 0 0 0 0 0 0 0 0 0
2 Short OT, Short IC 0.002|0.002| O 0 0 |0.002] O 0 0 0
3 Middle OT, Short IC 0 ]0.006]|0.006f O 0 0 0 0 0 |[0.006
4 Long OT, Short IC 0.091| O 0 0 0 0 0 0 0 0
5 Short OT, Middle IC 0 0 0 0 0 0 0 0 0 0
6 Middle OT, Middle IC| 0 0 0 0 0 0 0 10.033] O 0
7 Long OT, Middle IC [0.111]| O 0 0 0 0 0 0 0 0
8 Long OT, Long IC 0 0 0 0 0 0 0 0 0 0

3.5.3 Available resources and target utilization

Table 3.6 provides the information on the available daily capacity and

target utilization of each resource in a week. Available capacity for operating rooms is
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the total operating time available in each day. There are 6 operating rooms available
for 24 hours a day. Hence, total capacity of the operating rooms is 144 hours a week.
The target utilization is set to 76 hours per day for Monday to Saturday and 68 hours
for Sunday. The IC and MC bed capacity are the total number of beds available to the
post-operated patients at the IC and MC units. The total available beds at IC and MC
equal to 12 and 157 beds per day, respectively. The target utilization for IC and MC
are 10 and 126 beds per day, respectively. IC nursing workload is measured by the
number of IC nursing hours available per day at the IC unit. The available I1C nursing
hour is 210 hours per day and 168 hours per day for its target usage. The parameter B

denotes the daily maximum number of operated patients from every.

Table 3.6 Daily available resource capacity and target utilisation levels (C,; and U, )

OT Hours IC beds MC beds IC nursing hours
Day,t Capacity, | Target, | Capacity, | Target, | Capacity, | Target, | Capacity, | Target, |B ,

C ot,t U ot,t C ic,t U ic,t C mc,t U mc,t C nh,t U nh,t
1 Monday 144 76 12 10 157 126 210 168 |30
2 Tuesday 144 76 12 10 157 126 210 168 |30
3 Wednesday 144 76 12 10 157 126 210 168 |30
4 Thursday 144 76 12 10 157 126 210 168 |30
5 Friday 144 76 12 10 157 126 210 168 |30
6 Saturday 144 76 12 10 157 126 210 168 |30
7 Sunday 144 68 12 10 157 126 210 168 |30

3.5.4 Emergency patient arrival
In this study, all types of unscheduled arrivals of patients (emergency
and urgent) to the admission for surgery are treated as emergency admissions. Tables
3.7 and 3.8 provide the probability of emergency arrivals and the daily arrival rates of
each patient category, respectively. The probability is based on empirical data from

the same data set used in the distribution of probability of the length of stay. The total
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number of unscheduled arrivals for surgery is 285 cases from the total arrival samples

of 1,044 cases.

Table 3.7 Probability of emergency patient arrivals

Patient category, ¢

Probability of emergency patient of category ¢ arriving

during day t, P emg,c.t

1 2 3 4 5 6 7
1 Very short OT, No IC | 0.140 | 0.175 | 0.158 | 0.193 | 0.088 | 0.123 | 0.123
2 Short OT, Short IC 0.192 | 0.138 | 0.168 | 0.132 | 0.108 | 0.144 | 0.120
3 Middle OT, Short IC 0 0.136 | 0.091 | 0.136 | 0.273 | 0.091 | 0.273
4 Long OT, Short IC 0 0 0 0 0 1 0
5 Short OT, Middle IC 0 0 0 0 1 0 0
6 Middle OT, Middle IC | 0.500 | 0.200 0 0 0.1 | 0.100 | 0.100
7 Long OT, Middle IC | 0.333 | 0.333 | 0.333 0 0 0 0
8 Long OT, Long IC 0 0 0 0 0 0 0
Table 3.8 Emergency patient arrival rates, I
Patient category, ¢ Day't
’ 1 2 3 4 5 6 7
1 Veryshort OT,NoIC | 0.62 | 0.71 | 0.69 | 0.85 | 0.38 | 0.54 | 0.54
2 Short OT, Short IC 246 | 1068 | 215 | 1.69 | 1.38 | 1.85 | 1.54
3 Middle OT, short IC 0 021 | 0.15 | 0.23 | 046 | 0.15 | 0.46
4 Long OT, Short IC 0 0 0 0 0 0.08 0
5 Short OT, Middle IC 0 0 0 0 0.08 0 0
6 Middle OT, Middle IC | 0.38 | 0.14 0 0 0.08 | 0.08 | 0.08
7 Long OT, Middle IC 0.08 | 0.07 | 0.08 0 0 0 0
8 Long OT, Long IC 0 0 0 0 0 0 0

3.5.5 No-show and appointment cancellation

No-show and appointment cancellation, in this study, refer to the

patients who are unable to attend the hospital appointment either with or without prior

notification. Tables 3.9 and 3.10 provide probability distribution of daily no-show and

cancellation for each patient category and daily no-show and cancellation rates,
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respectively. Data were collected from a hospital appointment record consisting of

100 no-show cases from the total of 1,029 appointments (See Appendix B).

Table 3.9 Probability of no-shows and appointment cancellations

Probability of patient category ¢ cancels the appointment or
Patient category, c be absent during day t, p nsct
1 2 3 4 5 6 7
1 Very short OT, No IC | 0.273 | 0.091 | 0.091 0 0.182 | 0.091 | 0.273
2 Short OT, Short IC 0.018 | 0.196 | 0.089 | 0.179 | 0.304 | 0.125 | 0.089
3 Middle OT, Short IC 0.217 | 0.304 | 0.217 | 0.130 | 0.087 0 0.043
4 Long OT, Short IC 0 0 0 1 0 0 0
5 Short OT, Middle IC 0 0 0.167 | 0.333 | 0.333 | 0.167 0
6 Middle OT, Middle IC 0 0 0 1 0 0 0
7 Long OT, Middle IC 1 0 0 0 0 0 0
8 Long OT, Long IC 0 1 0 0 0 0 0
Table 3.10 No-show and appointment cancellation rates, g¢:
Patient category, c Day t
1 2 3 4 5 6 7
1 Veryshort OT, No IC | 0.231 | 0.071 | 0.077 0 0.154 | 0.077 | 0.231
2 Short OT, Short IC 0.077 | 0.786 | 0.385 | 0.769 | 1.308 | 0.538 | 0.385
3 Middle OT, Short IC | 0.385 | 0.500 | 0.385 | 0.231 | 0.154 0 0.077
4 Long OT, Short IC 0 0 0 0.077 0 0 0
5 Short OT, Middle IC 0 0 0.077 | 0.154 | 0.154 | 0.077 0
6 Middle OT, Middle IC 0 0 0 0.077 0 0 0
7 Long OT, Middle IC 0.077 0 0 0 0 0 0
8 Long OT, Long IC 0 0.071 0 0 0 0 0

3.5.6 Relative weights

The hospital stakeholders have scored an absolute weight of each

resource for calculating of relative weights as defined in (3.2) and the results are

shown in Table 3.11. Note that, in the study, the maximum capacity for resource r

remains unchanged for period j.



Table 3.11 Value of relative weight per resource

R c T Weight for
esource 1 Qr " Resource r, &,
OT Hours 10 144 7 0.128
IC beds 5 12 7 0.769
MC beds 5 157 7 0.059
IC nursing 5 210 7 0.044

3.6 Computational Methodology

The LINGO version 11.0, an optimization modeling software, is adopted to

solve the model. Solutions could be obtained within a few seconds. The subsequent

chapter will discuss and interpret the obtained results.




CHAPTER IV

RESULTS AND DISCUSSIONS

In this chapter, the numerical results of the planning problem and the
discussions are provided. The planning model is solved by LINGO version 11.0 with
data sets in the aforementioned section. Solutions could be obtained within a few
seconds.

The objective values, model output of the utilization of each resource,
admission schedule for the current setting, sensitivity analysis and proposed

admission schedule will be shown in the following sections.

