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modelling for supporting healthcare decision ma-
kers to improve management policies related to 
the hospital operating theatre. 
 In a study conducted at a medium sized Swedish 
hospital we identify important prioritisations and 
decisions made in relation to patient scheduling 
and resource allocation when planning for surgery. 
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are complex tasks with a number of influencing 
factors to consider like, e.g., uncertainty in patient 
arrival, uncertainty in surgery procedure time and 
medical prioritisations and diagnosis. Further, se-
veral intersected dependencies, e.g. pre- and post 
operative care, have to be considered as to pre-
vent occlusion and obtain a maximum patient th-
rough-put. With an optimisation-based approach 
we demonstrate how different criteria in patient 
scheduling and resource allocations can affect va-
rious objectives in terms of patient perspectives, 

staff perspectives and costs. For instance, we show 
that the current policy for resource allocation 
does not handle the variability generated by the 
patient diagnosis very well. In Sweden a law has 
recently been introduced, which advocates res-
trictions in elective patient waiting times. We ex-
tend the optimisation-based approach to include 
post-operative care and simulate a scenario based 
on patient data from a Swedish hospital to be able 
to predict the possible impact of the new law. The 
results indicate that the law causes an unsuitable 
increase in the waiting times for medium prioriti-
sed patients. Furthermore, we propose a combi-
nation of discrete-event simulation and optimisa-
tion to examine what impact different resource 
allocations of emergency and elective resources 
have on both utilisation rate and disturbance con-
sequences, i.e. surgery cancellation and overtime 
work, due to emergency cases and other unexpec-
ted events. We show that both utilisation rate and 
cancellation frequencies can be improved signifi-
cantly by the application of some minor changes in 
the resource allocation. Finally, we explore some 
future possibilities of using agent technology for 
modelling health care management decisions.   
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Abstract 
 
With an increasing proportion of elderly and an increasing demand for 
healthcare, managerial efforts are needed in order make the best use of 
resources and to keep cost under control. One of the most critical and 
expensive resources in a hospital is the operating theatre. This thesis aims 
to investigate the potential of computer-based modelling for supporting 
healthcare decision makers to improve management policies related to the 
hospital operating theatre.  

In a study conducted at a medium sized Swedish hospital we 
identify important prioritisations and decisions made in relation to patient 
scheduling and resource allocation when planning for surgery. Patient 
scheduling and operating room planning are complex tasks with a number 
of influencing factors to consider like, e.g., uncertainty in patient arrival, 
uncertainty in surgery procedure time and medical prioritisations and 
diagnosis. Further, several intersected dependencies, e.g. pre- and post 
operative care, have to be considered as to prevent occlusion and obtain a 
maximum patient through-put. With an optimisation-based approach we 
demonstrate how different criteria in patient scheduling and resource 
allocations can affect various objectives in terms of patient perspectives, 
staff perspectives and costs. For instance, we show that the current policy 
for resource allocation does not handle the variability generated by the 
patient diagnosis very well. In Sweden a law has recently been introduced, 
which advocates restrictions in elective patient waiting times. We extend 
the optimisation-based approach to include post-operative care and 
simulate a scenario based on patient data from a Swedish hospital to be 
able to predict the possible impact of the new law. The results indicate that 
the law causes an unsuitable increase in the waiting times for medium 
prioritised patients. Furthermore, we propose a combination of discrete-
event simulation and optimisation to examine what impact different 
resource allocations of emergency and elective resources have on both 
utilisation rate and disturbance consequences, i.e. surgery cancellation and 
overtime work, due to emergency cases and other unexpected events. We 
show that both utilisation rate and cancellation frequencies can be 
improved significantly by the application of some minor changes in the 
resource allocation. Finally, we explore some future possibilities of using 
agent technology for modelling health care management decisions.    
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Introduction 
 
This thesis concerns the management problem of healthcare resource 
planning and focuses on the decision-making processes within the hospital 
care. Suggestions on how to assist in resource planning and efficiency 
analyses related to the operating room planning based on optimisation and 
simulation techniques are presented. First a background of the problem 
domain and the purpose of this thesis are described, followed by a 
presentation of research questions and methods used. Further we report on 
specific contributions related to this thesis and finally we highlight some 
conclusions and future work. 
 
 
1. Healthcare Management Problem 
 
Today’s healthcare is working under great pressure. Along with improved 
medical and healthcare science and possibly healthier lifestyles the 
proportion of elderly in the population continuously increases. 
Additionally, the expectations on healthcare delivery are increasing with 
enhanced medical care, improved diagnosis techniques and efficiency of 
treatments. This evidently conveys a general increased demand for 
healthcare and tends to raise healthcare costs. Based on calculations 
received from the Swedish society of municipality and county council, The 
development of healthcare cost in Sweden from year 1995 – 2005 shows 
on an increase from 82 to 141 billion SEK (without dental service) and the 
cost of hospital care constitutes approximately 50% from the total cost, 
(Sveriges Kommuner och Landsting, 2007). Consequently the importance 
of resource planning and efficiency analysis to assist healthcare decision 
makers to control cost development has increased simultaneously.   
  
 
1.1. Hospital Care 
 
Historically the healthcare and hospital care have been based on medical 
specialties like, e.g., orthopaedics, paediatrics, radiotherapy and so on, 
which later have come to branch-off into several sub specialties and caused 
an even more complex and expensive healthcare environment. Often 
medical treatments now include several medical specialties which impose 
difficulty of getting an overall picture of patient treatments and processes 



 2

as the medical specialties are managed separately, at least, this is common 
procedure in Swedish hospital care at present time.  

Let us consider a scenario in which an emergency patient is having 
a suspected acute myocardial infarction (heart attack) and explore the 
possible way through the hospital. She arrives with ambulance at the 
emergency ward where she immediately has several medical tests, e.g., 
ECG, blood tests etc. Further she is transferred to the radiotherapy for 
coronarography and later to operating theatre for heart-thoracic surgery. 
After surgery she stays at the intensive care unit for recovery and 
postoperative care and is later transferred to the ward. This type of patient 
will within a few days of hospital care be treated by about 6 - 7 medical 
specialties which all have to co-operate and co-ordinate resources in order 
to achieve high-qualitative and fast treatment. In this case efficiency is 
crucial for successful treatment. However, the suspected heart attack could 
have turned out to be an acute gastric ulcer and if so, the treatment and 
consequently the way through the hospital would have taken a completely 
different path.  

The above scenario demonstrates some of the uncertainties that the 
hospital care must consider. To begin with, there are uncertainties in 
patient arrival and patient diagnosis, i.e. uncertainties that depend on when 
and how many patients will arrive and also what diagnoses are given. 
Generally, each diagnosis specifies one responsible medical specialty and 
treatment, thus it can be said to define a system path (a particular way 
through the hospital). However, if an incident occurs with regard to a 
medical complication, necessary and sometimes unexpected changes have 
to be applied to the treatment and system path. Hence, the diversity of 
patient demand, both in terms of diagnosis and uncertainty in patient 
arrival and system path, results in difficulty in estimating hospital resource 
allocation. 

We can identify a great need for analysis methods and decision 
support systems in order to manage the complexity of hospital care. 
 
 
1. 2. Operating Room Planning 
 
One of the most expensive and complex functional units within the 
hospital is the operating theatre (Spangler et al., 2004; Denton et al., 2007). 
The services provided there are employed and shared among several 
operating disciplines (specialties) which makes the operating theatre a 
possible bottleneck, thus it introduces a need for careful resource planning. 
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Besides cost control, the main management objectives, related to 
performance of operating room planning, is to keep waiting times for 
surgery as short as possible by increased resource utilisation while at the 
same time handling and minimising the effects of disturbances caused by 
unexpected events, e.g., emergency cases and complications. Hence, we 
define the following performance metrics related to operating room 
planning; cost, patient through-put, resource utilisation, patient waiting 
time, surgery cancellation, surgery delay and staff overtime. The available 
resources need to be allocated and distributed among the operating 
specialties to enable the highest possible patient through-put in order to 
reduce waiting times. Every operating specialty manages its own patient 
waiting list why it is desirable to obtain management policies for operating 
room planning that correspond to an overall efficiency. Due to this fact, the 
operating theatre must solve the multi-objective problem of meeting the 
requirements of each of the operating specialties regarding both long-term 
and short-term perspectives. In considering an operational level, 
prioritisations and decisions also have to be made that minimise 
consequences due to disturbances, e.g., patient cancellations, delays or 
overtime work. These are consequences that can be very expensive since 
they will have a major impact on the overall performance of the hospital, 
e.g. pre and postoperative care, waiting lists and so on. Also, the reverse 
situation of disturbances can occur at for example postoperative care (e.g. 
lack of available postoperative beds due to post operative complications 
that might lead to prolonged postoperative care) that can result in system 
occlusion. 

It is desirable to increase the total performance by maximising 
resource utilisation which, paradoxically, could decrease performance of 
the operating theatre since the exposedness to disturbances increases. 
Hence, operating room planning has to deal with a trade-off between 
efficiency and reliability.  
 
 
2. Research Questions 
 
The context in which healthcare and hospital care are operating is as 
pointed out very difficult to screen. Several intersected dependencies 
between resources and patient flows compose a complex network structure 
which needs to be modelled in order to be understood and analysed. The 
main research question in this thesis is: 
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How can computer-based modelling be applicable to healthcare 
management problems and assist in developing decision policies related to 
hospital surgery?  
 
In order to facilitate a close understanding of this problem, we choose to 
take into account some important issues related to operating room planning 
when answering the main question, e.g.: 
- prioritisations and major decisions related to resource allocation and, 
- handling of the uncertainty relating to the surgery procedure time and 
patient arrival. 
 
Moreover, as the management decision problems in healthcare, and in 
particular hospital surgery, can be viewed from a variety of perspectives 
we have chosen to break down the main question to a number of sub 
questions in attempt to cover these: 
 
 
RQ1. How can guidelines for resource allocation related to operating room 
scheduling improve efficiency by the use of optimisation? 
 
RQ2. What advantages can we obtain with a simulation and optimisation 
modelling approach in order to evaluate on the effects of Government 
policies related to surgery waiting times?  
 
RQ3. How can modelling based on simulation and optimisation be used 
for analysing allocation of different types of resources, e.g. related to 
elective and emergency patients? 
 
RQ4. How can a multi-agent perspective improve modelling and analysis 
in the studied problem domain? 
 
 
3. Research Methods 
 
Even though the assessment of healthcare quality and healthcare 
performance in general are difficult to analyse and measure, we believe 
that a quantitative approach can act elucidative and demonstrate the effects 
of various management decision-makings that otherwise can be hard to 
foresee. For this approach we primarily apply optimisation and simulation 
methods or a combination of these.     
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  However, to explore the problem domain, a qualitative research 
approach has also been used throughout the work in order to get a more 
deepened understanding of the domain and the related problems. This 
approach involved recurrent interviews with hospital employees from 
different professions, e.g. nurses, clinicians and managers, etc. The many 
interviews have served as a validation method and provided important 
information which was used in the design of the quantitative models. 
Theses models will be described in the next section. 

Healthcare and healthcare performance are interdisciplinary 
domains with different perspectives and methods originating from a 
number of research fields, see for instance Vissers, 1998 and Lagergren, 
1998, e.g. medicine, management science and economics etc. hence, the 
literature study performed in this thesis has involved several areas. 
 
 
3.1. Optimisation 
 
An optimisation model can be referred to as a mathematical model that 
represents a real-world problem in which problem choices are represented 
by decision variables and the problem is solved by finding values of these 
decision variables that maximises or minimises an objective function. The 
decision variables are restricted with constraints that express the limitation 
of the problem choices (Rardin, 2000). A process description of 
optimisation modelling can be illustrated as follows, (Lundgren et al., 
2003); 
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Figure 1. Process description of the optimisation modelling. Continuous evaluations and 
updates are required in order to verify and validate the model. 
 
It is important to point out that this is an iterative process and that updates 
are performed continuously. Also the objective function can give 
expression to various objectives and frame different views of the real 
world problem.  

In this thesis we let the optimisation model serve as an estimation 
of the decisions of an operating room manager. The optimisation model is 
used for modelling the decisions of patient prioritisation and resource 
allocation considering medical diagnosis and resource availability. The 
intention is to model expected management decisions accurately rather 
than focusing on methods for solving the optimisation problem. 
 
 
3.2. Simulation 
 
Simulation is used to imitate a real-world scenario and how it evolves over 
time. It is often too difficult or complex to analyse the real-world 
environment, also the environment might be unavailable or the period is 
simply too long. We therefore use a simulation approach in which we 
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analyse the system actions (patient scheduling and operating room 
planning) during a limited time period of one year. Simulations are often 
categorised into two types; discrete or continuous. In discrete simulations 
the state variables changes instantaneously at separate points in time 
whereas in continuous simulations the state variables changes continuously 
with respect to time (Law and Kelton, 2000).  

The primary purpose of using a discrete-event simulation model in 
this study is to include the possibility to analyse the impact of the 
uncertainty with regard to the real world scenario of operating room 
planning. This uncertainty mainly stems from the stochastic behaviour of 
patient arrival and surgery procedure times. In our work we simulate a 
patient queuing system managed by an optimisation model and iterate the 
optimisation while in between having the system updated in order to both 
reflect the optimisation out-come and the uncertainty of patient arrival and 
surgery procedure times over time.  
 
 
4. Contributions 
  
In this thesis we look at the healthcare management problem and 
concentrate our work in addressing management problems related to 
operating room planning by applying methods from the field of Operations 
Research (OR). OR is a generic term for research based on quantitative 
modelling for analysing various decision-makings (Lundgren et al., 2003). 
Due to the interdisciplinary characteristics of this research area, the 
publication forums and applied methods are diverse. However, simulation 
and optimisation modelling are the two most commonly employed 
methods applied to healthcare management problems (Jun, et al., 1998). 
Usually the healthcare delivery is measured in terms of the queuing system 
waiting time or the patient through-put (El-Darzi, et al., 1998, Gunal and 
Pidd, 2005). In this thesis we seek to integrate a patient perspective to a 
higher degree than is usually done and also include a health-economic 
perspective.  

Our first task was to approach the problem domain and gain 
thorough insight into what decisions and prioritisations are made. During 
this task interesting issues were uncovered which we address in the 
following papers; 
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Paper I 
In paper I, which addresses RQ1, we focus on the problem of assigning 
elective surgeries to operating rooms in such a way that the demand from 
each of the sub-specialties within an operating discipline is sufficiently 
met. In a department of general surgery the surgeons are usually grouped 
by sub-specialties. This means that the resources in terms of operating 
rooms are also allocated according to the sub-specialties. However, the 
policies for allocating operating rooms are not very flexible, which makes 
it hard to satisfy the varying demand from the sub-specialties.  

In order to analyse the impact of different allocation policies for 
optimising operating room planning (here, to a more flexible allocation 
policy) we developed a model for the operating room management by the 
use of an optimisation model. The model provides estimates on what 
benefits can be gained by different policy changes for allocating operating 
rooms. The results show that flexible room allocation policies considerably 
increase patient through-put. 
 
Paper II 
In paper II we address RQ2. As a new law recently has been introduced in 
Sweden concerning control of surgery waiting times, the motivation for 
additional investigations on the effects of this law is high since few (if any) 
other studies of this type have been conducted (Socialstyrelsen, 2007). 
With a health economic evaluation perspective we develop a simulation 
model which is used for studying expected management decisions 
(decisions compelled due to meet the new law) in relation to elective 
patient scheduling, and expected influence on the patient waiting times. 
We use optimisation modelling for patient scheduling and simulate on a 
weekly basis. After 52 simulation steps, representing one year, there was a 
significant increase in mean waiting times for medium prioritised patients. 
  
Paper III 
At surgery departments, policies are used for allocating resources 
dedicated for both elective and emergency patients. With optimisation and 
simulation based modelling we address RQ3 and narrow the operating 
room problem related to planning under uncertainty in terms of patient 
arrival (in particular emergency patients) and surgery procedure times. We 
reduce the simulation step from on week (as in paper II) into one day in 
order to include the daily planning decisions related to consequences due 
to the uncertainty, e.g., surgery cancellations and overtime work etc. 
Simulated modifications in resource allocation, i.e. between elective and 
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emergency, indicate important reductions in surgery cancellations and 
overtime work.  
 
Paper IV 
Paper IV serves an initial approach towards investigating how a multi-
agent perspective can be applied to the healthcare management problem. 
Rather than fully addressing RQ6, we introduce the concept of multi-agent 
modelling and its’ current applications. By this we hope to provide some 
interesting and future directions of possibilities in modelling and 
addressing healthcare management problems.  
 
 
5. Conclusions and Future Work 
 
The work presented in this thesis is based on independent studies which 
jointly aim to answer the main research question. Different types of 
analysis require different modelling attributes. In paper I we investigated 
how the operating room scheduling could be modelled and analysed with 
optimisation techniques. Furthermore, in paper II, we integrated a long-
term perspective and combined the optimisation modelling with simulation 
technique. Here we rendered the possibility of analysing enduring effects 
on mean waiting times due to management policies related to operating 
room planning. In paper III we approached the problems related to the 
uncertainty of patient arrival (both elective and emergency) and surgery 
procedure times on an operational level as we elaborated on the simulation 
part and included a stochastic analysis.  

We have suggested a computer-based modelling approach to assist 
in addressing problems related to healthcare management problems and in 
particular operating room planning. Due to the complexity of the problem, 
several modelling techniques have been investigated and assessed. An 
iterative modelling process with concurrent feedback on both models and 
results has been used for validation. The results from the experiments have 
shown a number of useful and interesting findings:  

o Changes in policies for allocation of operating rooms and surgery 
teams can have significant effects on operating theatre 
performance. 

o The newly introduced law can be expected to increase patient 
waiting time for medium prioritised patients. 

o Changes in management policies (concerning the resource 
allocation at the operating theatre) to better meet the uncertain 
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demand of patient arrival and patient surgical procedure time, may 
lead to significant decrease in surgery cancellation and overtime 
work. 
 

The results have been demonstrated to Blekinge Hospital with interested 
response and further cooperation is planned. Moreover, through out the 
work, several interesting issues have emerged and are of interest to study 
in future. For instance, a flexible number of operating teams (i.e. operating 
nurse, anaesthetists) in relation to operating rooms and surgeons needs 
further investigation in order to reduce surgeon and/or operating room idle 
time and improve on-time performance at the operating theatre.  

Paper IV can be described as a link to future possibilities in 
modelling approaches to healthcare management problems. Since these 
problems can be defined as multi-objective problems, approaches based on 
multi-agent modelling seem appealing and legitimate further research in 
this direction.  
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Paper I 
 
 

Optimization modelling of hospital operating room planning: 
analyzing strategies and problem settings 

 
Marie Persson and Jan A. Persson 

 
EURO Working Group on OR Applied to Health Services 

Published in Conference Post Proceedings (2006) 
 
 
 
Abstract 
 
There is a growing proportion of elderly which increases the demand for 
health care. As a consequence health care costs are rising and the need for 
hospital resource planning seems urgent. Different aspects (often 
conflicting) such as patient demand, clinical need and political ambitions 
must be considered. In this paper we propose a model for analyzing 
hospital surgical suite with focus on operating room planning. An 
optimization model is developed for patient operation scheduling and for 
key resource allocation. Medical examinations and treatments of patients 
are performed using a number of resources similar like products are refined 
in a number of processes in a logistics chain. Optimal resource allocation 
given different objectives according to patient perspective, staff 
perspective, costs etc. under different system settings (e.g. principles for 
operating room allocation and amount of stand-by personnel) is studied. 
Preliminary results are presented based on case studies from two Swedish 
hospitals.  
 
 



 14

Introduction 
  
Hospital surgical suite is an activity where several different resources have 
to be synchronized in order to achieve efficiency. Many studies have been 
conducted in attempt to optimise health care delivery through the last 
decades, see comments by Lagergren (1998), Riley (1999) and De Angelis 
et al (2003). Scheduling staffs, beds and operating room allocations are 
common optimisation problems that are studied in this field (Beaulieu, 
2000, Kua et al, 2003, Ogulata and Erol, 2003). Various approaches 
including optimisation techniques are used depending on how the problem 
is formulated and possibly separated into different parts. One of the main 
interests of optimizing health care is how the allocation of operating room 
is performed. Previous research focusing on optimizing the surgical suite, 
generally propose strategies to minimize monetary costs and to achieve as 
high patient through-put as possible (Lowery, 1992, Hollingsworth, 2003). 
In this paper, we connect operating room planning mainly to the patient 
perspective, which is not the typical view of this planning task; also 
personnel perspectives and financial aspects are considered. 
 Operating room planning is a complex task which has to consider many 
aspects such as surgeon scheduling, operating team scheduling (included 
anaesthetic personnel), patient related information, (i.e. estimated 
operating time, priority and diagnosis), equipments and surrounding 
activities like intensive care unit etc.  We suggest optimization modelling 
to support allocation of key resources for operating room planning. The 
purpose is to show that this method can serve as a tractable tool for tactical 
planning within this environment. The case study is based on real data 
from Swedish hospitals. 
 In this paper, we first introduce the problem as experienced from two 
hospitals of different types. Then, an optimization model is suggested and 
the generation of input-parameters is presented. Different scenarios are 
created and the result of using the optimization model is presented. Finally, 
conclusions and directions for future research are outlined.       
 
Problem description: Operating room planning 
 
Due to the complexity of operating room planning and the way surgery 
activity affects and are affected by many processes within hospital, it is a 
challenge to find out and analyze the parts which primarily influence the 
surgery activity. In this case study we try to identify primary requirements 
that form the basis to operating room planning. In order to obtain an 
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understanding of the surgery activity from a general point of view, we have 
studied two cases at two Swedish hospitals; 
 

o Blekinge Hospital (Blekingesjukhuset) 
A medium sized hospital (ca. 420 beds). 
Department of general surgery 

o   Universitetssjukhuset) 
A university hospital (ca. 2400 beds) 
Department of cardiothoracic surgery 

 
Blekinge Hospital is a medium sized hospital (for hospitals in Sweden) 
where we study a general surgery department whereas the study at 
Sahlgrenska University Hospital concerns surgery that is specialized and 
which are mostly located at university hospitals.  
 
Surgery planning 
 
The main problem is to map the list of planned patients into an operating 
schedule that meets both patient priority and available resources needed for 
a particular operation while at the same time consider how the total time of 
care is performed, presuming that the objective is to operate on as many 
patients as possible. In this context, it is important to state that disturbances 
of acute operations are not included explicitly in this study. With acute 
operations we mean patients that need immediate operation. Patients are 
given different priorities after medical decisions into three groups;  
  

1. Double priority (Operation needed within 2-4 weeks. Local 
differences) 

2. Single priority 
3. No priority  

The surgical suit is provided with a fixed number of operating rooms. In 
order to perform an operation there are some general requirements; 

-One operating room 
-One operating team consisting of (local differences): 

-  one nurse anaesthetist,  
-  one or two operating room nurses and  
- one or two assistant nurses. In our model, we refer the    
operating team to opening  hours at each operating room.    

-One available anaesthetist (Not considered in this model)  
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-Post operative care. There must be beds available at the ICU 
(Intensive Care Unit) or at the ward. 

In order to handle the priority group 1, the final operation schedule, 
keeping in mind that we in reality are dealing with a rolling horizon, 
usually are made one week at a time. In addition there are typically queues 
of patients that can be operated on if possible.  
 
Department of general surgery 
 
In general surgery, the surgeons are internally divided up into teams 
according to specialty. Table 1 shows se an example of how the surgeons 
are grouped into surgeon teams and how diagnosis/patients can be spread 
among these. Patient 1 represents diagnosis which can be operated on by 
all surgeon teams included all surgeons, so-called standard operation. 
Diagnosis represented by patient 2, require surgical operations handled by 
the surgeons of surgeon team 1. Patient 5 has a diagnosis that requires 
skills that only surgeon 1 and 2 (working in the same surgeon team) have. 
Finally, patient 6 has a diagnosis that only can be treated by surgeon 6 and 
9, but in contrast to the case of patient 5, the surgeons are working in 
different teams. 

Table 1 Surgeon team and patient diagnosis. 
 
Currently, each surgeon team has a fixed number of operating rooms per 
week at its disposal. This is, as far as we know, a common planning 
strategy at many Swedish medium sized hospitals. It is interesting to note 
how the surgeon teams are allocated to the same number of operating 
rooms every week with no considerations taken to how the present patient 
load is distributed among the surgeon teams and the availability of 
surgeons. In addition, surgeons from general surgery departments are also 

Patient 1 Patient 2  Patient 4 Patient 5 Patient 6 

Surgeon team 1 Surgeon 1 ok ok ok
Surgeon 2  ok ok
Surgeon 3 ok ok
Surgeon 4 ok ok
Surgeon 5 ok ok

Surgeon team 2 Surgeon 6 ok ok ok 
Surgeon 7 ok ok
Surgeon 8 ok ok

Surgeon team 3 Surgeon 9 ok ok ok 
Surgeon 10 ok ok
Surgeon 11 ok ok

Patient with example diagnosis 
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scheduled with other duties at ward or consulting-room which complicate 
the scheduling of the surgeons. In order to take surgeon preferences into 
account, surgeons must not operate on two subsequent days in order to see 
patients at ward (operated on the day before) and seeing new patients at 
consulting-room.  
 
Department of cardiothoracic surgery  
 
Due to the “complexity” of operations at cardiothoracic surgery, the 
operating teams are specialized and are only working with cardiothoracic 
surgery. Unlike the surgeons at the general surgery, the cardiothoracic 
surgeons are not as much occupied with other duties. This is explained by 
the fact that there are usually other physicians (generally cardiologists) 
than the cardiothoracic surgeon that are responsible for the medical 
examination and rehabilitation. This enhances the availability of the 
cardiothoracic surgeons considerably compared to the general surgeons 
and introduces greater flexibility in the surgeon scheduling. The internal 
divisions of surgeon teams are employed in the same way as in the general 
surgery. Also principles of how the division of surgeons are related to 
different diagnosis, illustrated in Table 1, are utilized in cardiothoracic 
surgery as well. Central to the cardiothoracic surgery is the ICU (Intensive 
Care Units) that must have resources of beds and staff to handle the need 
of post operative care, i.e. patients transferred from the operating room 
suite. This in turn means that the ward must be able to accept patients 
transferred from the ICU to prevent restriction of patient through-put.  
 
Summary 
 
The operating room scheduling has the same basic principles at both 
hospitals. Temporary schedules are constructed several weeks in advance 
while the final schedules are constructed Thursday or Friday the week 
before. The scheduling is performed manually (without any advanced 
software support). When comparing the two strategies for operating room 
scheduling, the surgeon scheduling at the general surgery is dealing with 
more aspects than in the cardiothoracic surgery. By aspects we mean that 
individual preferences from the surgeons at the general surgery have to be 
considered as for example; not operating on two subsequent days.  The 
static operating room allocation used in the case of general surgery is not 
used in the case of cardiothoracic surgery. The surgeons at the 
cardiothoracic surgery mostly operate during working hours and are not as 
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much scheduled for other duties as the surgeons at the general surgery.  An 
interesting observation related to the operating room planning that is very 
much valid for both of the case studies; the importance of available 
resources at ICU and later at the ward to prevent restriction of patient 
through-put at operating room suite with associated cancellations of 
operations. This could be comparable to how products are refined in a 
number of processes in a logistics chain where resources at the ICU but 
also at the ward must be available in order to fulfil the requirements to 
carry through the operating room schedule. This parallel is sharper in the 
case for Sahlgrenska University Hospital. 
 
Problem formulation 
 
Based on the two case studies, we have identified some key resources that 
we find the most relevant when optimizing operating room planning. Also 
we have identified some rules related to the identified resources that have 
to be considered in order to meet additional non-key requirements.  
 
Optimization Model 
 
Indices and Sets: 
j Index for patient set J, 
k Index for surgeon team set K, 
l Index for surgeon set L, 
m Index for operating room set M, 
t Index for time slot set T. 
 