4.1 The Values of the Objective Function

The values of the objective function are the total absolute deviations between
expected resource utilizations and their target consumptions. To benchmark with the
proposed model, we select the models of Adan and Vissers (2002), called Model A,
and Adan et al. (2011), called Model B, to be bases for comparison. The former one is
an early patient mix admission planning model with a deterministic approach and the
latter one is the developed version of Model A incorporating with a stochastic length
of stay and emergency arrivals. The proposed model is a modified version of Model B
by adding no-show and cancellation conditions. In this research, we expect that the
proposed model can lead to a decreasing of the deviations in OR resource planning.

The aforementioned data sets are used for evaluation of these models and assessment
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the effect of no-show and cancellation conditions. Table 4.1 summarises the
computational results of the objective values for the Model A, Model B, and the
proposed model (The LINGO programming results are provided in Appendix C). A
lesser objective value implies a more satisfying the objective function of minimizing
the shortfalls. Deliberating a stochastic length of stay and emergency arrivals of
Model B can decrease the deviations by 93.58 % compared to a deterministic model
(Model A). Introducing the patient no-show factor of the proposed model leads to
decreasing in the total absolute deviations of resources by 12.58 % compared to
Model B. Hence, this finding confirms our assumption that the no-show can bring
fewer fluctuations to the OR resource planning. This outcome implies that the

proposed planning model leads to a more efficient use of the OR resources.

Table 4.1 Total absolute deviation of resources

Proposed Model:

Model A Model B .
Current setting
Objective value 7719.96 495,94 433.56
% decrease from Model A - 93.58% 94.38%
% decrease from Model B - - 12.58%

4.2 Admission Schedule and Resource Utilization for the Current

Setting

The output of the proposed model also gives an optimal admission schedule
for the current setting as depicted in Table 4.2. To satisfy the objective value of the
proposed model, the hospital should, for example, assign 2, 8, 5 and 10 patients from
group 1 to be admitted for surgery on days 2, 3, 6, and 7, respectively. The schedule

derived from the proposed model can be used as a guideline for a hospital planner in
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order to develop an operational plan such as planning for surgeons and physicians.
Apparently, the total number of scheduled patients from each group should be equal
to the target patient throughput per group (TPT,). In the same way, the total number of
patients from groups to be undergone surgery on each day must not exceed the

maximum number of patients that can be operated on each day (By).

Table 4.2 Admission schedule for the current setting

Day Target patient
Patient Group throughput,
1 2 3 4 5 6 7 TPT,

1 Very short OT, No IC 0 2 8 0 0 5 | 10 25

2 Short OT, Short IC 7 0| 0 |30] 8 5 0 50

3 Middle OT, Short IC 151 0 [ O 0|0 0 0 15

4 Long OT, Short IC 1 0 0 0 0 0 0 1

5 Short OT, Middle IC 0 1 0 0| O 0 0 1

6 Middle OT, Middle IC 3 0O 0| O 0 0 3

7 Long OT, Middle IC 1 0| O 0| O 0 0 1

8 Long OT, Long IC 0 0 1 0 0 0 0 1
Total # of planned patients | 27 | 3 9 | 30| 8 [ 10 | 10

Although the proposed model generates a better admission plan with less
resource usage deviations, the output remains unable to provide the best allocation of
resources. The computational results further pinpoint the level of the resource usages.
Table 4.3 presents the daily target and actual utilizations and utilization rate (UR) for
the current setting. The outcome indicates an unsatisfied performance on the OR
resource utilization due to an over-utilization and over-capacity of IC-bed resource.
The over-utilizations from the target reflect an inefficient plan and the overuses imply
a deficient amount of resource allocated. To attain a better resource allocation,

adjustments on the amount of assigned resources should be made. In the next sub-
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section, we continue performing sensitivity analysis with the purpose of improving for

a better allocation of resources.

Table 4.3 Model output of resource utilization for the current setting

Day| Operating room IC beds IC nursing hours MC beds

no. |Target|Actual| UR [Target|Actual| UR ([Target|Actual| UR [Target|Actual| UR
76 76 | 99% | 10 26 [261%)| 168 6 4% | 126 25 | 20%
76 3 4% | 10 13 [128%| 168 21 [ 12% | 126 21 | 17%
76 12 [ 16%| 10 12 [121%| 168 36 |21%| 126 | 46 | 36%
76 29 |39%]| 10 30 |297%)| 168 22 | 13%| 126 28 | 23%
76 8 |11%| 10 12 [122%| 168 54 | 32% ]| 126 25 | 20%
76 8 |[11%| 10 12 [125%| 168 12 | 7% | 126 24 | 19%
68 6 8% | 10 13 [129%| 168 16 | 10% | 126 | 47 |37%

N~ [WIN|F

4.3  Sensitivity Analysis

This section provides further discussions on sensitivity analysis of resource
utilization. We attempt to reallocate the OR resources with the intention of obtaining a
better balance between OR demands and supplies. 1C-bed resource is the potential
resource to consider in reallocation because of its over-capacity. Table 4.4 depicts the
settings of target resource utilization and absolute weight for all scenarios. A scenario
1 is an adjustment on the amount of IC-bed resource from the current setting. At this
scenario, the IC-bed resource is reallocated to 12 beds per day or its maximum
availability. The outcome from a scenario 1 gives a tiny improvement on the objective
function compared to the current setting as illustrated in Table 4.5 (Admission
schedules and resource utilization of all scenarios are provided in Appendix D and E,
respectively). This implies that the reallocation of the resource can attain a better
usage of the resource and a decreasing in overall resource deviations. Average weekly

resource utilization rate of a scenario 1 is demonstrated in Figure 4.1. While the IC-
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bed resource is better utilized, the other resources such as operating theatre time (OT),
nursing hours (NH), and medium care beds (MC), remain vastly unused. The
utilization levels of OT, NH, and MC for a scenario 1 are far underneath the target
values. The hospital might encounter the opportunity losses in leaving these costly
resources idle. To address with this issue, we continue to develop more settings for

the admission planning model.

Table 4.4 The target resource utilization and absolute weight settings for all scenarios

Resource Currfant Scenario 1|Scenario 2 |Scenario 3|Scenario 4
Setting
ot 76 76 76 21 21
Target resource ic 10 12 12 12 17
utilisations mc 126 126 126 26 28
nh 168 168 168 32 32
ot 10 10 1 10 10
. ic 5 5 10 5 5
Absolute weight . z c 1 5 5
nh 5 5 1 5 5

An absolute weight might be a factor affecting the overall resource deviations
and resource utilizations. According to this assumption, we develop a Scenario 2 as
defined in Table 4.4 which is a modified setting of a scenario 1 by varying the
resource absolute weights. An absolute weight of each resource has first scored by the
hospital stakeholders in Table 3.11. At this scenario, we focus on optimizing of an IC-
bed resource because of its scarceness. Hence the weight function is adjusted to the
maximum weight of 10 for the IC bed and the minimum weight of 1 for the other
resources. As can be seen from Table 4.5, an adjustment on the weight function gives

a small improvement on the objective value. It means that the total resource usage
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deviations can be decreased by varying the absolute weight. However, the weight
score adjustment takes no effect on the resource utilizations as shown in Figure 4.1.
The average resource utilization of a scenario 2 and a scenario 1 are identical.
Focusing on the resource utilization, we can conclude that the setting of the weight
has no effect on average resource deviations and resource utilization rates. Hence,
finding the proper settings for the resource usages can neglect the influence of the

weight function.

Table 4.5 Model output of average deviations and objective value for all scenarios

Resource Curr.ent Scenario 1|Scenario 2|Scenario 3|Scenario 4
Setting

ot 54.59 54.59 54.59 0.73 0.76

Average ic 6.90 4.90 4.90 4.90 0.10
deviations mc 144.04 144.04 144.04 2.04 4.06
nh 95.22 95.22 95.22 1.22 1.29

Objective value 433.56 422.79 383.20 291.98 3.07

% decrease from current - 2.48% 11.61% 32.66% 99.29%

4.4  Finding the Proper Allocation of Resources

Concentrating on the proper resource utilizations, we attempt to find a better
fit between resource usages and amount of allocated resources. The setting for the
resource target utilizations of a scenario 3 is defined in Table 4.4. At this setting, the
amount of resource is assigned based on availability in order to attain a better resource
utilization rate. The weight function of a scenario 3 remains unchanged from the
current setting. As shown in Table 4.5, the average resource deviations and the
objective value of a scenario 3 are significant reduced compared to the previous

settings. Therefore, an appropriate allocation of resource leads to an improvement on
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resource utilization. Nevertheless, the setting of a scenario 3 remains unable to
completely satisfy the OR requirements. As can be seen from Figure 4.1, the amount
of IC-bed capacity used of a scenario 3 is still overutilized due to its availability. We
continue to find the theoretical settings of an 1C-bed resource in order to avoid an
overutilization. The setting of a scenario 4, as specified in Table 4.4, reflects the best
uses of all resources incorporating the high level of resource usages without any
overutilization (See Figure 4.1). Although the scenario 4 gives a best resource setting
that leads to the least deviations, the hospital might need to consider the economic
feasibility in investing on the 1C-bed resource. Expanding the IC-bed resource of a
scenario 4, however, might not have a significant benefit due to its tiny improvement
(See the average deviations of the scenario 3 and 4 in Table 4.5). A hospital,
therefore, should address the level of the resource usages based on the available
capacities in order to achieve a good admission schedule with the proper resource
utilizations.