 
Parameters: 

mta  Available time in surgeon room m in time slot t (when time for potential 
acute operations has been excluded). 

kb  Parameter of how many operating rooms a surgeon team is allowed to 
allocate in the same time slot. 

jc  Cost of not operating on patient j. 

jld  1 if surgeon l is qualified to operate on patient j, 0 otherwise. 

je  Estimated operating time for patient j.  

ltf  1 if surgeon l is available on time slot t, 0 otherwise. 

klg  1 if surgeon l is included in surgeon team k, 0 otherwise. 
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jq  Estimated days of post operative care for patient j. 
 
Variables: 
 

kmto  1 if surgeon team k is allocated to operating room m in time slot t, 0 
otherwise (binary).  

tp  Number of patients transferred from ICU (Intensive Care Unit) in time slot 
t (integer). 

js  1 if patient j is not operated on, 0 otherwise (binary). 

tw  Available beds at ICU (Intensive Care Unit) or the ward in time slot t 
(integer). 

lmtx  1 if surgeon l is assigned to operating room m in time slot t, 0 otherwise 
(binary). 

jmty   1 if patient j is assigned operating room m in time slot t, 0 otherwise 
(binary). 

ktz  1 if surgeon team is operating in time slot t, 0 otherwise (binary). 
 
Objective 
   
The objective of the operating room planning is to operate on as many 
patients as possible with considerations taken to patient priority and 
presented resources available. In our model we have chosen the objective 
function of minimizing the cost of not operating on a patient, which, as far 
as we now, is not the usual way of modelling. The cost parameter is meant 
to represent an estimation composed of a combination of patient suffering 
(related to; diagnosis, time waited for operation and medical priority) and 
public cost (e.g. cost of sickness benefits etc.) and is individual related to 
the patient. Alternatively, by having the cost parameter only representing 
one of the composted issues, one cost perspective could be viewed. 
 
Also, at this moment, we take no considerations to the longer term 
perspective and a rolling horizon, i.e. we are only considering one week of 
planning. 
 
Minimize z = ∑

∈Jj
jj sc  
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Subject to: 
 
Patient can only be operated on once. Also if operation of patient j does not 
occur for the current week, a cost is paid.  
 
∑∑
∈ ∈

−=
Mm Tt

jjmt sy 1         }1,0{, ∈∀ jsj      (1) 

 
Capacity limit, the patients are associated with an estimated operating time 
according to what kind of operation and severity. 
 

mt
Jj

jjmt aey ≤∑
∈

    tm,∀        (2)     

 
Connection between patient diagnosis/operation types, surgeon available: 
 

∑
∈

⋅⋅≤
Ll

lmtltjljmt xfdy        tmj ,,∀       (3) 

 
Aspects of surgeon team and operating room allocation 
 
As described above, the surgeon teams at the general surgery are fixed to 
certain operating rooms and days (time slots) and within these assigned 
time slots and operating rooms, the surgeons within the surgeon team are 
distributed. While at the same time studying the case of cardiothoracic 
surgery, where a dynamic/flexible operating room allocation is employed, 
we provide alternatives within the optimization model for analysis. To 
enable a flexible operating room allocation, we set up limitations for, on 
the one hand; the surgeon teams and on the other hand; the surgeons, to 
operate on two subsequent days by replacing the fixed operating room 
allocation  with either constraints (4a) or (4b). By this, we keep the 
restrictions of having the surgeons free from operative duties the day after 
having operated in order to be accessible to the post operative patients as 
preferable in the general surgery.  
 

1)1( ≤+− kttk zz      tk,∀ , 2≥t      (4a) 
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1)( )1( ≤+∑
∈

−
Mm

lmttlm xx .   tk,∀ , 2≥t      (4b) 

 
Constraints (5) are related to the choice of implicating constraint (4a) and 
they limit how many operating rooms a surgeon team is allowed to occupy 
at the same time.  
 

∑
∈

≤
Mm

kkmt bo * ktz     tk,∀        (5) 

 
Constraint ensuring that only one surgeon team is allowed to occupy an 
operating room in a time slot. 
 
∑
∈

≤
Kk

kmto 1      tm,∀        (6) 

 
Restricting surgeons to only one surgeon team per operating room and time 
slot: 
 

∑
=∈

≤
1: klgKk
kmtlmt ox      tml ,,∀       (7) 

 
Restrict the surgeon to one operating room per time slot. 
 
∑
∈

≤
Mm

lmtx ,1       tl,∀        (8) 

 
Model Extension 
 
One of the main causes to disturbances of operating room planning besides 
unpredictable events of acute operations is the restriction of patient 
through-put in either the ICU or the ward. The possibility of including 
estimated expected post operative care into the optimization model for the 
operating room planning is therefore interesting. In the following 
experiment description, constraint (9) and (10) are not included. 
 
Available ICU/Ward-beds 
 

t
Jj Mm

jmttt wypw =−+ ∑∑
∈ ∈

− )1(   t∀         (9) 
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Patients transferred from ICU/Ward in time slot t. 
 

 
       t∀            (10) 
 

 
We assume that )( jqtjmy −  is a given parameter for jqt −  ≤  0 (i.e. given by 
earlier operations) 
 
 
Operating room scheduling  
 
Based on the two conducted case studies, we analyze the potential of 
optimization modelling for operation room planning to support allocation 
of key-resources. However, we focus on the general surgery and have 
conducted an experiment using the provided model to help analyze static 
versus dynamic operating room allocation. As pointed out above, there is a 
difference in this direction between how the allocation of operating rooms 
and scheduling of surgeon is performed in the two hospitals. The 
experiment set-up and results are further described below. 
 
Experiment 
 
The main outline of the conducted experiment of scenarios is organized 
according to;  

1. Analysis concerning static allocation of operating rooms compared 
to dynamic/flexible allocation of the same.  

2. Extended opening hours of the operating rooms. 
 
When utilizing static operating room allocation, the surgeon teams allocate 
the same number of rooms at the same day (time slot) every week. While 
at the dynamic/flexible approach, employed at the cardiothoracic surgery, 
the surgeons (not the surgeon teams) allocate the rooms and time slots 
according to patient load. This fact gave us the idea of allowing for the 
optimization model to incorporate a choice of the level of flexibility, in 
order to simulate the dynamic/flexible approach also at the general surgery. 
We have modelled (see description of optimization model) so that we are 
free to choose either a static surgeon team allocation, as is utilized in 
Blekinge Hospital, flexible surgeon team allocation by applying constraint 

∑∑
∈ ∈

−=
Jj Mm

qtjmt j
yp )(
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(4a), or the alternative of no team allocation; flexible surgeon allocation by 
applying constraint (4b), utilized in Sahlgrenska University Hospital. 
Constraint (9) and (10) are, as earlier mentioned, not applied in this 
experiment principally because further investigations in how the estimated 
post operative care can be related to the clinic (patient group). 
 We use opening hours for each operating room, denoted default time, 
according to Table 2 below (parameter mta ). Then we extend opening hours 
to 450 minutes on Mondays and Tuesdays in Room 1 to illustrate the 
effects of potential shifts, over-time or flex-time for the staff (operating 
room team). No considerations to availability of staff and beds are taken. 
On Fridays, the time slots are smaller due to staff considerations during 
week-ends.  
 
 Monday Tuesday Wednesday Thursday Friday 
Room 1 350min 350min 300min 300min 200min 
Room 2 300min 300min 300min 300min 200min 
Room 3 300min 300min 300min 300min 200min 

Table 2 Default opening hours 
 
 In order to conduct as relevant experiment scenarios as possible, we use 
input data based on statistics from Blekinge Hospital. The scenarios 
represent one week of operating room planning. The numbers and types of 
operations that apply for operating room admission in the scenarios are in 
ratio to operations performed during the last year at Blekinge Hospital. We 
have chosen the number of 40 patients at each scenario to represent the 
patient queue. No considerations to seasonal variations are taken, if there 
are any. The estimated length of time for each operation, je , is based on 
mean values from real data plus 45 minutes of set-up time (also mean 
value). Also number of surgeons and surgeon teams correspond to the 
approximately amount of available surgeons during one week at Blekinge 
Hospital. In this experiment we use 5 surgeon teams with 3 surgeons each. 
The individual schedules for the surgeons, i.e. what day to operate or to 
have a day-off and so on, are predetermined which together with the fixed 
allocation of operating room constitute basis to current operating room 
scheduling at Blekinge Hospital and is here  denoted; default case. To 
enable flexible room allocation we let the individual surgeon schedules to 
be in a more preliminary state. This implies that the surgeons are not 
scheduled for surgery or other duties until the final surgery schedule is set.  
We let two of the three surgeons always to bee available for surgery. The 
number of operating rooms considered is three, as in Blekinge Hospital, 
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and the time slots representing opening hours per day and room are 
calculated four full-time days, Monday-Thursday, and one half day, 
Friday. The opening hours for each room are in reality describing the 
availability of operating team (not to mix-up with surgeon team). The cost 
parameters jc  are not based on real cases but are here randomized to 
represent patient diagnosis and patient waiting time. Our intention is to 
further develop this value into realistic patient cost parameters.  
 As described earlier, the surgeons at the general surgery often are 
responsible for the medical examination of the patients. In several cases 
this implies the responsible surgeon also to be the operative surgeon, i.e. a 
combination of patient-surgeon that is fixed. This could also be the case 
when some operations require special surgical qualifications. Patients with 
double priority often are contracted diseases with carcinogenic or other 
problematic characteristics which involve additionally needs. In reality, 
this means, the surgeon together with the patient wants to decide what day 
the operation will be performed. To reflect these needs and come as close 
to the reality as possible, we have constructed 6 fixed operations per week 
distributed among all surgeon teams, for the scenarios which are not 
default. This entails increased validity to the suggested dynamic approach, 
and allows us to compare our proposal to the existing system (here; default 
scenarios) of operating room planning. We use 40 patients for admission to 
operating room planning as default. Each patient is assigned a random cost 
between 1-70 except for 6 patients that are assigned the value of 100 which 
will represent the patients that are needed to be scheduled within this time 
frame. This cost is modelled as a penalty to the objective function when the 
patient is not operated on and represents a mix of medical priority, time 
waited and economical aspects. Except for the following described aspects, 
the scenarios use the same system settings for optimization. 
 
 
Results 
 
We have used 4 sets of data input to represent the patient associated cost 
parameter when optimizing. In Table 3 we can first see the minimized 
costs from the default scenarios, i.e. Fixed Allocation. The total computed 
cost results indicate that using a more dynamic/flexible operating room 
planning model is more cost-efficient than the default case. The flexible 
approach implies a general increase in efficiency, i.e. increased patient 
through-put. 
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1 2 3 4 1 2 3 4
Fixed Allocation 157 173 191 117 123 142 153 153

Flexible Surgeon Team Allocation 132 149 150 100 72 72* 83* 42*
Flexible Surgeon Allocation 121 149* 150* 84* 54 72* 83* 42*

Default opening hours  Extenden opening hours

 
Table 3 Minimized cost according to allocation strategy and opening hours. 
 
In the table the asterisk denotes there might exist some better solutions 
since the gap in the branch and bound approach (Cplex 8.1) could not be 
closed within the time limit of 1000 seconds of CPU-time. 
 
Conclusion and Future work 
 
One of the main objectives for this research has been to provide 
optimization modelling to support analyzing operating room planning. 
Although this experiment only shows preliminary results, we have 
demonstrated how optimization modelling can be used for analyzing 
strategies and different settings with respect to resource allocation. The 
experiment was conducted in collaboration with two Swedish hospitals 
which to a certain extent effected the problem formulation. The 
conclusions have to be interpreted with this in mind, e.g. the amount of 
flexibility in allocation depends on the organizational structures and might 
differ between different countries. The results from the experiment are 
demonstrated to Blekinge Hospital with interested reactions. However, we 
are aware of that the model is limited and our intention is to expand the 
model in different directions. For example, further research with 
experiments, with constraints (9) and (10), considering the logistics to 
greater extent are already in progress and will soon be reported. We will 
further study the impact of more representative cost parameter on the 
results. Also, the left-out aspect of operating room planning under 
uncertainty, i.e. acute operations and other events, is very relevant and will 
be considered for future work. Since the size of the operating room 
allocation problem could be very big, we are looking into additionally 
optimization techniques such as decomposition for better and faster results. 
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Abstract 
 
Elective surgery management typically deals with a queue of patients that 
have to be scheduled for operation within a certain time frame considering 
both medical and economic constraints. In order to prevent the patient 
queue and waiting times from growing, surgery management has to decide 
whether to temporarily increase patient throughput at the regional hospital 
or have some patients scheduled for surgery at another hospital. In 
Sweden, there is a newly passed law stating that patients that have been 
decided upon surgery should not have to wait more than ninety days before 
this surgery is carried out. This implies that, if a patient decides to apply 
the new law by requesting surgery within ninety days, the regional hospital 
is obliged to arrange and pay for either in-house surgery or surgery at 
another hospital. In this paper, we suggest an approach using simulation 
including optimization for modeling surgery management decisions. We 
study a case based on data from a General Surgery Department at a 
Swedish hospital and present our results as a health economic evaluation. 
The results indicate an increase in the mean waiting times for medium 
prioritized patients when the new law is applied. 
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1 Introduction 
  
The health care of today is working under both medical as well as 
economic pressure. Along with the improvements in medical science the 
medical treatments get increasingly complex. Different parts of the patient 
treatment have to be synchronized, combined and organized in order to 
achieve a sufficiently good outcome. In order to strengthen the patient’s 
position, the Swedish government has recently passed a law stating that 
patients that are scheduled for surgery (elective surgery) can only be put on 
hold for ninety days or less before the surgery is conducted; if this is not 
possible at the regional hospital, the management is obliged to arrange and 
pay for surgery at another hospital. This fact exercises great pressure on 
the organizational activities within the hospital and motivates further 
investigation by the research community. The purpose of the paper is to 
introduce a simulation model to be used for analyzing connections between 
surgery management decisions, available resources and the environment 
(e.g. the recently passed law). In accordance to the case that has been 
studied, we here assume emergency patients (emergency cases) to be 
handled separately and because of this assumption that group will have no 
major impact on the management of elective surgery from an economic 
perspective.  
 
In particular, it is interesting to study how the recently passed law effects 
the surgery management and how this in turn influences the patient queues 
and patient waiting times. Throughout the last decades, applications of 
simulation and optimization techniques in health care have become 
increasingly wide spread (Jun.et.al., 1999; Lagergren, 1998). Operating 
room planning and scheduling is a commonly addressed problem that often 
is either modeled with simulation (Lowery, 1992) or optimization 
(Ogulata, 2003, Ozkarahan, 2000; Vissers et al., 2005). One of the main 
contributions of this paper is a method that combines optimization for 
operating room scheduling with a simple simulation to enable analysis of a 
rolling time horizon. The purpose of using optimization is to get a suitable 
way of modeling the current planning in particular the future scheduling 
given changes in policies and resources and the method also provides an 
opportunity for economic evaluation in relation to management decisions 
and policy choices. 
 
Health economic evaluation is based on comparative studies where several 
courses of actions are analyzed in terms of monetary costs and other 
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consequences, (Drummon et al., 2005). The evaluation can be viewed as a 
choice of different treatments or health care programs with associated costs 
and consequences. There are some examples of the use of optimization 
techniques for this type of analysis in health care. As an example, Sendi 
and Al (2003) use an integer programming approach to reach optimal 
budget allocation given different costs and effects related to different 
treatment alternatives. They use a model for finding the best mix of 
treatments in relation to different compositions of patients and different 
assumptions of budget requirements. Similarly, in our model the 
optimization is used to find the best mix of operation alternatives, here 
represented by; the choice of when to operate and where; at the local 
hospital or at another hospital (out-sourced operations), given different 
scenarios of patient queues. In addition to the requirements of a medical 
priority and time waited, the model also has to cope with the requirement 
of meeting the demand from the recently passed law described earlier in 
this section. The introduced optimization model and its scheduling 
decisions represent a rather knowledgeable and rational planner of elective 
surgery. 
 
2.  Department of general surgery 
 
A department of general surgery in Sweden (elective surgery) deals with a 
waiting list of patients with different surgical diseases and medical 
priorities. The priority of patients (for elective surgery) is generally divided 
into three priority groups where priority one corresponds to the patients 
that need surgery within one or at the most two weeks, priority two 
corresponds to patients that need surgery within four to eight weeks and 
finally priority three (no priority), corresponds to patients that need surgery 
within a “reasonable time frame”. The waiting times corresponding to the 
third priority varies according to how many patients waiting with higher 
priority (priority one and two). Hence, the patients with medical priority 
three are the patients that are most probable to request surgery at another 
hospital according to the new law. From now on we refer to  
the patients that get surgery at another hospital in order to comply with the 
law of a maximum time limit of ninety days as out-sourced.  
 
Usually, the department of general surgery, is divided according to surgical 
specialty where each specialty usually controls, or is assigned, a defined 
number of operating rooms with attendant resources, i.e. anesthetists, 
nurses etc. In practice, this means that each surgical specialty has its own 
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patient queue to manage where patients are selected and scheduled for 
operation with respect to medical priority, time waited and resources 
available. The operating schedule is gradually completed one week at a 
time in a rolling time horizon of about four to six weeks (see section 3.1 
below for further discussion about this). After surgery, the patients stay at 
the recovery unit for post operative probation during a couple of hours (on 
the condition of no major complications). Hereafter the patients are 
transferred to the surgery ward for post operative care before they are 
discharged. How long the patients remain in the ward varies according to 
type of operation, patient condition etc. Hence, in addition to available 
operating rooms, the selection and scheduling of patients is also affected 
by the availability of beds at the surgery ward, see Figure 1 for an 
illustration of patient flow.  
 

Patient Arrival Patients out-sourced

Patients discharged

Patient queue

Operation

Post operative care 

 
 
Figure 1.  A graphical illustration of patient flow.  
 
 
3. Simulation 
 
The simulation represents patient and operating room scheduling as well as 
resource allocation related to surgery over time. The simulation system is a 
rather simple discrete event simulation, for which the state variables are 
changed at separated points in time (Law and Kelton, 2000). 
 
Every simulation step starts with the generation of instances of patients and 
these instances are added to a queue. Considering the patient queue and 
resources available, an optimization model, representing the scheduling 
made by elective surgery management, determines an operation schedule. 
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In this experiment, we have chosen to let one simulation step represent one 
week of time. The length of the time steps could easily be changed in order 
to match different purposes of potential analyses. 
 

Patients are randomly
generated. The patients are 

added to a queue.

Updated patient and resource
information due to time step.

Patients are removed from the queue
if scheduled for surgery the first week

of the operting schedule.

Patient are removed from the queue 
(here with a

probability of 0.1) if not being
scheduled for surgery within twelve

weeks. 

Scheduling 
(using optimization model)

Updated 
parameters

New schedule

New time step

 
Figure 2. Representing sequential simulation behavior at each simulation step. 
 
The patients are each modeled with an ID, a type of surgery, an estimated 
surgery duration, the estimated days of post-operative care, a medical 
priority, a date of arrival (i.e. the date of admission). For every step in the 
simulation, the patients are updated and new patients are randomly 
generated according to a Poisson distribution (with a parameter λ 
associated with the patient category of expected number of patient arrivals 
based on the weekly mean, here calculated from one year of patient 
arrivals) and added to the queue. The scheduling of patients is model 
considering the number of opening hours per day per operating room, and 
the beds available at post operative care. The surgery ward has a limited 
number of beds but can increase the number to some extent when 
necessary to a penalty of cost. Patients scheduled for surgery must also be 
assigned an available bed for post-operative care. New patients arrive and 
are added to the patient queue. A new operation schedule is created 
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followed by updating the post-operative care and the simulation step of the 
described process is re-iterated. For a description on what is happening at 
each simulation step, please refer to Figure 2. 
Selected patients, according to the schedule, are assumed to be operated 
and handled by post operative care. By post operative care, we refer to the 
surgical ward and not to the recovery unit. After being scheduled for post-
operative care, the patients are deleted from the queue. Some of the 
simulated patients that have not been selected for surgery for at least 
twelve simulation steps are also deleted from the queue in order to 
represent operation out-sourcing by application of the new law. These 
patients are randomly selected, here with a probability of 0.1 in each 
simulation step (week). 
 
  
3.1 Patient scheduling and cost 
 
The time horizon scheduled at every simulation step could vary but in this 
experiment it is set to four weeks. The patients scheduled for operation 
during the first week in the four-week time frame are withdrawn from the 
patient queue and are considered as operated. These patients are also 
scheduled for post-operative care. That is, we do not model the uncertainty 
with respect to for instance patient diagnosis change, i.e. patient conditions 
can get worse or even die, also patients can recover. The patients scheduled 
for operation during the three last weeks in the four-week time frame are 
still in queue but keep their appointed times for operation in schedule when 
the three last weeks become the three first weeks in the schedule after 
moving one week forward and so o (see figure 3). They are only 
rescheduled or cancelled with an associated penalty of cost.  
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Figure 3. At each simulation step the time frame is moved one week further. The first 
week of the four week time -frame is  considered as final, i.e. the scheduled patients are 
considered as operated, and the other three weeks become the tree first  weeks at the next 
step where a new four week –time frame of schedule is compiled. 
 
Hence, in the simulation we consider the patient related costs (out-sourcing 
costs and patient rescheduling/cancellation costs) and operation costs 
(extra bed costs and overtime costs). In the scheduling, these costs and 
additional costs for taking priorities, expected sufferings are also accounted 
for. In the scheduling, these costs and additional costs for taking priorities, 
expected sufferings are also accounted for. 
 
We use an optimization model for modeling the elective surgery 
scheduling, i.e. deciding which patients to operate the next week and which 
patients to plan for the four forthcoming weeks. The scheduling is based on 
medical priority, time spent in the queue and available resources such as 
operating rooms, surgeons, post operative beds and additional costs. 
Further more, the model needs to be able to meet requirements related to 
the new law.  The general aim is to schedule and operate as many patients 
as possible given restrictions related to available resources and the budget. 
In the case of a scarcity of resources, implying that all patients can’t be 
operated on, medical priority and time waited in queue need to be 
accounted for when scheduling. In the model the “true” hospital associated 
costs of using resources outside the ordinary workforce like overtime pay 
and the use of extra beds at ward are included. Furthermore, expected true 
costs, such as, patients making use of the new law (out-sourcing) also need 
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to be accounted for when scheduling (denoted cost B below). Based on 
control priorities for different patient groups, we here also assign each 
patient a cost of not being operated which is a cost related to the patient 
“need and suffering” (denoted cost A below). In order to reflect how the 
patient associated costs relate to the time waited for operation, both cost A 
and B are gradually increased during simulation.  
 

A. The cost related to patient need and suffering is of course very 
difficult to estimate. In this experiment we let the patient need and 
suffering correspond to the medical priority together with the time 
waited for surgery, where the cost increases non-linearly with time 
waited. Patients with higher medical priority have a faster growth 
of cost.  The cost curve is given by the estimated cost of suffering 
for not operate on a patient or to procrastinate the operation. The 
cost is based on the patient medical priority and is denoted prioc . 
The cost grows with time according to weekprioc #)1( α+ , where α  is 
an increase factor and week#  is the number of weeks patients have 
been waiting for surgery.  

 
B. The cost of out-sourcing is taken from a nationally applied list that 

specifies the cost of having a patient operated at another hospital in 
Sweden. The price varies according to type of operation and 
estimated complication level. In this paper, we assume 10% of the 
eligible patients according to the new law (i.e. patients waited more 
than twelve weeks) to request for operation according to the new 
law. Since the law is newly introduced and there are still no 
available statistics on how patients will respond to making use of 
the new law, this figure is an estimate. Hence, we assume the 
surgery management to calculate the out-sourcing costs based on 
that assumption.  
When a patient has waited twelve weeks for surgery, the cost, 
denoted typec , representing 10% of the full cost for a particular 
operation is added. This cost is then linearly increased with 10% of 
the full cost at every simulation step according to )(# weekctype , 
where week#  is the number of weeks (besides the twelve weeks) 
patients are waiting for surgery. In Figure 4, is an illustration of 
how the cost parameter is related to one patient. 
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Figure 4.  Costs of both type A and B for one patient, of priority 2. Cost B depends on 
type of surgery the patient is planned for whereas cost A depends on the medical priority. 
  
In Figure 4, we can see two examples of how the total cost parameter 
evolves over time and how the conditions are changed when computing 
operating schedules to a minimization of cost. It should be observed that 
the operating scheduling is performed according to opening hours a day, 
i.e., the time step is more detailed comparing to the time step in the 
simulation which is one week.  
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Figure 5. Patient related cost  of need and suffering increases according to the time waited 
and medical priority. A patient with priority 2 has arrived later than a patient with priority 
3 but his/her related cost increases faster. At week nine, the two cost curves are crossed 
and the cost related to the patient of priority 2 has become higher than the other.  
 
How fast the total cost increases depends on medical priority and type of 
operation, i.e. price of outsourcing a particular type of operation, (see 
figures above, cost A and B), and differs from patient to patient. This 
means that the cost related to patient need and suffering increases in 
relation to different diagnosis (different diagnosis implies different medical 
priority). We assume some types of operations to be more afflicted with 
waiting times than others, i.e. higher medical priority are modeled with a 
faster growth of cost. The purpose is to make sure of a relative distinction 
between waiting times in the beginning of the operation schedule and 
waiting times in the end of the operation schedule.  In addition, a cost is 
considered whenever a scheduled operation is cancelled or rescheduled. 
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3. 2 Optimization Model  
 
In the previous section we have described the two types of costs which are 
associated to each patient. The objective function of minimizing this cost is 
modeled according to:  

1. the cost of not operate on a patient. Corresponds to the selection of 
patients from operation queue (waiting list) at each simulation step. 
If a patient is not selected for surgery, we assume the patient to be 
scheduled for operation within the subsequent four-weeks period 
and a penalty of the cost (of both type A and B) taken four weeks 
later according to the cost curve is paid. The penalty increases for 
every simulation step (see Figure 4 and 5). 

2. the cost related to when to operate on a patient (of both type A and 
B). Corresponds to control which patients should be scheduled in 
the beginning of the operation schedule. Less cost is paid in the 
beginning of the schedule. The cost increases for every simulation 
step (see Figure 4 and 5). 
 
 

Further more, the objective function minimizes hospital related costs 
according to: 
– the cost of using extra beds for post operative care.  
– the cost of having staff working over time. Over time is divided 

into single and double over time. Single over time refers to the first 
hour working over time where as double over time refers to 
working over time more than one hour and is twice as much paid 
for as single over time. 

 
 
Indices and Sets: 
 
a Index for surgery ward set A;  
j Index for patient set J; 
m Index for operating room set M; 
n Index for patient(operation) category set N; 
p Index for time periods (weeks) in the scheduling set P = {1,.., p }, 

where p  is the number of time periods in P. 
t Index for time slot (days) set T, where T= {1,..,|T|} = {1,..,|P|* t }, 

where t represents the number of time periods in T (days) per time 
periods in P (weeks). 
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Parameters: 
 

mta    Number of opening hours at operating room m in time slot t. 

amb  1 if operating room m belongs to surgery ward a, 0 
otherwise. 

type
jpc    Cost related to type of operation. Increases over time. (Cost 

B     in Figure 3) 
prio
jpc  Cost related to an estimation of patient need and suffering.  