The proposed model indicates the improvement on OR resource utilization
compared to the previous study; nevertheless, it is unable to give a fixed allocation of
resources. A manual configuration on resource allocation should be made in order to

increase the OR resource usage performance.
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Figure 4.1 Average weekly resource utilizations for all scenarios



CHAPTER V

CONCLUSIONS

5.1 Conclusion

A patient admission planning is an indispensable part of a hospital
management. A good plan leads to a better care with a smoother a patient flow and
gives superior utilisations of costly and scanty resources. Operating room (OR) is one
of the scarce resources in a hospital requiring a proper planning of its utilisation. The
OR associated with relevant resources, i.e., operating room time, intensive care bed,
intensive care nursing hour, and medium care bed, which also need an effective
resource management. In this study, we presented a mixed integer linear
programming model to obtain a better admission plan for a patient mix. A model
incorporates the uncertain conditions such as length of stay, emergency patients and
introduction of no-show that help the planning problem more practical. Even though
the background data setup for validating the model is captured from a large
community hospital in Thailand, it should be noted that the model formulation is
readily to apply in the other environments. By benchmarking with the previous
known, presenting of the patient no-show condition into the proposed model can help
decrease the total absolute deviations between resource consumption and their target
utilisations. Reducing in the deviations signifies a better admission plan with more
efficient use of the OR resources. The model outcome also generates a good

admission plan that can be used as a guideline for hospital planners in order to
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develop an operational plan. The output further exhibits the utilisation rates of each
resource that reflect the performance of the plan. A higher performance plan can be

achieved by a higher resource utilisation without an over-utilisation.

5.2 Limitation of the Study

Although the proposed study leads to obtaining a better performance plan with
smaller deviations of resource usages, it is unable to give the best allocation level of
resources. Modifications on resource allocation levels might be required in order to
find a better balance of the resource usages. Further analysis on the model sensitivity
discloses that variations in the weight functions yield small improvement on the total
absolute deviations, but do not affect the average utilisation of each resource. Hence,
the absolute weight can be avoided from the resource allocation target adjustment. In
practice, hospital planners should focus in the proper amount of resource capacities
that result in a good plan with smaller deviations. The proposed model and obtained
results unveil some understanding of the hospital resource management and indicate

some significant issues in hospital admission planning task.

5.3 Applications of the Work

The development of the mathematical model in this study is applicable to
planning the admission of the patient mix for the hospital operating room. The model
is designed to account for the elective patients including the reservation of some
capacities for emergency patients and possible capacity excess and cancellations.

Despite the approach in this study is based on the hospital operating room

setting, it can be deployed on the resource allocation activity in other medical cares.
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The home health care resource planning is one of the potential topics to adopt this
technique. The proposed method is able to use determining the periodic schedule for
the medical home. The home health care case-mix can be classified by the skilled

nurse required for a visit and visit lengths.

5.4 Recommendation for Future Work

Further improvements in the planning model may be brought by considering
stochastic operating duration. Because the demands in the hospital system are
unpredictable, the future recommendation is to design more robust systems such as
expert systems that help hospital planners to deal with the changing demands in order

to obtain a higher plan performance.
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APPENDIX B
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APPENDIX C

LINGO PROGRAMMING RESULTS



Table C.1 Programming result for Model A

93

Global optimal solution found.
Objective value:

Objective bound:
Infeasibilities:

Extended solver steps:

Total solver iterations:

Variable
UUOT 1
UUOT 2
UUOT _3
UUOT 4
UUOT 5
UUOT _6
UUOT 7
OuUOT 1
OUOT 2
OUOT _3
OUOT 4
OUOT 5
OUOT _6
OuUOT 7
EOT 1
EOT 2
EOT 3
EOT 4
EOT 5
EOT 6
EOT 7
uulIC 1
uulIC 2
uulC 3
uulIC 4
uulIC 5
UUIC 6
uulIC 7
ouIC 1
oulIC 2
OuIC_3
OuIC 4
QuIC 5
QUIC 6
oulIC 7
EIC 1
EIC 2
EIC 3
EIC 4
EIC 5
EIC 6
EIC 7
UUMC 1
UUMC 2
UuMC 3
UUMC 4
UUMC 5
UUMC 6

7719.956
7719.956
0.5684342E-13
0

64

Value

27.00000
34.00000
76.00000
31.00000
72.50000
76.00000
68.00000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
117.0000
117.0000
87.00000
117.0000
94.00000
87.00000
87.00000
115.0000
115.0000
85.00000
115.0000
92.00000
85.00000
85.00000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

Reduced Cost
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.1280000
0.1280000
0.1280000
0.1280000
0.1280000
0.1280000
0.1280000
1.280000
1.280000
1.280000
1.280000
1.280000
1.280000
1.280000
0.7690000
0.7690000
0.7690000
0.7690000
0.7690000
0.7690000
0.7690000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01




Table C.1 Programming result for Model A (Continued)

94

Variable
UUMC 7
OUMC 1
OUMC 2
OUMC 3
OuUMC 4
OUMC 5
OUMC 6
OuMC 7
EMC 1
EMC 2
EMC_3
EMC_4
EMC 5
EMC 6
EMC_7
UUNH_1
UUNH_2
UUNH_3
UUNH_4
UUNH_5
UUNH_6
UUNH_7
OUNH_1
OUNH_2
OUNH_3
OUNH_4
OUNH_5
OUNH_6
OUNH_7
ENH_1
ENH_2
ENH_3
ENH 4
ENH_5
ENH_6

m
pd
T
\l

><|><|><I><I><I><I><I><|><|><|><I><I><I><I><I><I><I><I><
W 00 006 NN N R RN 1 2 =
GORWNPRP~NOUORWNR~NOONWN PRI

Value

0.000000
195.0000
165.0000
195.0000
172.0000
165.0000
165.0000
195.0000
164.0000
134.0000
164.0000
141.0000
134.0000
134.0000
164.0000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
369.3000
369.3000
369.3000
369.3000
369.3000
369.3000
369.3000
327.3000
327.3000
327.3000
327.3000
327.3000
327.3000
327.3000
0.000000
0.000000
0.000000
18.00000
7.000000
0.000000
0.000000
26.00000
24.00000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
3.000000
0.000000
12.00000
0.000000

Reduced Cost
0.5900000E-01
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
81.88600
81.88600
81.88600
81.88600
81.88600
81.88600
81.88600
105.9107
105.9107
105.9107
105.9107
105.9107
105.9107
105.9107
84.68296
84.68296
84.68296
84.68296
84.68296




Table C.1 Programming result for Model A (Continued)
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Variable
X 36

W00 ONNN~NNINNOOOODOOOOOOUTIUTLOTOT OOl D DD DDSDNW

XXXXXXXXXXXXXXXXXXXXXXXXXXNXXXXXXXXXX
NOURAWNRNOURWNR,NOUIAWNRNOUTRWNRE~N®UTAWN R

H
OQOOO\ICDU'I-thl—\g
s

el e el o
oUThWN R

Value

0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
3.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

Slack or Surplus
7719.956
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
95.00000
27.00000
0.000000
102.0000
34.00000
0.000000
144.0000

Reduced Cost
84.68296
84.68296
162.2380
162.2380
162.2380
162.2380
162.2380
162.2380
162.2380
163.1340
163.1340
163.1340
163.1340
163.1340
163.1340
163.1340
162.8780
162.8780
162.8780
162.8780
162.8780
162.8780
162.8780
162.4940
162.4940
162.4940
162.4940
162.4940
162.4940
162.4940
162.2380
162.2380
162.2380
162.2380
162.2380
162.2380
162.2380

Dual Price
-1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000




Table C.1 Programming result for Model A (Continued)
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Row
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

Slack or Surplus
76.00000
0.000000
99.00000
31.00000
0.000000
140.5000
72.50000
0.000000
144.0000
76.00000
0.000000
144.0000
68.00000
0.000000
0.000000
117.0000
0.000000
117.0000
0.000000
87.00000
0.000000
117.0000
0.000000
94.00000
0.000000
87.00000
0.000000
87.00000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
369.3000
0.000000
369.3000
0.000000
369.3000
0.000000
369.3000
0.000000
369.3000
0.000000
369.3000
0.000000
369.3000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

Dual Price
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
7.690000
7.690000
7.690000
7.690000
7.690000
7.690000
7.690000
0.4400000E-01
0.000000
0.4400000E-01
0.000000
0.4400000E-01
0.000000
0.4400000E-01
0.000000
0.4400000E-01
0.000000
0.4400000E-01
0.000000
0.4400000E-01
0.000000
0.4400000
0.4400000
0.4400000
0.4400000
0.4400000
0.4400000




Table C.1 Programming result for Model A (Continued)
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Row
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

Slack or Surplus  Dual Price

0.000000 0.4400000
0.000000 0.5900000E-01
195.0000 0.000000
0.000000 0.5900000E-01
165.0000 0.000000
0.000000 0.5900000E-01
195.0000 0.000000
0.000000 0.5900000E-01
172.0000 0.000000
0.000000 0.5900000E-01
165.0000 0.000000
0.000000 0.5900000E-01
165.0000 0.000000
0.000000 0.5900000E-01
195.0000 0.000000
0.000000 0.5900000
0.000000 0.5900000
0.000000 0.5900000
0.000000 0.5900000
0.000000 0.5900000
0.000000 0.5900000
0.000000 0.5900000
0.000000 0.000000
0.000000 0.000000
30.00000 0.000000
0.000000 0.000000
23.00000 0.000000
30.00000 0.000000
30.00000 0.000000
27.00000 0.000000
34.00000 0.000000
76.00000 0.000000
31.00000 0.000000
72.50000 0.000000
76.00000 0.000000
68.00000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
117.0000 0.000000
117.0000 0.000000
87.00000 0.000000
117.0000 0.000000
94.00000 0.000000




Table C.1 Programming result for Model A (Continued)
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Row
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

Slack or Surplus  Dual Price

87.00000 0.000000
87.00000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
195.0000 0.000000
165.0000 0.000000
195.0000 0.000000
172.0000 0.000000
165.0000 0.000000
165.0000 0.000000
195.0000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
369.3000 0.000000
369.3000 0.000000
369.3000 0.000000
369.3000 0.000000
369.3000 0.000000
369.3000 0.000000
369.3000 0.000000

Table C.2 Programming result for Model B

Global optimal solution found.
Obijective value:

Objective bound:
Infeasibilities:

Extended solver steps:

Total solver iterations:

Variable
UUOT 1
UUOT 2
UUOT _3
UUOT 4
UUOT 5
UUOT _6
UUOT 7
OUOT 1
OUOT 2
OuUOT _3
OUOT 4
OUOT 5
OUOT _6

495.9356

495.9356

0.1243450E-13

4

670

Value Reduced Cost
52.25444 0.000000
65.15449 0.000000
66.38350 0.000000
46.60106 0.000000
67.35350 0.000000
57.99544 0.000000
22.38125 0.000000
0.000000 0.1280000
0.000000 0.1280000
0.000000 0.1280000
0.000000 0.1280000
0.000000 0.1280000
0.000000 0.1280000




Table C.2 Programming result for Model B (Continued)
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Variable
OuUOoT 7
EOT 1
EOT 2
EOT 3
EOT 4
EOT 5
EOT 6
EOT 7
UuIC 1
uulIC 2
uulIC 3
UUIC 4
UUIC 5
UUIC 6
uulIC 7
oulIC 1
oulIC 2
oulIC_3
OuIC 4
OuIC 5
OuUIC 6
oulIC 7
EIC 1
EIC 2
EIC_ 3
EIC 4
EIC 5
EIC 6
EIC 7
UUMC 1
UUMC 2
UUMC 3
UUMC 4
UUMC 5
UUMC 6
UuUMC 7
OuUMC 1
OuUMC 2
OuMC 3
OuMC 4
OuMC 5
OUMC 6
OuMC 7
EMC 1
EMC 2
EMC_3
EMC_4
EMC 5
EMC 6
EMC_7
UUNH_1
UUNH_2
UUNH_3
UUNH_4
UUNH_5

Value
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
21.49926
2.021500
2.356970
14.88994
3.008430
2.662610
9.451290
19.49926
0.2150E-01
0.3569700
12.88994
1.008430
0.6626100
7.451290
100.9054
97.01883
87.80265
101.8591
99.19460
95.32827
76.83225
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
153.9249
141.6268
150.1856
151.8154
119.3554

Reduced Cost
0.1280000
1.280000
1.280000
1.280000
1.280000
1.280000
1.280000
1.280000
0.7690000
0.7690000
0.7690000
0.7690000
0.7690000
0.7690000
0.7690000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000
0.5900000
0.5900000
0.5900000
0.5900000
0.5900000
0.5900000
0.000000
0.000000
0.000000
0.000000
0.000000




Table C.2 Programming result for Model B (Continued)
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Variable
UUNH_6
UUNH_7
OUNH_1
OUNH_2
OUNH_3
OUNH 4
OUNH _5
OUNH_6
OUNH_7
ENH_2
ENH_3
ENH_4
ENH_5
ENH_6

m
pd
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\l
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|7 R 000 00,00 I I I R I e
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XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXNXXXXNXXX XX

Value

136.5583
136.1863
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
25.00000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
2.000000
0.000000
9.000000
23.00000
8.000000
8.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
15.00000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

Reduced Cost
0.000000
0.000000
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000
0.4400000
0.4400000
0.4400000
0.4400000
0.4400000
0.4400000
8.276941
8.276941
8.276941
8.276941
8.276941
8.276941
8.276941
8.182224
8.182224
8.182224
8.182224
8.182224
8.182224
8.182224
7.957000
7.957000
7.957000
7.957000
7.957000
7.957000
7.957000
7.316941
7.316941
7.316941
7.316941
7.316941
7.316941
7.316941
7.157000
7.157000
7.157000
7.157000
7.157000
7.157000
7.157000
7.252707
7.252707
7.252707
7.252707
7.252707




Table C.2 Programming result for Model B (Continued)
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Variable
X 66

><|><I><|><I><I><I><I><I><I><I><I><|><|>< X
© 0 0 e~~~ NN NN o
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o
s
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Value

3.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000

Slack or Surplus

495.9356
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
120.2544
52.25444
0.000000
133.1545
65.15449
0.000000
134.3835
66.38350
0.000000
114.6011
46.60106
0.000000
135.3535
67.35350
0.000000
125.9954
57.99544
0.000000
08.38125
22.38125
0.000000
0.000000
21.49926
0.000000
2.021500
0.000000
2.356970
0.000000

Reduced Cost
7.252707
7.252707
6.634275
6.634275
6.634275
6.634275
6.634275
6.634275
6.634275
6.261000
6.261000
6.261000
6.261000
6.261000
6.261000
6.261000

Dual Price
-1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
0.7690000




Table C.2 Programming result for Model B (Continued)
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Row
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
84
85
86
87
88
89
90
91
92
93