 Corresponds to medical priority and increases over time. 
(Cost A in Figure 3) 

njd    1 if patient j belongs to category n, 0 otherwise. 

je     Estimated operating time for patient j. 
1_restrf   Single over-time availability restriction. 
2_restrf   Double over-time availability restriction. 

mng    1 if patient category n can be operated in operating room m, 
0     otherwise. 

jmth  1 if patient j is scheduled for operation in operating room m 
at time slot t, 0 otherwise.    

jq     Estimated number of post operative days for patient j. 
1_overtc    Cost of one hour single over-time. 
2_overtc   Cost of one hour double over-time 

cancelc    Cost of cancel an operation. 
schre

pc _    Cost of re-schedule an operation in time period p. 
extrac    Cost of utilizing one extra bed at surgery ward. 
avail
atu  Number of ordinary utilization of beds at surgery ward a at 

time slot t. 
extra

atu max_   Number of maximum utilization of extra post operative beds 
at     surgery ward a in time slot t that is permitted. 

occup
au  Number of occupied post operative beds from patients 

operated the previous period and post operative admitted to 
ward a. 

delete
atu    Number of patients leaving surgery ward a at time t. 
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Variables: 
 

js    1 if patient j is not operated during period, 0 otherwise. 

atu    Number of post operative beds occupied at operation ward a  
   at time slot t. 

extra
atu  Number of extra post operative beds utilized at ward a at time 

slot t. 
mtv   Number of single overtime hours in room m at time slot t. 

mtw   Number of double overtime hours in room m at time slot t. 

atx    Number of patients discharged from surgery ward a at time slot 
   t. 

jmty   1 if patient j is operated in operating room m in time slot t, 0  
   otherwise. 

schre
jpy _   1 if patient j is re-scheduled in time period p, 0 otherwise. 

jz    1 if patient j is cancelled from schedule, 0 otherwise. 
 
 
Minimize z =  
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Constraint (1) specifies that patients can only be scheduled for operation 
once and forces the variable js  to become one if patient is not operated. 
Constraint (2) balances the estimated time for operations scheduled with 
opening hours at the operating theatre included overtime. Constraint (3) 
enforces patients belonging to a certain surgery category to be scheduled 
for operation at operating rooms that is adequate for operations related to 
that particular category. Constraints (4) and (5) controls the post operative 
care, i.e. make sure that there is available beds for patients scheduled for 
operation. Constraint (6) connects patients scheduled for operation from 
one simulation step to the next simulation step and keeps track of possible 
cancellations.  
Constraints (7)-(9) define restrictions related to overtime and constraint 
(10)-(11) concern the possibility of utilizing extra beds at surgery ward. 
Finally, in constraint (12) we initialize number of post operative beds 
occupied and utilized from the previous simulation step. Hence, constraints 
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(6) and (12) are set to handle data transfer from one simulation step to the 
next. 
 
 
4. Blekinge Hospital Case 
 
We illustrate the presented methodology using a department of general 
surgery at a medium sized Swedish hospital. We base our study from data 
collected at the specialty of urology, incorporated in the department of 
general surgery at Blekinge Hospital. In total the department of general 
surgery operates approximately 3500 patients a year where about 40% is 
assigned to the urology specialty. The planning and scheduling of 
operations is conducted in a rolling time horizon where the current known 
operations gradually are planned and the schedule is gradually filled when 
the patients appear. The patients are customary divided into three priority 
categories where some of the patients (patients with priority three) may not 
be scheduled for operation within the current time horizon. The final 
schedule for operations has a time frame of one week and is generally 
decided on Thursday/Friday the week before. This is to facilitate 
preparations at the anesthesia department. The operating theatre has two 
operating rooms available for urology operations from Monday to Friday 
with each operating room connected to one of the two surgical wards. This 
is due to the fact that the operating theatre is located in two separate 
buildings. There are two coordinators working with the patient queue and 
planning of the operations. Together with surgeons and the anesthesia 
department they decide upon the final operation schedule. 
 
4.1 Hospital Costs 
 
The cost of overtime is based on Swedish collective agreements and 
average salaries of the personal categories generally working in one 
operating room, i.e. one operating-room nurse, one anesthesia nurse and 
one assistant nurse. The price of utilizing extra beds for post-operative care 
at surgery ward is difficult to estimate and is here based on the principle 
that one extra bed is not as costly as bed number two. We assume that one 
extra bed can be managed by ordinary staff, while more than one extra bed 
requires extra staff implying extra costs.  
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4.2 Patients 
 
Patient related costs is, as earlier mentioned, divided according to type of 
operation (out-sourcing) and patient need and suffering. The price list of 
out-sourcing can be provided by the county council of Blekinge. The 
principles of how to price patient need and suffering, i.e. here medical 
priority, seems much more difficult. The cost related to patients of priority 
one is very high in order to make these patients prioritized and scheduled 
at the beginning of the schedule. The costs related to priority two and three 
are tuned so that the cost relations corresponds to the view of surgery 
management. Below we present the estimates related to how the different 
cost curves grow, see also section 3.1. 
 

1. Priority 1 
400000=prioc , 

5.0=α  
2. Priority 2 

2500=prioc , 
25.0=α  

3. Priority 3 
1000=prioc , 
1.0=α  

 
These values have also partly been validated through comparison of 
results, i.e. waiting times. The cost parameter can easily be changed in 
order to reflect different views. In cooperation with nurses and doctors 
from the case studied, we have distinguished 7 categories of main types of 
surgery managed at the specialty of urology. Each category is connected to 
one or several priority groups as follows;   

1. Orchiectomy - priority 1 
2. Nefrectomy - priority 1 
3. TUR-B (Trans-Uretal Resection of the Bladder) - approx.70% 

priority 2 and 30% priority 3 
4. Radical Prostatectomy - priority 1 
5. TUR-P (Trans-Uretal Resction of the Prostata) - approx. 70% 

priority 2 and 30% priority 3 
6. Percutaneous Stone Extraction - approx. 70% priority 2 and 30% 

priority 3 
7. Others – approx.25% priority 1, 50% priority 2 and 25% priority 3. 
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Surgery Cost Mean arrival

1 33 000 0.37
2 126 000 0.33
3 126 000 1.57
4 42 000 0.87
5 35 000 9.38
6 28 000 0.89
7 20 000 0.94

 
Table 1. Out-sourcing cost and mean arrivals of patients per week. 
  
Data of patient arrival (in reality; patient admission to the surgery waiting 
list) has been difficult to obtain and an approximation of number of 
patients from each category annually operated have been used for this 
purpose. Based on the annual distribution of categories operated at 
Blekinge Hospital, a Poisson process has been used for patient generating.  
 
 
5 Experiment 
 
The purpose of the experiment is to illustrate the use of the suggested 
method and provide some results of how patients are scheduled when 
applying the new law. Mainly, we are interested in studying potential 
patient queue changes and changes in costs due to the law. The experiment 
is basically set-up according to the scenarios of surgery planning as before 
the law is applied and after the law is applied. The health economic aspect 
is considered by a comparative analysis of finding the best mix of surgery 
alternatives where relevant real costs are considered. 
We let the simulation warm-up period be 20 simulation steps in order to 
reach a steady state. The total length of simulation excluded the warm-up 
period is 52 simulation steps, representing one year. Each simulation step 
represents a week and a week has seven time periods (working days), i.e.  
t  is set to seven.  
 
Scenario 1. models the steady state of patient queue and no law applied. 
The cost parameters related to the patient need and suffering are tuned so 
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that the waiting times correspond to the actually waiting times at the Dep. 
of Urology at Blekinge Hospital. This can be viewed as a validation 
scenario. 
Scenario 2. models the steady state of patient queue with the new law 
applied. In addition to the cost parameter from scenario 1 (Cost A, need 
and suffering), the cost parameters representing the cost of operation out-
sourcing are added (Cost B). 
 
The results of the mean waiting times, given the available recourses and 
patient demand in the scenarios, as in the case of Blekinge Hospital, are 
presented for in Table 2. The simulation results show the mean values from 
10 separate runs for each scenario. Interestingly the mean waiting time for 
patients of priority group two increases when applying the new law, i.e. it 
increases in Scenario 2. This, presumably by competition from patients of 
priority group three when the cost of out-sourcing is included. The method 
demonstrates that we are able to quantify the effects on the mean waiting 
times when applying the new law. As expected the mean waiting time 
decreases for priority group three when applying the new law and no 
significant changes occurs for patients of priority group one.  

Scenario 1 Scenario 2

Prio 1 Prio 2 Prio 3 Prio 1 Prio 2 Prio 3

0.0 6.0 31.3 0.0 8.0 15.2

Stand.Dev. 0.0 1.2 1.9 0.0 0.3 0.8

Mean waiting 
time (weeks)

Table 2. Computed mean waiting times and its standard deviation in weeks (simulation 
steps) from 10 separate simulation runs for each scenario. 
 
In Table 1. we present the different costs obtained from the experiment. 
Mean out-sourcing costs are included in Scenario 2 which reaches almost 2 
million SEK. The over time pay and estimated costs for surgery 
cancellation are almost the same in scenario 2 as in scenario 1. The cost 
results show rather large dispersions between the different simulation runs 
that partly could be explained by a rather high variations in surgry related 
out-sourcing costs, i.e. some surgeries are much more expensive than 
others. This together with variations in patient arrival may cause periods of 
rather high costs of out-sourcing. 
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Scenario 1 Scenario 2

over time cancel. cost os. cost over time cancel. cost os. cost

Mean 303 000 2 363 000 0 303 000 2 345 000 1 970 000

Stand.Dev. 8000 317 000 0 11 000 332 000 685 000

 
Table 3. Computed mean costs of; over time, cancellation and out-sourcing from 10 
separate simulation runs for each scenario. Costs in SEK. 
 
The mathematical optimization model is solved by using Cplex 9.0. The 
simulation is implemented in Java and the total time consumed simulating 
one scenario is approximately 45 minutes. 
 
 
6. Conclusion & Future work 
 
A method based on optimization and simulation for analyzing the effects 
of different surgery management decisions has been presented. The method 
has shown being able to analyze a case of general surgery at Blekinge 
Hospital. In particular, it has been shown how the method can be used for 
analyzing effects of the new law assuring (or at least offering) patients to 
have surgery within ninety days. The result of this analysis indicates that 
the mean waiting times for patients with medical priority 3 is reduced with 
approximately 16 weeks, however the costs for out-sourcing is added and 
the mean waiting times for patients with medical priority 2 increases with 
almost 2 weeks.     
 
The presented method: including a simulation approach and an 
optimization model, is rather general, i.e. parameter values can be changed, 
constrains and variables can be removed or added. Hence the method has 
the potential to be used in a number of types of analyses. For instance it 
can be used for analyzing connections between overtime, hiring extra staffs 
and outsourcing, particular in the case of non constant demand of surgery 
(e.g. seasonal fluctuations). To extend the health economic aspect, built in 
restrictions related to budget etc., could be implemented and included to 
the analysis. 
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There are stochastic characteristics in the resource allocation and surgery 
scheduling problem which can be addressed using the method suggested. 
For instance could the management of emergency surgeries in relation to 
elective surgery be studied, e.g. how much and of which type of different 
surgery resources should be allocated to emergency surgery. 
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Abstract 
 
The healthcare sector continuously struggles with the problem of planning 
under uncertainty. The uncertainty mainly stems from not knowing when 
and how many patients will appear and their diagnosis. At surgery 
departments, policies are used to allocate resources dedicated to elective 
patients, emergency patients and for patient prioritisation. These policies 
have a great impact on the performance of operating theatre and hence, 
need to be studied further. In this paper we analyse the operating room 
planning for a department of orthopaedic surgery, focusing on the problem 
of balancing operating room resources to meet the demand of both elective 
surgeries and emergency surgeries. With a discrete-event model we 
simulate how different management polices concerning the allocation of 
resources, with respect to the uncertainty of patient arrival and surgery 
duration, affect the average waiting time and the utilisation of emergency 
resources. The experiments show that the resource allocation could 
improve the performance of the operating theatre significantly by applying 
some minor changes to certain management policies. Moreover, the 
developed simulation model provides estimates for a what-if situation 
related to the prognosis of an increasing number of hip-joint replacements. 
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1. Introduction 
 
In this work we use discrete event simulation to study the impact of the 
irregularity of patient arrival and surgery duration in order to better analyse 
the performance of operating theatre subject to different management 
policies and future scenarios. Operating theatre performance concerns 
various aspects such as cost, patient waiting time, resource utilisation, 
patient through-put, surgery cancellation, surgery delay and staff overtime 
work and many of these aspects are more or less inter-connected. 

Generally, the elective resources of operating rooms are separately 
allocated by the different surgery departments (operating disciplines), i.e. 
general surgery, orthopaedics and gynaecology, in contrast to the 
emergency resources which are shared between the different departments. 
The level of urgency related to the emergency cases is usually recognised 
to be higher when it concerns surgeries related to general surgery or 
gynaecology and less related to orthopaedics. Often the orthopaedic 
emergency cases could wait 24 hours before surgery without any medical 
complications. This entails that the other emergency cases are given 
priority and that the orthopaedic emergency surgeries often have to be 
cancelled or forced to wait. As a consequence an orthopaedics department, 
that we study, is assigned operating room resources to handle both elective 
and emergency cases, i.e., manage emergency cases separate from the 
other emergency cases, (emergency cases of general surgery and 
gynaecology). The assigned resources therefore have to be divided 
between both the elective and emergency surgeries related to the 
orthopaedics.  

With the developed simulation tool, we let one simulation run 
correspond to 364 days and use probability distributions based on historical 
data to generate the stochastic patient arrivals and demand of surgical 
procedure-times. We elaborate on how the operating room resources 
related to the department of orthopaedics should be allocated between the 
emergency and elective surgeries to improve the performance of operating 
theatre. Moreover, we provide an opportunity to investigate and analyse 
what-if situations. The number of orthopaedic surgeries has in general 
increased along with technological and medical advances. Today, some 
orthopaedic surgeries are performed that would not have been considered 
five to ten years ago. For instance, one of the presented scenarios 
represents a 30% increase of hip-joint operations which is one type of 
surgery that increases substantially. A prediction of how such an increase 
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could influence the performance of the current operating theatre in relation 
to different policies for operating room planning is also demonstrated. 
 The applications of discrete-event simulations in healthcare have 
increased considerably in the recent years (Jun et al., 1999). Simulation 
techniques provide a range of possibilities for analysis, for instance, 
performance analysis, to respond to what-if questions and examine 
potential consequences due to policy changes. The literature reports on 
several studies which analyse the performance of medical clinics, i.e. 
emergency departments, operating theatres, geriatric departments and 
outpatient clinics, which are related to the healthcare management area and 
which uses simulation techniques (Jun et al., 1999; El-Darzi et al., 1998; 
Gunal and Pidd, 2006; Rohleder et al., 2007, Taylor et al., 1998). 
Examples of performance metrics, in context of operating room planning 
are: cost, patient through-put, waiting time, over-time work or idle 
operating room time. Hence some or all of these metrics are commonly 
addressed for performance analysis of the operating theatre. Moreover, 
there are several studies in quantitative modelling exploring the uncertainty 
(uncertainty related to surgical procedure time and patient arrival), and its 
effects, in which the operating room planning is working under (Denton et 
al., 2006; Denton etal., 2007; Ferrin et al., 2004; Dexter et al., 1999)   

This paper is organised as follows. Section 2 introduces the studied 
problem and we then present our approach in Section 3. This is followed 
by Section 4 in which the simulation model and results are reviewed. The 
last section features conclusions and some pointers to future work. 
 