Slack or Surplus  Dual Price

14.88994 0.000000
0.000000 0.7690000
3.008430 0.000000
0.000000 0.7690000
2.662610 0.000000
0.000000 0.7690000
9.451290 0.000000
0.000000 7.690000
0.000000 7.690000
0.000000 7.690000
0.000000 7.690000
0.000000 7.690000
0.000000 7.690000
0.000000 7.690000
153.9249 0.000000
0.000000 -0.4400000E-01
141.6268 0.000000
0.000000 -0.4400000E-01
150.1856 0.000000
0.000000 -0.4400000E-01
151.8154 0.000000
0.000000 -0.4400000E-01
119.3554 0.000000
0.000000 -0.4400000E-01
136.5583 0.000000
0.000000 -0.4400000E-01
136.1863 0.000000
0.000000 -0.4400000E-01
195.9249 0.000000
183.6268 0.000000
192.1856 0.000000
193.8154 0.000000
161.3554 0.000000
178.5583 0.000000
178.1863 0.000000
100.9054 0.000000
0.000000 -0.5900000E-01
97.01883 0.000000
0.000000 -0.5900000E-01
87.80265 0.000000
0.000000 -0.5900000E-01
101.8591 0.000000
0.000000 -0.5900000E-01
99.19460 0.000000
95.32827 0.000000
0.000000 -0.5900000E-01
76.83225 0.000000
0.000000 -0.5900000E-01
131.9054 0.000000
128.0188 0.000000
118.8026 0.000000
132.8591 0.000000
130.1946 0.000000
126.3283 0.000000
107.8323 0.000000




Table C.2 Programming result for Model B (Continued)
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Row
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

Slack or Surplus  Dual Price

2.000000 0.000000
28.00000 0.000000
21.00000 0.000000
6.000000 0.000000
22.00000 0.000000
19.00000 0.000000
15.00000 0.000000
52.25444 0.000000
65.15449 0.000000
66.38350 0.000000
46.60106 0.000000
67.35350 0.000000
57.99544 0.000000
22.38125 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
21.49926 0.000000
2.021500 0.000000
2.356970 0.000000
14.88994 0.000000
3.008430 0.000000
2.662610 0.000000
9.451290 0.000000
100.9054 0.000000
97.01883 0.000000
87.80265 0.000000
101.8591 0.000000
99.19460 0.000000
95.32827 0.000000
76.83225 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
153.9249 0.000000
141.6268 0.000000
150.1856 0.000000
151.8154 0.000000
119.3554 0.000000
136.5583 0.000000




Table C.2 Programming result for Model B (Continued)
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Row
149
150
151
152
153
154
155
156

Slack or Surplus  Dual Price

136.1863 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000
0.000000 0.000000

Table C.3 Programming result for the Current Setting

Global optimal solution found.
Objective value:

Objective bound:
Infeasibilities:

Extended solver steps:

Total solver iterations:

Variable
UUOT 1
UUOT 2
UUOT _3
UuUOoT 4
UUOT 5
UUOT_6
UuoT 7
OuoT_1
OuUOT_2
OUOT_3
OUOT 4
OUOT_5
OUOT_6
OuUOoT_7
EOT 1
EOT 2
EOT 3
EOT 4
EOT 5
EOT 6
EOT 7
UuIC 1
UuIC 2
UUIC 3
UUIC 4
UUIC 5
UUIC 6
UuIC 7
ouic 1
ouic 2
ouicC_3
OuiIC 4
OuIC 5
OuIC 6
oulic 7

433.5559

433.5559

0.3197442E-13

0

300

Value Reduced Cost
0.4999925 0.000000
73.33578 0.000000
63.68476 0.000000
46.72708 0.000000
67.85662 0.000000
67.57905 0.000000
62.45698 0.000000
0.000000 0.1280000
0.000000 0.1280000
0.000000 0.1280000
0.000000 0.1280000
0.000000 0.1280000
0.000000 0.1280000
0.000000 0.1280000
0.000000 1.280000
0.000000 1.280000
0.000000 1.280000
0.000000 1.280000
0.000000 1.280000
0.000000 1.280000
0.000000 1.280000
0.000000 0.7690000
0.000000 0.7690000
0.000000 0.7690000
0.000000 0.7690000
0.000000 0.7690000
0.000000 0.7690000
0.000000 0.7690000
16.06775 0.000000
2.829527 0.000000
2.122487 0.000000
19.71096 0.000000
2.156110 0.000000
2.493709 0.000000

2.924454 0.000000




Table C.3 Programming result for the Current Setting (Continued)
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Variable
EIC 1
EIC 2
EIC 3
EIC 4
EIC 5
EIC 6
EIC 7
UUMC 1
UUMC 2
UUMC 3
UUMC 4
UUMC 5
UUMC 6
UuMC 7
OUMC 1
OUMC 2
OouMC 3
OuUMC 4
OUMC 5
OUMC 6
OuMC 7
EMC_1
EMC 2
EMC_3
EMC_4
EMC 5
EMC 6
EMC 7
UUNH_1
UUNH_2
UUNH_3
UUNH_4
UUNH_5
UUNH_6
UUNH_7
OUNH_1
OUNH_2
OUNH_3
OUNH_4
OUNH _5
OUNH_6
OUNH_7
ENH_1
ENH_2
ENH_3
ENH_4

X X X X X X

Value
14.06775
0.8295270
0.1224870
17.71096
0.1561100
0.4937090
0.9244540
101.1925
105.1652
80.41676
97.60323
101.0792
101.6152
79.46327
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
161.7145
147.0554
132.4708
145.8095
113.5341
155.8777
151.8180
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
2.000000
8.000000
0.000000
0.000000
5.000000

Reduced Cost
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000E-01
0.5900000
0.5900000
0.5900000
0.5900000
0.5900000
0.5900000
0.5900000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000E-01
0.4400000
0.4400000
0.4400000
0.4400000
0.4400000
0.4400000
0.4400000
8.276941
8.276941
8.276941
8.276941
8.276941
8.276941




Table C.3 Programming result for the Current Setting (Continued)
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Variable
X 17
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Value

10.00000
7.000000
0.000000
0.000000
30.00000
8.000000
5.000000
0.000000
15.00000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
3.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
1.000000
0.000000
0.000000
0.000000
0.000000

Slack or Surplus
433.5559
0.000000
0.000000

Reduced Cost
8.276941
8.182224
8.182224
8.182224
8.182224
8.182224
8.182224
8.182224
7.957000
7.957000
7.957000
7.957000
7.957000
7.957000
7.957000
7.316941
7.316941
7.316941
7.316941
7.316941
7.316941
7.316941
7.157000
7.157000
7.157000
7.157000
7.157000
7.157000
7.157000
7.252707
7.252707
7.252707
7.252707
7.252707
7.252707
7.252707
6.634275
6.634275
6.634275
6.634275
6.634275
6.634275
6.634275
6.261000
6.261000
6.261000
6.261000
6.261000
6.261000
6.261000

Dual Price
-1.000000
0.000000
0.000000




Table C.3 Programming result for the Current Setting (Continued)
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Slack or Surplus
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
68.49999
0.4999925
0.000000
141.3358
73.33578
0.000000
131.6848
63.68476
0.000000
1147271
46.72708
0.000000
135.8566
67.85662
0.000000
135.5791
67.57905
0.000000
138.4570
62.45698
0.000000
0.000000
16.06775
0.000000
2.829527
0.000000
2.122487
0.000000
19.71096
0.000000
2.156110
0.000000
2.493709
0.000000
2.924454
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
161.7145
0.000000
147.0554
0.000000
132.4708
0.000000
145.8095

Dual Price
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.000000
0.000000
-0.1280000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
0.7690000
0.000000
7.690000
7.690000
7.690000
7.690000
7.690000
7.690000
7.690000
0.000000
-0.4400000E-01
0.000000
-0.4400000E-01
0.000000
-0.4400000E-01
0.000000




Table C.3 Programming result for the Current Setting (Continued)
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Row
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113

Slack or Surplus
0.000000
113.5341
0.000000
155.8777
0.000000
151.8180
0.000000
203.7145
189.0554
174.4708
187.8095
155.5341
197.8777
193.8180
101.1925
0.000000
105.1652
0.000000
80.41676
0.000000
97.60323
0.000000
101.0792
0.000000
101.6152
0.000000
79.46327
0.000000
132.1925
136.1652
111.4168
128.6032
132.0792
132.6152
110.4633
3.000000
27.00000
21.00000
0.000000
22.00000
20.00000
20.00000
0.4999925
73.33578
63.68476
46.72708
67.85662
67.57905
62.45698
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

Dual Price
-0.4400000E-01
0.000000
-0.4400000E-01
0.000000
-0.4400000E-01
0.000000
-0.4400000E-01
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
-0.5900000E-01
0.000000
-0.5900000E-01
0.000000
-0.5900000E-01
0.000000
-0.5900000E-01
0.000000
-0.5900000E-01
0.000000
-0.5900000E-01
0.000000
-0.5900000E-01
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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Row
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156

Slack or Surplus
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
16.06775
2.829527
2.122487
19.71096
2.156110
2.493709
2.924454
101.1925
105.1652
80.41676
97.60323
101.0792
101.6152
79.46327
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
161.7145
147.0554
132.4708
145.8095
113.5341
155.8777
151.8180
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

Dual Price
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000




APPENDIX D

ADMISSION SCHEDULES FOR ALL SCENARIOS
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Table D.1 Admission schedule for scenario 1

Day Target patient
Patient Group throughput,
1 2 3 4 5 6 7 TPT,
1 Very short OT, No IC 0 0 1 0 124]| 0 0 25
2 Short OT, Short IC 0 6 1 11| 0 |22] 10 50
3 Middle OT, Short IC 9 0 6 0 0|0 0 15
4 Long OT, Short IC 0 0 0 0 0 1 0 1
5 Short OT, Middle IC 0 1 0 0 0|0 0 1
6 Middle OT, Middle IC 0 3 0 0 0| O 0 3
7 Long OT, Middle IC 0 0| O 1 0| 0 0 1
8 Long OT, Long IC 0 1 0 0 0 0 0 1
Total # of planned patients | 9 | 11 | 8 | 12 | 24 | 23 | 10

Table D.2 Admission schedule for scenario 2

Day Target patient
Patient Group throughput,
1 2 3 4 5 6 7 TPT,
1 Very short OT, No IC 7 0 0 0 9 0 9 25
2 Short OT, Short IC 0 0 0 [ 12 | 13| 10 | 15 50
3 Middle OT, Short IC 0 0 8 0 7 0 0 15
4 Long OT, Short IC 1 0 0 0 0 0 0 1
5 Short OT, Middle IC 0 0 0 0 0 1 0 1
6 Middle OT, Middle IC 0 3 0 0 0 0 0 3
7 Long OT, Middle IC 1 0 0 0 0 0 0 1
8 Long OT, Long IC 0 0 0 0 1 0 0 1
Total # of planned patients | 9 3 8 |12 | 30| 11 | 24




Table D.3 Admission schedule for scenario 3
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Day Target patient
Patient Group throughput,
1 2 3 4 5 6 7 TPT,

1 Very short OT, No IC 2 0 2 0 7 6 8 25

2 Short OT, Short IC 10|14 2 [ 11 ] 3 2 8 50

3 Middle OT, Short IC 3 2 5 3 2 0 0 15

4 Long OT, Short IC 0 0 0 0 1 0 0 1

5 Short OT, Middle IC 0 0 1 0 0 0 0 1

6 Middle OT, Middle IC 0 0 0 0 0 3 0 3

7 Long OT, Middle IC 0 0 0 0 0 1 0 1

8 Long OT, Long IC 0 0 0 0 0 0 1 1
Total # of planned patients | 15 | 16 | 10 | 14 | 13 | 12 | 17
Table D.4 Admission schedule for scenario 4

Day Target patient
Patient Group throughput,
1 2 3 4 5 6 7 TPT,

1 Very short OT, No IC 9 1 7 3 0 0 5 25

2 Short OT, Short IC 1 6 1 |11 ]15]| 11| 5 50

3 Middle OT, Short IC 2 0 5 0 1 3 4 15

4 Long OT, Short IC 0 0 0 1 0 0 0 1

5 Short OT, Middle IC 0 0 0 0 1 0 0 1

6 Middle OT, Middle IC 3 0 0 0 0 0 0 3

7 Long OT, Middle IC 0 1 0 0 0 0 0 1

8 Long OT, Long IC 0 1 0 0 0 0 0 1
Total # of planned patients | 15 | 9 | 13 | 15 | 17 | 14 | 14




APPENDIX E

RESOURCE UTILIZATION OF ALL SCENARIOS



Table E.1 Resource utilization of scenario 1
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Day| Operating room IC beds IC nursing hours MC beds
no. | Target|Actual| UR [Target|Actual| UR [Target|Actual| UR [Target|Actual| UR
1 76 28 | 36%| 12 12 |104%| 168 9 6% | 126 26 | 20%
2 76 25 [ 32%| 12 16 |137%| 168 11 | 6% | 126 25 | 20%
3 76 20 | 26% | 12 12 [100%| 168 25 | 15% | 126 28 | 22%
4 76 16 | 21%| 12 12 [104%| 168 15 | 9% | 126 35 | 28%
5 76 12 | 16%| 12 28 |229%| 168 50 |[29% | 126 46 | 37%
6 76 31 [41%| 12 24 |200%| 168 29 | 17% | 126 31 | 25%
7 68 11 | 16%| 12 14 |113%| 168 29 | 17%| 126 25 | 20%

Table E.2 Resource utilization of scenario 2

Day| Operating room IC beds IC nursing hours MC beds
no. |Target|Actual| UR [Target|Actual| UR [Target|Actual| UR [Target|Actual| UR
1 76 18 | 24%| 12 12 [100%| 168 13 | 8% | 126 22 | 18%
2 76 10 | 13%| 12 12 |102%| 168 41 | 24% | 126 23 | 18%
3 76 24 | 32%| 12 12 [102%| 168 38 | 23%| 126 27 | 21%
4 76 11 | 15%| 12 13 [111%| 168 20 | 12%| 126 40 | 32%
5 76 47 [61% | 12 30 |[254%)| 168 29 | 17%| 126 33 | 26%
6 76 12 | 16% | 12 13 |104%| 168 18 | 10% | 126 39 | 31%
7 68 20 | 29% | 12 25 |212%| 168 10 | 6% | 126 31 | 25%

Table E.3 Resource utilization of scenario 3

Day| Operating room IC beds IC nursing hours MC beds
no. [Target|Actual| UR [Target|Actual| UR [Target|Actual| UR [Target|Actual| UR
1 21 21 | 98% | 12 18 [150%| 26 26 | 99% | 32 31 | 98%
2 21 21 | 98% | 12 26 |215%| 26 26 [ 99% | 32 28 | 86%
3 21 19 |92%| 12 13 |112%| 26 26 [100%| 32 32 |100%
4 21 19 |92%| 12 16 |132%| 26 26 |100%| 32 31 | 96%
5 21 21 | 98% | 12 15 |125%| 26 19 | 75% | 32 31 | 95%
6 21 21 |100%| 12 12 |101%| 26 25 | 97%| 32 32 | 99%
7 21 21 | 98% | 12 18 |150%| 26 20 | 77%| 32 32 | 99%




Table E.4 Resource utilization of scenario 4
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Day| Operating room IC beds IC nursing hours MC beds

no. | Target|Actual| UR [Target|Actual| UR [Target|Actual| UR [Target|Actual| UR
1 21 21 |100%| 17 17 199% | 28 28 | 99% | 32 28 | 89%
2 21 21 [100%| 17 17 |100%| 28 21 | 73%| 32 30 | 93%
3 21 20 | 94%| 17 17 |100%| 28 26 | 91%| 32 32 | 99%
4 21 20 | 94% | 17 17 199% | 28 28 |100%| 32 32 |100%
5 21 19 |91%| 17 17 |100%| 28 23 | 83%| 32 32 | 99%
6 21 21 [100%| 17 17 199% | 28 26 | 92% | 32 29 | 92%
7 21 20 | 95% | 17 17 199% | 28 17 |59% | 32 32 |100%
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A Hospital Admission Planning Model for Emergency and Elective Patients
under Stochastic Resource Requirements and No-shows
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Hospital admission planning plays an important role for
managing and allocating hospital resources by emphasizing
on an optimal use of operating theater time. The objective of
this work is to develop a mixed integer linear programming
model in order to minimize the total absolute deviations of
the operating room resource utilizations from their target
utilizations for the multiple-day planning horizon. The
stochastic resource requirements such as length of stay,
emergency arrivals, and unattended patients (no-shows) are
considered in the proposed formulation. The mathematical
model was tested with a sample data set. Results show that
the deviations from the target resource utilizations are
decreased by 0%, 3.18%, 0.45%, and 3.00% for each type of
hospital resources; namely, operating theater time,
intensive-care beds, intensive-care nursing staff and
medium-care beds, respectively. Moreover, the gap deviated
from the overall target resource utilization is improved by
1%.