 
2. Problem Description 
 
As described in the Chapter 1, the department of orthopaedic surgery 
which we have studied controls and allocates the resources of operating 
rooms for both the elective and emergency surgeries. Considering the 
varying patient demand related to on one hand the uncertainty and on the 
other operating theatre performance (i.e. stable waiting times, decreased 
cancellations etc.), an analysis to assist in management decisions related to 
the operating room planning with respect to emergency and elective 
resources is motivated. 
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2.1. Emergency vs. Elective 
 
The problem (illustrated in Figure 1) is to find out how much of the 
resources that should be reserved for emergency resources, i.e. how much 
of the resources should not be scheduled with elective surgeries, in order to 
meet the demand of emergency cases and still having an eligible utilisation 
of the resources to reduce waiting times. To reduce idle time at the 
operating room, stand-by patients are admitted when resources are 
available. These patients are offered a stand-by time for surgery to reduce 
their own waiting time. A stand-by patient is prepared for surgery at home 
(or at work) and called upon when an opportunity occurs. We assume there 
are a sufficient number of patients that accept the stand-by offer.  
 

Operating Room Resources

Elective Emergency
 

 
Figure 1. An illustration of the problem related to balancing the allocation of emergency 
vs. elective operating room resources.  
 
2.2. The Department of Orthopaedics Surgery at Blekinge Hospital    
 
The department of orthopaedics surgery at Blekinge hospital is assigned 
two operating rooms to manage emergency and short-term elective 
patients, i.e. patients preferably operated within 24 hours and the latter 
within 4 - 6 weeks. The remaining, long-term elective patients are 
managed within another setting and are therefore not included in this study.  
Presently, the policy for allocation of operating room resources between 
elective and emergency during the week (here, Mo - Thu) is approximately 
as depicted in Figure 2. On weekdays, the elective surgeries are using 
operating room 1 and about one third of operating room 2, why two thirds 
of operating room 2 are reserved for emergency cases. During the weekend 
(here Fri – Su) there is just one operating room available which is reserved 
for emergency cases, i.e. no elective patients are booked here. 
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Surg. 4

OR 1

OR 2

Emergency Resources

SlackMonday - Thursday

OR 2

Emergency Resources

Friday - Sunday

 
 
Figure 2. Demonstrates operating room resources on a daily basis.   
 
Considering the total number of orthopaedic surgeries and the mean 
surgical procedure time during one year, the allocation of resources seems 
to be well-aligned with the actual demand in terms of the number of hours. 
However, the distribution of these hours does not necessary correspond to 
the demand on a daily basis (referring to the uncertainty as described in 
previous chapters) and a more exhaustive investigation would be suitable 
for performance analysis.  
 
 
3. Approach 
 
As a simulation model provides estimates of some properties of system 
performance under a set of given constrains, we propose a discrete-event 
simulation to analyse the efficiency of the department of orthopaedic 
surgery with respect to the uncertainty of patient demand and surgery 
procedure time (Law and Kelton, 2000). We compose a queuing system 
which includes three characteristics expressed by (El-Darzi et al., 2000): 

• arrival process – here, patient arrival 
• service mechanism – here, operating room policies 
• queuing discipline – here, patient priority and waiting list 

 
Arrival Process 
 
The patient arrival is described by a Poisson process with a parameter λ 
associated with expected number of patient arrivals of each type of surgery 
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(i.e. exclusively orthopaedic surgeries) based on the daily mean, here 
calculated from historical data of one year of patient arrivals.  
 
Service Mechanism 
 
Policies related to the operating room management concerns allocation of 
resources (elective, emergency), directions for stand-by patients, overtime 
policies, surgery cancellation policies and surgery delay policies. The 
expected surgical procedure times are based on a particular type of surgery 
and its mean, calculated from historical data, i.e. all surgeries of a 
particular type of surgery performed during one year. 
 
Queuing Discipline   
 
Patients included in this study are those given medical priority 1 and 2. 
Here priority 1 represents emergency patients and priority 2, patients 
needing surgery within 4-6 weeks (elective). The decisions taken to 
determine which elective patients to select for surgery is modelled by an 
optimisation model in a slightly modified FIFO (first in, first out) manner. 
Strict FIFO is too crude for modelling queuing (prioritisation) since the 
different patient surgery durations make that principle less efficient than 
the real world prioritisation. Hence, we model the queuing as a bin packing 
problem (the bin represents an operating room resource in a certain day). 
We use the objective function of minimising the cost of not operate on a 
patient. We use a patient related cost which increases with waited time, and 
hence, the principle of FIFO is partly accounted for. The increase is non-
linearly according to weekc #)1( α+ , where c is the cost, α  is an increase 
factor and week#  is the number of weeks the patient has been waiting for 
surgery. Stand-by patients deviates from the queuing discipline of FIFO in 
order to make better use of the resources. The emergency cases are 
scheduled for surgery within 24 hours.  
 
 
4. Simulation Model and Results 
 
We use discrete event simulation combined with optimisation to model the 
system of patient arrival, surgery operations and surgery duration. The 
rules related to the planning and scheduling of the surgery operations are 
represented by constraints in an optimisation model as described above. A 
detailed account of the optimisation model is attached in Appendix. Each 
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operating room, here 1 - 2 depending on the day of week, acts as a server 
with service times exponentially distributed related to surgery type. The 
servers supply a queuing system that exhibit the characteristics of a 
combination of FIFO and medical priority, hence the simulation system 
can be referred to an M/M/2 – system (Law and Kelton, 2000).    

Every simulation step, here representing one day in time, starts with 
the generation of instances of patients (each patient is instantiated with a 
cost parameter that increases through the simulation as explained above) 
which are added to a queue. Considering the patient queue and resources 
available (see Chapter 2.2), the optimisation model determines the 
operation schedule. The schedule has a four week time-frame and is 
gradually (day by day) filled with patients. In order to reflect the 
uncertainty of surgery duration, we let the surgical procedure time to be the 
expected mean (as used for scheduling the four week time-frame). Further 
on the day of operation a randomly generated surgery time based on a 
probability distribution is used. Hence, the optimisation model has to 
decide upon a surgery schedule for the current day based on constraints 
related to that particular day (i.e. new emergency arrivals, unexpected 
surgical procedure-times, cancellation and over-time restrictions) and in 
addition continue to fill up the four week time schedule. Based on a 
number of previous research we presume a lognormal probability 
distribution to generate the stochastic surgical procedure time (Strum et al., 
2000; Spangler et al., 2004; Dexter et al., 1999).  In Figure 3 an illustration 
of the simulation system is demonstrated.  

Patient arrival put in a 
patient queue.

Simulation state 
variables are updated

Updated 
patient queue

Surgery scheduling

Updated 
schedule

Optimization
Java Framwork

Simulation System

 
Figure 3.  Description of the simulation model. The simulation starts with patient arrival 
put in patient queue and further to operating room scheduling. 
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4.1 Scenarios 
 
Base scenario 
 
We describe a base scenario to represent the current system. By this we 
also attain an opportunity to validate the model through a comparison with 
the real system. In a continuous dialogue with the chief surgeon and chief 
nurse at the department of orthopaedics, validation follow-ups with 
techniques like Event Validity and Face Validity have been embedded 
throughout the work (Sargent, 2004).  

In the problem description above, (see Chapter 2), a description of 
the characteristics of the studied problem is given. In weekends there are 
no further back-ups in case of an extreme patient demand and that is partly 
the motivation to the current allocation of extra emergency resources in 
weekends but keeping in mind that orthopaedic cases often can wait 24 
hours before surgery without any medical complications, this precaution 
seems quite generous. 

 After ten separate simulation runs using the base scenario, one 
simulation run representing 364 days (one year), the difference in 
utilisation of the emergency resources between week-days and week-ends 
appears significant and is presented in Table 1. Not very surprisingly, the 
precautions taken in weekends result in low resource utilisation in 
weekends and high utilisation in weekdays as the emergency resources 
seem scarce.  

Avg. of utilization
Mon-Thu  

Avg. of utilization
Fri-Sat  

Emergency resources in base scenario

Mean 1.17 0.78
 

Table 1. Utilisation rate of emergency resources in base scenario.  The utilisation exceeds 
available emergency resources and emergency surgeries can be performed due to staff 
overtime work and elective surgery cancellations.  
  
The base scenario indicates that there is an unbalance in emergency 
resources in terms of meeting the daily demand of emergency patients, 
which induces incentive to propose new policies related to the allocation of 
emergency resources. Thus, we introduce a proposal scenario to simulate. 
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Proposal scenario 
 
The fixed cost (i.e. cost of staff (excluded overtime), equipment etc.) 
related to the proposal scenario is approximately the same as in the base 
scenario.  

Surg. 1 Surg. 2 Surg. 3OR 1

OR 2

Emergency Resources

SlackMonday - Thursday

Stand-by Surg. n

Extension

 
Figure 4. In proposal scenario, the resources of OR 2 is extended and no elective patients 
are scheduled in OR 2. 
  
In order to prevent overtime utilisation Monday to Friday we extend the 
opening hours in OR 2 by one hour in week-days for the proposal scenario. 
We also expand on the possibility of stand-by patients to keep waiting 
times reasonable but also to reduce idle OR time, see Figure 4. Similar to 
the base scenario we assume there is a sufficiently number of patients 
accepting the stand-by offer since this opportunity now is increased due to 
the extended opening hours. In weekends we introduce a stand by resource 
applied to the personnel, meaning that one operating team (i.e. operating 
nurses, anaesthetist) can stay home but being prepared to work if required. 
We are aware that this is not common procedure in Swedish healthcare but 
since there already is an “over all” emergency resource available at the 
hospital and the fact that orthopaedic surgeries often can wait 24 hours 
before surgery without any medical, complications we believe an analysis 
in this direction is motivated.  
 
4.2 Results 
 
In Table 2, a summary of the simulation output is displayed and grouped 
according to scenario type. The results indicate a significantly decreased 
number of surgery cancellations and overtime work in proposal scenario 
compared to the base scenario. However, the patient throughput is 
somewhat decreased and the waiting time is almost twice as long as in the 
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base scenario. Still, the timeframe of 4 - 6 weeks in which the short-term 
elective surgeries preferably should be operated, is general fulfilled. 

Avg. number of 
surgeries

Avg. number of surgery 
cancellations

Avg. overtime
hours  

Mean

St.Dev.

Base Scenario

Avg. number of 
surgeries

Avg. number of surgery 
cancellations

Avg. time spent
in queue (weeks)

Avg. overtime
hours  

Mean

St.Dev.

Proposal Scenario

1943.1

7.48

17.4

3.66

2.23

0.27

164.9

3.77

Avg. time spent
in queue (weeks)

1928.6

8.92

1.4

1.35 7.86

84.4

0.87

4.2

 
 

Table 2. Results from 10 separate simulation runs from each scenario, i.e. base scenario 
and proposal scenario. 
 
A paired t-test validation technique is used to see if there is a significant 
decrease in overtime work and the number of cancellations in proposal 
scenario compared to base scenario. The results from the compared 
scenarios were found to be significantly different, p < 0.01. When 
emergency resources are insufficient, as the case in the base scenario, 
elective surgeries are cancelled and/or overtime work increases in order to 
manage the effects of unexpected events (i.e., emergency patients, surgery 
complications). However, the average time spent in queue (weeks) were 
increased but remained within the limit of 4 - 6 weeks.   

Furthermore, in Table 3 we present simulation results based on the 
previous scenarios (base scenario and proposal scenario) in which there are 
a 30% increase in hip-joint surgeries added to the patient arrival. The 
results indicate even greater stress to the emergency resources which 
promotes more cancellations and increased overtime work.  
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Avg. number of 
surgeries

Avg. number of surgery 
cancellations

Avg. overtime
hours  

Mean

St.Dev.

Base Scenario 30% increase hip-joint surgeries

Avg. number of 
surgeries

Avg. number of surgery 
cancellations

Avg. time spent
in queue (weeks)

Avg. overtime
hours  

Mean

St.Dev.

Proposal Scenario 30% increase hip-joint surgeries

2002.8

7.91

24.7

3.86

3.17

0.48

189.4

10.0

Avg. time spent
in queue (weeks)

1987.2

9.98

2.1

1.29 9.3

99.9

0.64

5.37

 
Table 3. Results from base scenario and proposal scenario with a 30% increase in hip-
joint surgeries added to the patient arrival. 10 separate simulations runs from each 
scenario were performed. 
 
 
5. Conclusion and Future Work 
 
This paper presents estimates on the performance of an operating theatre 
related to two different management policies for operating room planning 
with the use of a discrete-event simulation. We analyse the performance of 
the operating theatre, focusing on the problem of meeting uncertain 
demands, i.e. the focus is on uncertainty related to patient arrival and 
surgical procedure time. Two scenarios, representing two different 
management policies for operating room planning, are demonstrated and 
simulated for which one, i.e. base scenario, expresses current practice at 
the department of orthopaedics that we have studied. The simulation of one 
year using the base scenario demonstrates insufficiency in meeting the 
demand of emergency which favours the negative effects of disturbances, 
i.e. surgery cancellation and overtime work and hence decreases the 
performance. A proposal scenario is suggested, representing a management 
policy that better meets the demand of uncertainty to approximately the 
same fixed cost as in the base scenario. The proposal scenario showed that 
a significant decrease in surgery cancellation and overtime work is 
achieved by this management policy. Based on the results from the 
simulation experiment we conclude that the simulated performance of the 
operating theatre was improved when applying the proposal scenario.  
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Moreover, we simulate a plausible scenario specifying a 30% 
increase in hip-joint surgeries. We study how the different management 
policies given current available resources would manage with such an 
increase. The difference in cancellations, overtime and queue time between 
the base scenario and proposal scenario are further accentuated compared 
to the situation without the increase in hip-joint surgeries. 