Keywords - Hospital admission planning, mixed integer
linear programming, emergency admission, no-shows

L INTRODUCTION

The health care system has been challenged in recent
years to deliver superior quality care with limited
resources. In Thailand, large segments of the population
do not have health insurance coverage, forcing them to
rely solely on either a social security system or a public
health fund system. Over the past few decades, the
national health care expenditures have dramatically
increased. The total spending in 2005 amounted to
248,079 million baht (3.5% of the GDP), considerably
amplified from the figure in 1995, where total spending
was around 147,837 million baht (3.53% of the GDP) [1].
It is noted that the three-fourths of health-care budgets are
disbursed to medical treatments. In contrast, the cost spent
to health promotion and disease prevention is only 5% of
the total expenditure [2]. Investments in health care
promotion and disease prevention are required in order to
better manage and operate the health care system.

Scanty resource in health care is an extremely vital
issue in health care management. World Health
Organization (WHO) has suggested the minimum
standard for doctor consultation per capita as 1:600. In
2009, the medical personnel per capita in Thailand have
been reported as follows: there is approximately a doctor
for a population of 3,300; and a professional nurse for a
population of 600. Furthermore, bed shortage is also an
important problem in health care management. A bed per

978-1-4577-0739-1/11/$26.00 ©2011 IEEE

capita is at 1:540 in 2009 and hospital bed occupancy rate
is around 76% while some provinces have high bed
occupancy rates such as Nakhon Ratchasima where the
occupancy rate is as high as 103% [3].

The procedures in the operating theater (OT) require
various physical resources such as operating rooms
(ORs), recovery rooms, nursing hours and the number of
beds available. These are among the most critical,
expensive and limited resources in the hospital and need
to be utilized at the maximum level. Generally, 60-70% of
hospital admissions are caused by surgical interventions.
The OR department is a crucial hospital resource that
consumes budget for more than 40% of the total hospital
expenditures [4].

Admission planning is a scheduling task that hospital
appoints a patient and admits him/her as an inpatient.
Patient can be classified as elective and non-elective [6].
The former one, also called scheduled patients, represents
those who do not have to be treated immediately and are
put on waiting list for their tums of medical services, or
those who are given appointments for particular
admission dates. The latter one can be categorized as
urgent and emergency patients. The urgent patients need
to be admitted at a short notice, which is usually as soon
as a bed becomes available. Emergency patients need to
be admitted immediately. The different types of patients
are categorized, also known in general as a patient mix, in
order to make the planning function more manageable.
Patient mix can be characterized by the amount of
resources consumed such as the expected duration of
operation, the average length of stay at the pre-operation
and post-operation care unit, and amount of nursing time.

The flow of patients for the hospital resource
planning is shown in Figure 1. Typically, elective patients
are waiting at home or department inside the hospital for
operations and admitted either to the Medium Care unit
(MC) one day before an operation or directly to the
operating theater. On the other hand, non-elective
patients, namely, emergency patients, are admitted to
hospital without prior appointments and need to be
performed operations immediately. After operations, both
types of patient might stay for some days in an Intensive
Care unit (IC). After recovery patients can be proceeded
to the Medium Care unit (MC) and stays there for a few
days. Then, patients are allowed to retumn either home or
other departments inside the hospital. Practically,
scheduled but unattended patients (no shows) may occur
and this causes significant disturbance for the planning
staff and affect the utilization of operation theater facility
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[5]. The no shows of patients have significant impact on
the revenue, cost and resource utilization for almost all
health care provider units.

Fig. 1. The flow of patients through the hospital admission process for
operating theater.

The objective of this work is to develop a mixed
integer linear program in order to minimize the total
absolute deviations of the operating room resource
utilizations from their target utilizations for the multiple-
days planning horizon.

The literature relates to this work was first introduced
by Adan and Vissers [6]. They developed a model to
generate a mix of patients planning that minimizes the
deviations between resources consumption and their
targets. The operating theater capacity, the number of
beds in medium-care unit, the nursing hours, and the
number of beds available in the intensive care unit are all
critical resources put in this model. Vissers et al. [7]
furthermore provided a case study based on the
procedures developed in [6] and implemented to the
department of cardiothoracic surgery. In the same vein,
Vissers et al. [8] considered a similar problem with
additional restrictions in planning some combinations of
patients and availability of resources. In this contribution,
lengths of stay, both in medium and intensive care units,
are now assumed to be stochastic. Adan et al. [9]
continued pursuing the three above-mentioned works,
which focus on planning issue at a tactical level, by
developing several strategies to determine the best
scheduling of individual patients on an operational level.
The tactical plan is based on average arrivals of patients
whereas operational strategies treat actual arrivals that
obviously deviate from average. Their work illustrates
that introducing the stochastic durations turned out to
decrease the deviations by more than 40%.

The crucial challenges in planning of the surgery
admission schedule are dealing with uncertainty. The
duration of activities related to the intake process,
recovery processes, surgeries, availability of medical
staffs, and emergency patient arrivals are needed to be
considered stochastically in order to make the research
problem more realistic and practical. Up to date, there are
very few works that focus on an admission planning of
the patient mix with the stochastic demand requirements.

None of them considered the effects of emergency patient
arrivals  and no-show to the master schedules.
Consequently, it is more challenging to work on
admission planning of the patient mix with stochastic
demand requirements and uncertain patient arrivals. In
this research, emergency admission, unattended patients
and appointment cancellations are considered as
conditions to the planning problem.

II. METHODOLOGY

This study is based on the framework proposed by
Adan et al [9]. In order to make the model more practical,
emergency patient arrivals and no-shows are introduced
as constraints to the model. In this section the
mathematical model for the planning problem in the form
of a mixed integer linear programming (MILP) is
proposed. In the following subsections, relevant factors
and details of each constraint are explained.

A. Relevant Factors

The following factors play an important role in the
planning problem

(1) Planning period. This is the complete time period
over which the admittance of patients has to be planned,
usually several months or a year in advance.

(2) Patient groups. There are typically a wide variety
of patients that need to be categorized in order to make
the planning problem more manageable. In this paper,
patients are categorized according to their needs for
hospital resource. Patients in the same category are
assumed to have a similar length of stay in IC and require
the same amount of IC nursing staff and operating theater
time.

(3) Resources. The resources available are medium-
care (mc) beds, Intensive-care (ic) beds, IC nursing
workload (nh) and operating theater time (ot).

(4) Available capacity of the resources. The MC and
IC bed capacity are the total number of beds available to
the specialty at the wards and IC unit, respectively. IC
nursing workload is measured by the number of hours per
day and the operating theater capacity is total operating
time available in each day.

(5) Planning cycle. Since the capacity is cyclically
allocated, the cyclic admission pattern should also be
considered. On one hand, the cycle length should be long
enough to accommodate patient admission and treatment
cycle. On the other hand, a lengthy cycle may result in a
planning problem that is computationally too big to
handle. In practice, the cycle length typically varies from
one week to four weeks.

(6) Admission profile. The admission profile
describes the inflow of patients, i.e. the number and mix
of patients admitted on each day within the planning
cycle.

(7) Target patient throughput. The target number of
patients is the number of patients that should be admitted
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within the planning cycle. The number can be easily
deduced from the target number of patients set for the
whole planning period.

(8) Target utilization of the resources. This is desired
utilization (or occupancy rate) of the resources on each
day of the planning cycle.

(9) Length of stay. The length of stay can be
measured as the number of days that patients stay at IC
and MC. This study will incorporate the stochastic length
of stay into the model in order to evaluate its impact on
resource utilization.

(10)Emergency Admission. An emergency admission
is an unscheduled admission of a patient who needs
immediate medical attention, either an operation or a
treatment. Daily emergency arrival rate and the
probability of an emergency arrival of each patient type
are considered in this study.

(11)Unattended patient (No-Show) and appointment
cancellation. The numbers of no-shows and appointment
cancellation have a significant impact on the revenue, cost
and resource utilization. They may cause substantial
disturbances on the operations scheduling of the
admission planning system.