With the developed simulation approach we have demonstrated 
how different management policies can be analysed and assist in decision-
makings related to the performance of the operating theatre. Additional 
scenarios representing different management policies are of interest to 
study, in particular with respect to resource allocation of different 
resources, i.e., operating rooms, operating teams (nurses, anaesthetist etc.) 
and surgeons. For instance, a flexible number of operating teams in 
relation to operating rooms and surgeons seems to be a promising approach 
for increasing the resource utilisation and one point of future research 
could be to investigate how to achieve the potential of such flexibility. 
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Appendix 
 
Optimisation model 
 
This model is similar to the model presented in (Persson and Persson, 
2006). 
  
 
Indices and Sets: 
 
j  Index for patient set J 
m  Index for operating room set M 
p Index for time periods (weeks) in the scheduling set P = {1,.., p }, 

where p  is the number of time periods in P. 
t Index for time slot (days) set T, where T= {1,..,|T|} = {1,..,| p |* t }, 

where t represents the number of time periods in T (days) per time 
periods in P (weeks). 

 
Parameters, where some of the values have been included within parentheses: 
 

mta   Number of opening hours at operating room m in time slot t. 

jb    1 if patient j has been scheduled before, 0 otherwise. 
prio
jpc   Cost related to an estimation of patient need and suffering.   

1_overtc   Cost of one hour single over-time (3600 SEK). 
2_overtc  Cost of one hour double over-time (7200 SEK). 
3_overtc     Cost of exceeding the limitation of the weekly overtime work. 

(10000 SEK). 
cancelc   Cost of cancel an operation on operating day (15000 SEK). 

2_cancelc  Cost of cancel an operation on other days (2000 SEK). 
weekd   Limitation of the weekly overtime work.    

sched
je   Estimated surgical procedure time for patient j. 
oper
je   Surgical procedure time for patient j. 

1_restrf  Available single overtime (2 hours). 
2_restrf  Available double overtime (2 hours). 
3_restrf  Available maximum overtime (8 hours). 
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jmth  1 if patient j is scheduled for operation in operating room m at 
time slot t, 0 otherwise.    

 
Variables: 
 
g           Overtime exceeding maximum per week. Could correspond to 

extra personnel.    
js    1 if patient j is not operated during period, 0 otherwise. 

mtv   Number of single overtime hours in room m at time slot t. 

mtw   Number of double overtime hours in room m at time slot t. 

mtww  Number of overtime hours exceeding 4 in room m at time slot t. 

jmty  1 if patient j is operated/scheduled in operating room m in time 
slot t, 0 otherwise. 

current
jz  1 if patient j is cancelled current operating day from schedule, 0 

otherwise. 
other
jz  1 if patient j is cancelled other day than current operating day 

from schedule, 0 otherwise. 
 
 
 
Minimise z = 
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The objective function minimises different costs related to operating 
room planning. First we have costs related to not scheduling a patient for 
surgery. If a patient is not selected for surgery within the four-week 
schedule, we assume the patient to be scheduled for operation in four 
weeks after the considered time horizon, and hence, a penalty 
corresponding to that the patient waits 8 weeks in the queue is included. 
Also we have a cost related to when to operate on a patient (naturally this 
cost requires that the patient has been selected for surgery). This controls 
in which week patients should be scheduled in the four-week operation 
schedule. Less cost is incurred in the beginning of the schedule and more 
later. Further we have costs related to surgery cancellations and overtime. 
All costs are set up in order to achieve a behaviour which corresponds to 
the real system behaviour. 

Constraint (1) specifies that patients can only be scheduled for surgery 
once and forces the variable js  to become one if patient is not operated on. 
Constraint (2) and (3) balances the estimated/actual time for surgeries 
scheduled with opening hours at the operating theatre included overtime in 
constraint (3). Constraint (4) and (5) connects patients scheduled for 
surgery from one simulation step to the next simulation step and keeps 
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track of possible cancellations. Constraints (6) - (9) define restrictions 
related to overtime and constraint (10) delimits the cancellations to a 
maximum of one per patient. Further the variable g and parameter jmth  are 
transferred into next simulation step in order to keep track of the weekly 
overtime and the operating room schedule. 
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Paper IV 
 
 

Applications of Agent Based Simulation 
 

Paul Davidsson, Johan Holmgren, Hans Kyhlbäck, Dawit Mengistu, Marie 
Persson 

 
Multi Agent Based Simulation MABS’06 Published in Conference Post 

Proceedings 
 

Abstract. This paper provides a survey and analysis of applications of 
Agent Based Simulation (ABS). A framework for describing and assessing 
the applications is presented and systematically applied. A general 
conclusion from the study is that even if ABS seems a promising approach 
to many problems involving simulation of complex systems of interacting 
entities, it seems as the full potential of the agent concept and previous 
research and development within ABS often is not utilized. We illustrate 
this by providing some concrete examples. Another conclusion is that 
important information of the applications, in particular concerning the 
implementation of the simulator, was missing in many papers. As an 
attempt to encourage improvements we provide some guidelines for 
writing ABS application papers.  
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1  Introduction 
 
The research area of Agent Based Simulation (ABS) continues to produce 
techniques, tools, and methods. In addition, a large number of applications 
of ABS have been developed. By ABS application we here mean actual 
computer simulations based on agent-based modelling of a real (or 
imagined) system in order to solve a concrete problem. The aim of this 
paper is to present a consistent view of ABS applications (as they are 
described in the papers) and to identify trends, similarities and differences, 
as well as issues that may need further investigation.  
As several hundreds of ABS applications have been reported in different 
publications, we had to make a sample of these. After having performed a 
preliminary search for papers describing ABS applications that resulted in 
about 50 papers, we identified one publication that was dominating. About 
30% of the papers were published in the post-proceedings of the MABS 
workshop series [1, 2, 3, 4, 5] whereas the next most frequent publications 
covered only 10%. We then chose to focus on the MABS publication series 
and found 28 papers containing ABS applications (out of 73). Even if we 
cannot guarantee that this is an unbiased sample, we think that selecting all 
the applications reported in a particular publication series with a general 
ABS focus (rather than specializing in particular domains etc.), is at least 
an attempt to achieve this. 
In the next section, we present the framework that will be used to classify 
and assess the applications. This is followed by a systematic survey of the 
sampled papers. Finally, we analyze our findings and present some 
conclusions. 
 
 
2  Evaluation framework 
 
An ABS application models and simulates some real system that consists 
of a set of entities. The ABS itself can be seen as a multi-agent system 
composed of a set of (software) agents. That is, there is a correspondence 
between the real system and the multi-agent system as well as between the 
(real) entities and the agents. We will use the terms “system” and “entity” 
when referring to reality and “multi-agent system” and “agent” when 
referring to simulation models. For each paper we describe different 
aspects of the problem studied, the modeling approach taken to solve it, the 
implementation of the simulator, and how the results are assessed. 
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2.1  Problem description 
 
Each problem description includes the domain studied, the intended end-
user, and the purpose of the ABS application.  
Domain: The domain of an application refers to the type of system being 
simulated. We identified the following domains after analyzing the 
sampled papers: 

1) An animal society consists of a number of interacting animals, such 
as an ant colony or a colony of birds. The purpose of a simulation 
could be to better under-stand the individual behaviors that cause 
emergent phenomena, e.g., the behavior of flocks of birds. 

2) A physiological system consists of functional organs integrated and 
co-operatively related in living organisms, e.g., subsystems of the 
human body. The purpose could be to verify theories, e.g., the 
regulation of the glucose-insulin metabolism inside the human body 

3) A social system consists of a set of human individuals with 
individual goals, i.e., the goal of different individuals may be 
conflicting. An example could be to study how social structures 
like segregation evolve. 

4) An organization is here defined as a structure of persons related to 
each other in purposefully accomplishing work or some other kind 
of activity, i.e., the persons of the organization have common goals. 
The aim of a simulation could be to evaluate different approaches 
to scheduling work tasks with the purpose of speeding up the 
completion of business processes. 

5) An economic system is an organized structure in which actors 
(individuals, groups, or enterprises) are trading goods or services 
on a market. The applications which we consider under this domain 
may be used to analyze the interactions and activities of entities in 
the system to help understand how the market or economy evolves 
over time and how the participants of the system react to the 
changing economic policies of the environment where the system is 
operating. 

6) In an ecological system animals and/or plants are living and 
developing together in a relationship to each other and in 
dependence of the environment. The purpose could be to estimate 
the effects of a plant disease incursion in an agricultural region. 

7) A physical system is a collection of passive entities following only 
physical laws. For example, a pile of sand and the purpose of the 
simulation may be to calculate the static equilibrium of a pile 
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considering forces between beads and properties within the pile 
considered as a unit. 

8) A robotic system consists of one or more electro-mechanical 
entities having sensory, decision, tactile and rotary capabilities.  An 
example is the use of a set of robots in patrolling tasks. The purpose 
of the simulation could be to study the effectiveness of a given 
patrolling strategy. 

9) Transportation & traffic systems concern the movement of people, 
goods or in-formation in a transportation infrastructure such as a 
road network or a telecommunication network. A typical example 
is a set of interacting drivers in a road network. The purpose of a 
simulation could be to create realistic models of human drivers to 
be used in a driving simulator. 

 
End-users: The end-users of an ABS application are the intended users of 
the simulator. We distinguish here between four types of end-users: 
scientists, who use the ABS in the research process to gain new 
knowledge, policy makers, who use ABS for making strategic decisions, 
managers (of a systems), who use ABS to make operational decisions, and 
other professionals, such as architects, who use ABS in their daily work. 
Purpose: The purpose of the studied ABS applications is classified 
according to pre-diction, verification, training and analysis. We refer to 
prediction as making prognoses concerning future states. Verification 
concerns the purposes of determining whether a theory, model, hypothesis, 
or software is correct. Analysis refers to the purpose of gaining deeper 
knowledge and understanding of a certain domain, i.e., there is no specific 
theory, model etc to be verified but we want to study different phenomena, 
which may however lead to theory refinement. Finally, training is for the 
purpose of improving a person's skills in a certain domain.  
 
2.2  Modeling Approach 
 
The modeling aspects are captured by the eight aspects described below.  
Simulated Entities: They are the entities distinguished as the key 
constituents of the studied systems and modeled as agents. Four different 
categories of entities are identified: Living thing - humans or animals, 
Physical entity - artifacts, like a machine or a robot, or natural objects, 
Software process - executing program code, or Organization - an 
enterprise, a group of persons, and other entities composed by a set of 
individuals. 
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Number of Agent Types: Depending on the nature of the studied 
application, the investigators have used one or more different agent types 
to model the distinct entities of the domain. 
Communication: The entities can have some or no interaction with one 
another. The interactions take place in the form of inter-agent 
communication, i.e., messaging. Here, we defined two values to indicate 
whether communication between agents exists or not. 
Spatial Explicitness refers to the assumption of a location in the physical 
space for the simulated entities. This can be expressed either as absolute 
distance or relative positions between entities.  
Mobility refers to the ability of an entity to change position in the physical 
space. Although the real world entities may be spatially situated or moving 
from place to place, this fact need not be considered in the simulation if its 
inclusion or omission does not affect the outcome of the study. 
Adaptivity is the ability of the entities to learn and improve with 
experience that they may acquire through their lifetime. Two values are 
defined to indicate whether the simulated entities are adaptive or not. 
The structure of MAS refers to the arrangement of agents and their 
interaction in the modeled system to carry out their objectives. This 
arrangement could be in one of the following three forms: peer-to-peer, 
hierarchical, or recursive. In a peer-to-peer arrangement, individual entities 
of the modeled system are potentially interacting with all other entities. In 
a hierarchical structure, agents are arranged in a tree-like structure where 
there is a central entity that interacts with a number of other entities which 
are located one level down in the hierarchy. Whereas, in a recursive 
structure, entities are arranged in groups, where the organization of each 
group could be in either of the forms above, and these groups are 
interacting among each other to accomplish their tasks. The three types of 
MAS structure are illustrated in Fig 1. 
 

 
 
 
 
Fig. 1.  Peer-to-peer, hierarchical, and recursive organization of a MAS. 
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Dynamic: If the modeled entities are able to come into existence at 
different instances of time during a simulation, we regard them as 
dynamic. 
 
2.3  Implementation Approach 
 
The implementation approach used is described in terms of the following 
aspects:  
Platform used: The software platform is the development environment, 
tool or language with which the ABS application is developed. The 
platforms provide support to different degrees for the developers so that 
they need not worry about every implementation detail. 
Simulation size describes the number of agents participating in the 
implementation of the ABS application. If the number is different between 
simulations or is changing dynamically during a simulation, we will use 
the largest number. 
Scale: The size of data used in the actual simulations has been divided into 
limited/partial or full-scale data. The full-scale data represents data for a 
whole system, while the limited/partial data only covers parts of the 
system. 
Input data: The data used in the experiment can either be real data, i.e. 
taken from existing systems in the real world, or data that is not real, i.e. 
artificial, synthetic or generated.  
Distributed: ABS applications, depending on the size and sometimes the 
nature of the application, may require different execution environments: a 
single computer, if the number is small or several computers in a 
distributed environment, if the number of agents is large. 
Mobile agents: Agents executing in a distributed environment can be 
described by their mobility, as static or mobile. Static agents run on a 
singular computer during their lifetime. Mobile agents, on the other hand, 
are able to migrate between computers in a network environment.  
 