B. Mathematical Model Formulation

This subsection will transform the descriptive
hospital admission planning problem into a mathematical
model. The problem is formulated as a mixed integer
linear programming problem adopting the aforementioned
notations. The objective is to minimize the total
deviations between expected utilizations of resources and
target consumptions and minimize the overuse of
resources relative to the maximum capacities. Hence, the
objective function can be written as

T
Minimize ¥ @, ¥ (UU,, +OU,, +b-E,,), )
reR =1

where b > 0 is a constant value for capacity excess
penalizing. This constant is set to have a sufficiently high
value to avoid any capacity excess. The weight ¢, is
introduced to make the sum dimensionless. The weight
also represents the importance of the resource according
to the stakeholders. The parameter T denotes the planning
cycle length (days), the variables UU,,, OU,, and E,, are
the under-utilization, over-utilization and overuse
compared to maximum capacity of resource » on day ¢,
respectively, where r € R ={ot, ic, mc, nh} and t=1, 2,
T
The total number of patients of category c to be
operated in 7-days period should be equal to the target
patient throughput 7PT. Hence,

T

X, =TPT, c=1,2,.., N, %)
=1

t

168

where N is a number of patient categories and X, is a
number of category ¢ patients to be operated on day £

To describe constraints for utilization and capacity of
the resources, parameters C,, and U, are introduced to
indicate available capacity and target utilization,
respectively, for resource » on day ¢ Then, the expected
utilization of the operating theater (OT) for both elective
and emergency patients deducted the no-shows must be

N N Y XN
[Z]OCXC,I o+ Zlocpang,c‘xﬂ’:,i]_ z]ocpN‘STc.l}/cJ
= o=l c=]

< Com i Em,!

S U + OUy, k2, s T, 3)

2 Upes— U,

where O, denotes the operation duration (in hours)
required for a category c patient; p.,,., and pys., are a
probability that an emergency patient of category c arrives
during day ¢, and a probability that an elective patient of
category c is unattended and makes a cancellation on day
t, respectively; 4. and y,, are an arrival rate of emergency
patient, and no-show and cancellation rate of category c
patient on day £, ¢ = 1, 2, ., N =12 .., T,
respectively. To formulate constraints for the expected
utilization of the IC unit, a probability p;..;is introduced
to indicate the probability that a patient of category ¢ is
(still) in the IC unit, j day after operation, j = 0, 1,
-, 2= . Thus, the expected utilization of the IC unit
should satisfy three following inequalities:

N = N N I
b3 Zch,c,ch,s it % Zpic,c,ji”c,r j = szc,c,j?’c,z j
=1=0

10 eA1j=0
SCirtEigy
L Us + OUy, =12, T @
2 U — Ul

In the above constraints, the convention with
subscript #-j In X,; is adopted. It should be freated
modulo T: day 0 is the same as day 7, day -1 is the same
as day 7-1 and so on. If mw,; denotes the IC nursing
workload (in hours) required for a category c patient j day
after operation, where c=1,2, .., N j=0, 1, .., ™,
and 7/ is the maximum length of stay recorded in the IC
of over all categories then the expected nursing workload
can be described as:
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c=1 j=0
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Similarly, the expected utilization of the MC unit
should satisfy

max

N, N IE N :
szc,r—j +E mec,c,ch,( it z ZPMC,C,]'A’CJ i
e=1j=1 c=1j=0 c=1j=0

& mec,c,j;’c,l §o Cmc t Emar

=1 j=0

<Upi t+OUp $t=12, .. T.  (6)
2 Umc,l o L’erc

Where /. is the number of pre-operative day in the
MC unit for a patient of category ¢ and p,,.; is the
probability that a patient of category c is at the MC unit j
days after operation, c= 1,2, ..., N, j=0,1,2, ..., [,
and /7 is the maximum length of stay recorded in MC
over all categories.

In addition to the above-mentioned utilization of the
resources constraints, the restrictions valid for specific
days of the operation schedule are needed to be taken into
account. The first restriction means that certain variables
X, , are fixed to prescribed values. The second restriction,
B, are introduced to indicate the maximum number of
patients form categories ¢ € S that can be operated on
day 7 of the operation schedule, where § is a subset of {1,
2, ..., N}. Then, the second restriction translates to

b3 M TSR R 4

ceS

The planning problem therefore consists of
minimizing the objective function in (1) subject to
constraints (2)-(7) and non-negativity constraints (8)-(9)
X € (0,12} e=12..,Ni=1,2..,T, @

UU,>0,0U,>0,E, >0, reR, t=1,2, ..., T, 10)

III. RESULTS

The data was generated based on [9] in order to
validate the tractability of the model. Patients are
distinguished into 5 categories (c=5) and planning cycle is
set equal to one week (7=7).

Available capacity and target utilization of operating
theater on day ¢ are 40 and 32, respectively, (C,;; =40 and
U, =32, Y= 1,..., 7). Available capacity and target
utilization are equal to 10 and &, respectively, for IC beds
(Cicy =10 and U8, V&= 1,..., 7); 40 and 32,
respectively, for MC beds (Cp,., =40 and U,,.~32, V=
1,..., 7); and 140 and 100, respectively, for IC nursing
staff (C, =140 and U,; =100, V= 1,..., 7).

Maximum number of patients to be admitted on day ¢
from different categories is set to 20 persons (B=20, V=
1,...,7), and maximum length of stay both in IC and MC
is 6 days.

LINGO version 11.0 was run on a PC with CPU Intel
Core 2 Duo 1.30 GHz including 4.00 GB RAM to solve
the problem. With a number of 35 integer variables, 84
continuous variables and 153 constraints, the model was
reached to the optimality in 546 iterations in less than one
second with the objective function value of 46.18.

The total absolute deviations of the utilization of
operating theater, IC beds, IC nursing staff, and MC beds
are shown in Figure 2 to Figure 3, respectively. The charts
illustrate the comparisons between the total deviations of
each resource for the model, both with and without the
emergency arrivals and no-shows constraints. The
numbers shown in parentheses in each figure are the
average of the total deviations.

IV. DISCUSSION

Figure 2 to Figure 5 illustrate the results obtained by
including and excluding the conditions of emergency
arrivals and no-shows into the models. With the
introduction of emergency arrivals and no-shows, the
results yield the decrease of total deviations of IC beds by
0.07 beds, IC nursing staff by 0.33 hours, and MC beds by
0.33 beds, or equivalent to 3.18%, 0.45%, and 3.00%,
respectively. The results show no improvement on OT
time. Furthermore, the overall resource deviation from the
target utilization is decreased from 46.65 to 46.18, which
is equivalent to 1% improvement.

V. CONCLUSION

Hospital admission unit plays a pivotal role in
planning and scheduling patients to be admitted as
inpatients into the hospital so that the deviations of the
resource utilization from the target are minimized. Adan
et al [9] have proposed the tactical planning and
mathematical model formulation to determine the optimal
patient mix for cardiothoracic surgery department. In this
paper, we continue pursuing the idea by extending their
model to improve the operating theater resource
utilizations by incorporating the emergency admission
and unattended patients (no-shows) as conditions to the
model. The results gathered from the generated data show
signs of improvement on total deviations of the resource
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utilizations compared to the target utilizations.
Empirically, introducing the emergency arrivals and no-
shows resulted in a decrease of the deviations by 0%,
3.18%, 0.45%, and 3.00% for OT time, IC beds, IC
nursing staff and MC beds, respectively. Moreover, it also
brought about the improvement of the objective value by
1%. The approach in this paper implies the superior plan
for the usage of operating theater resources by
accumulating the emergency admission and unattended
patients (no-shows) as constraints to the model. It also can
be used, in application, as a guideline for hospitals in
order to strategize the utilization of their resources. Future
work will be done on the use of this planning model with
larger samples and longer planning horizon (4-week cycle
length) in order to verify the tested results.

A further recommendation on the future work in this
area is to include the stochastic operating durations into
the model.

OT deviations
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Fig. 2. Total deviations of OT utilization (comparing the impact of with
and without emergency admission and no-shows).
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Fig. 3. Total deviations of IC beds utilization (comparing the impact of
with and without y admission and no-shows).
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Fig. 4. Total deviations of IC nursing staff utilization (comparing the
impact of with and without emergency admission and no-shows).
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Fig. 5. Total deviations of MC beds utilization (comparing the
impact of with and without emergency admission and no-shows).
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