2.4  Results 
 
The classification of the result of the approaches will be in terms of 
maturity of the research, comparison to other approaches and the validation 
performed. 
Maturity: ABS applications can have varying degree of maturity. In our 
framework the lowest degree of maturity is conceptual proposal. Here the 
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idea or the principles of a proposed application is described, but there is no 
implemented simulator. The next level in the classification is laboratory 
experiments where the application has been tested in a laboratory 
environment. The final level, deployed system, indicates that the ABS 
system actually is or has been used by the intended end-users, e.g., traffic 
managers that use a simulator for deciding how to redirect the traffic when 
an accident has occurred. If the authors of the paper belong to the intended 
end-users (re-searchers), we classify the application as deployed if the 
authors draw actual conclusions from the simulation results regarding the 
system that is simulated (rather than just stating that ABS seems 
appropriate).  
Evaluation comparison: If a new approach is developed to solve a 
problem which has been solved previously using other approaches, the new 
approach should be com-pared to existing approaches. That is, answer the 
question whether ABS actually is an appropriate approach to solve the 
problem. Such an evaluation could be either qualitative, by comparing the 
characteristics of the approaches, or quantitative, by different types of 
experiments. 
Validation: In order to confirm that an ABS correctly models the real 
system it needs to be validated. This can be performed in different ways, 
qualitatively, e.g., by letting domain experts examine the simulation model, 
or quantitatively, e.g., by comparing the output produced by the simulator 
with actual measurements on the real system. 
 
 
3  Results 
 
In table 1 the framework is summarized. Table 2 shows how the papers 
were classified according to the framework. If a paper does not explicitly 
state to which category the simulator belongs but there are good reasons to 
believe that it belongs to a particular category, it is marked by an asterisk 
(*). If we have not managed to make an educated guess, it is marked by “-
“. 
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Table 1.  Summary of the framework 
 
 Aspect Categories 

Domain 1. Animal societies   
2. Physiological systems   
3. Social systems  
4. Organizations   
5. Economic systems   
6. Ecological systems 
7. Physical systems   
8. Robotic systems   
9. Transport/traffic systems 

End-user 1. Scientists   
2. Policy makers   
3. Managers   
4. Other professionals 

Problem  
description 

Purpose 1. Prediction   
2. Verification   
3. Analysis   
4. Training  

Simulated entity 1. Living   
2. Physical artefact   
3. Software process   
4. Organisation 

Agent types 1 - 1.000 
Communication 1. no  2. yes 
Spatial explicitness 1. no  2. yes 
Mobility 1. no  2. yes 
Adaptivity 1. no  2. yes 
Structure (of MAS)  1. Peer-to-peer   

2. Hierachical   
3. Recursive 

Modeling  
approach 

Dynamic 1. no  2. yes 
Platform used NetLogo, RePast, Swarm, JADE, C++, etc. 
Simulation size 1 - 10.000.000 
Scale 1. Limited/partial   

2. Full-scale 
Input data 1. Artificial data   

2. Real data 
Distributed 1. no  2. yes 

Implementation 
approach 

Mobile agents 1. no  2. yes 
Maturity 1. Conceptual proposal   

2. Laboratory experiment   
3. Deployed  

Evaluation 1. None   
2. Qualitative   
3. Quantitative 

Results 

Validation 1. None   
2. Qualitative   
3. Quantitative 
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Table 2.  The classification of the studied papers. 
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[6] 4 3 1 3 2 2 1 1 1 2* 1 C++ 10 1 1 1* 1* 2 1 1 
[7] 4 3,4 3 1 - 2 2 - 2 - - - - - - - - 1 1 1 
[8] 4 1,2 1,3 1 4 1 1 1 1* 1* 1 - - 1 2 1* 1* 3 1 3* 
[9] 4 1,2 3 1,4 2 1 1 1 1 2* 1 RePast 60 1 1 1* 1* 3 1 1 
[10] 9 1,2 1 2 - 1 2 2 1 - 1 - 120 2 1 - - 3 1 1 
[11] 3 1 3 1 1 1 2 1 1 1 1 - 100 1 1 1* 1* 3 1 2* 
[12] 3,9 1 2 1,2 3 2 2 2 1 1 2 - 12000 2 2 2* 2* 2 1 1 
[13] 4 1,4 3 1 2 2 2 2 2 1 2 WEA 25* 2 2 2* 2* 2 1 3 
[14] 9 3 2 1 1 1 2 2 1* 1 1* - 100* 1 1 1* 1* 2 2 3 
[15] 3,6 1 3 1 3 1* 2 2 2* 1 2 Swarm  540 1 1 1* 1* 3 1 1 
[16] 5,9 2 3 1 6 2 1 1 1 2 1 Jade 7 1 2 1* 1* 2 1 1 
[17] 7 1 3 2 1 2 2 1 1 1 1* - 106 1 1 1* 1* 2 2,3 2 
[18] 5 1 2,3 1,4 3 2 1 1 1* 2 2 - 102 1 1 1* 1* 3 1 2 
[19] 3 1,4 2 1 1 1 2 2 1* 1 2 NetLogo 200 1 1 1* 1* 2 2 1 
[20] 1 1 3 1 2 1* 2 2 1 1 1 ObjectPascal 8 1 1 1 1 3* 1 3 
[21] 3 1 2 1 1 1* 2 2 1 1 1 - 250 1 1 1* 1* 3* 1 1 
[22] 2 1 2 2 3 2 1 1 2 3 1 Java 4 2 1* 2* 1* 3 1 3 
[23] 3 1 3 1 3 2 1 1 1 1 1 - 9 1 1 1* 1* 2 1 1 
[24] 3 1 3 1 1 2 2 2 1 1 2 Sugarscape 700 1 1 1* 1* 3* 1 1 
[25] 3,6 2 3 1 3 2 2 2 1 1 1 Cormas - 1 2 1* 1* 2 1 3 
[26] 3 1,2 3 1,3 3 2* 1 1 1 1 2 VisualBasic 10000 1 1 1 1 2 3 1 
[27] 4,7 3 3 1,2 5 2 2 2 2 1 1 C++ 1 1 1 1 1 2 1 1 
[28] 3 1 2,3 1 2 1 1 1 2 1 1 NetLogo 500 1 1 1* 1* 2 2 1 
[29] 4 2 3 1,2 3 2 2 2 2 1 1 RePast 61 1 2 1* 1* 3 2 1 
[30] 8 1 1,2 2 1 2 2 2 1 1 1 C++ 25 1 1 1* 1* 3* 1 1 
[31] 5 1 3 1 7 2 1 1 2 2 1 DECAF 3 1 1 1* 1* 2 1 1 
[32] 3 2 3 1 1* 2  2 1 2* 1 1 - - 1 1 1* 1 3* 2 2 
[33] 5 1 3 1 1 2 1 1 1 1 1 - 24* 2 1 1* 1* 2 3 1 
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4  Analysis 
 
 
4.1 Problem description 
 
The results indicate that ABS is often used to study systems involving 
interacting human decision makers, e.g., in social, organizational, 
economic, traffic and transport systems (see Fig. 2). This is not surprising 
given the fact that qualities like autonomy, communication, planning, etc., 
often are presented as characteristic of software agents (as well as of 
human beings). However, as (some of) these qualities are present also in 
other living entities, it is interesting to note that there was only one paper 
on simulating animal societies and just two involving ecological systems. 
Very few papers are found on simulating technical systems, such as ICT 
systems, i.e., integrated systems of computers, communication technology, 
software, data, and the people who manage and use them, critical 
infrastructures, power systems etc.. The aim of such models might be to 
study and have a deeper understanding of the existing and emerging 
functionalities of the system and analyze the impact of parameter changes. 
(The only pa-per on simulating technical systems concerned robotic 
systems.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The distribution of the type of domains simulated. 
 
In more than half of the applications, researchers were the intended end-
user. As can be seen in Fig 3., the most common purpose of the 
applications included in the study was analysis. However, no paper 
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reported the use of ABS for training purposes indicating that this may be 
an underdeveloped area. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The distribution of  purpose. 
  
 
4.2  Modeling Approach 
 
The simulated entities are mostly living things, indicating that ABS is 
believed to be better suited to model the complexity of human (and animal) 
behaviour compared to other techniques. However, it should be noted that 
in some applications there were entities not modeled and simulated and 
implemented as agents. Hybrid systems of this kind are motivated by the 
fact that some entities are passive and are not making any decisions, 
especially in socio-technical systems. The model design choices for some 
of the aspects seem to be consequences of the characteristics of the systems 
simulated. After all, the aim is to mirror the real system. These aspects 
include number of agent types, only about 15% of the applications had 
more than three different agent types, spatial explicitness (60% do use it), 
mobility of entities (50%), communication between entities (64%), and the 
structure of the MAS where a vast majority used a peer-to-peer structure 
(77%). However, as illustrated in Fig. 4, there are some model-ling aspects 
where the strengths of the agent approach do not seem to have been 
explored to its full potential. For instance, only 9 of the 28 papers make use 
of adaptivity, and just 7 out of the 27 implemented systems seem to use 
dynamic simulations.  
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Fig. 4. The distribution of modeling aspects. 
 
4.3  Implementation Approach 
 
Nearly half of the papers do not state which software were used to develop 
the ABS. In particular, it is interesting to note that the two papers with the 
largest number of agents do not state this. Of the agent platforms and 
simulation tools available, none is dominantly used. In fact, many of the 
simulations were implemented with C++ or programs developed from 
scratch. A possible reason for this may be that many ABS tools and 
platforms make limiting assumptions regarding the way that entities are 
modeled. The number of agents in the simulation experiments is typically 
quite small (see Fig. 5). In 50% of the papers the number of agents were 61 
or less. The fact that most simulation experiments were limited covering 
only a part of the simulated sys-tem, may be an explanation for this. The 
reasons for this are seldom discussed in the papers but are probably lack of 
computing hardware, software (such as proper agent simulation platforms), 
or the time available to perform the experiments. Moreover, there may be a 
"trade-off" between the complexity of the agents and the number of agents 
in the experiments, i.e., that large sized simulations use relatively simple 
agents whereas smaller simulations use more complex agents. However, 
further analysis is necessary before any conclusions can be drawn.  
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Fig. 5. The frequency of different simulation sizes (number of agents). 
 
Many of the simulation experiments are conducted with artificial data, 
typically making simplifying assumptions. This is often due to reasons 
beyond the researchers' control, such as availability of data. As a 
consequence, it may be difficult to assess the relevance of the findings of 
such simulations to the real world problems they aim to solve. It seems as 
very few of the simulators are distributed, and no one is using mo-bile 
agents. However, these issues are seldom described in the papers. 
 
4.4  Results 
 
We have not encountered any ABS applications that are reported to be 
deployed to solve actual real world operational tasks. The examples of 
deployed systems are limited to the cases where the researchers themselves 
are the end-users. The cause of this could be the fact that ABS is a quite 
new methodology, or that the deployment phase often is not described in 
scientific publications. As illustrated in Fig. 6, less than half of the 
simulations are actually reported to be validated. This is particularly 
striking as it is in most cases the complex behaviors of humans that are 
being simulated. Also, comparisons to other approaches are very rare. 
 
 
 
 
 
 
 
 
 
Fig. 6. The frequency of different types and evaluation. 
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4.5  Limitations of the Study 
 
Although the conclusions drawn from our study are valid for the work 
published in the MABS proceedings, a larger sample is probably needed to 
verify that they hold for the whole ABS area. There were a number of 
interesting aspects that we were not able to include in our study. For 
example, regarding the problem description, the size of the actual problem, 
i.e., the system being simulated would be interesting to know. Typically, 
only a partial simulation is made, i.e., the number of entities in the real 
system is much larger than the number of agents in the simulation. 
However, in most papers the size of the real system is not described and 
often it was very difficult for us to estimate the size. Another interesting 
aspect not included in this study is the modeling of entities. The 
representation of the behavior and state of the real world entities should be 
sufficiently sophisticated to capture the aspects relevant for  the problem 
studied.  We initially categorized the ways of modeling the entities in the 
following categories: Mathematical models; Cellular automata; Rule-based 
(a set of explicit rules describe the behavior of the agent); Deliberative (the 
behavior is determined by some kind of reasoning such as planning). 
Unfortunately, there were often not enough information in the papers 
concerning this aspect. Related to this is the distinction between proactive 
versus reactive modeling of entities, which also was very difficult to 
extract from the papers due to lack of information. Regarding the 
implementation, we wanted to investigate how the agent models were 
implemented in the simulation software. We found examples ranging from 
simple feature vectors (as used in traditional dynamic micro simulation) to 
sophisticated software entities corresponding to separate threads or 
processes. However, also in this case important information was often left 
out from the presentation. 
 
 
5  Conclusions 
 
The applications reviewed in this study suggest that ABS seems a 
promising approach to many problems involving simulating complex 
systems of interacting entities. How-ever, it seems as the full potential of 
the agent concept often is not utilized, for in-stance, with respect to 
adaptivity and dynamicity. Also, existing ABS tools and plat-forms are 
seldom used and instead the simulation software is developed from scratch 
using an ordinary programming language. There may be many reasons for 



 83

this, e.g., that they are difficult to use and adopt to the problem studied, or 
that the awareness of the existence of these tools and platforms is limited. 
Something that made this study difficult was that important information, 
especially concerning the implementation of the simulator, was missing in 
many papers. This makes it harder to reproduce the experiments and to 
build upon the results in further advancing the state-of-the-art of ABS. A 
positive effect of our study would be if re-searchers became more explicit 
and clear about how they have dealt with the different aspects that we have 
used in the analysis. Therefore, we suggest the following check-list for 
ABS application papers: 

1. Clearly describe the purpose of the application and the intended 
end-users. 

2. Indicate the typical size of the system (that is simulated) in terms of 
entities corresponding to agents. 

3. For each agent type in the simulation model, describe  
a. what kind of entities it is simulating,  
b. how they are modelled (mathematical, rule-based, 

deliberative, etc.), 
c. whether they are proactive or not, 
d. whether they are communicating with other agents or not, 

i. whether they are given a spatial position, and if so, 
whether they are mobile 

e. whether they are capable of learning or not. 
4. Describe the structure of the collection of agents, and state whether 

this collection is static or agents can be added/removed during a 
simulation. 

5. State which simulation (or agent) platform was used, or in the case 
the simulator was implemented from scratch, what programming 
language was used.  

6. State the size of the simulation in terms of number of agents. 
7. Describe how the agents were implemented; feature vectors, mobile 

agents, or something in-between. 
8. State whether the simulator actually has been used by the intended 

end-users, or just in laboratory experiments. In the latter case 
indicate whether artificial or real data was used. 

9. Describe how the simulator has been validated. 
10. Describe if and how the suggested approach has been compared to 

other approaches. 
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Future work includes extending the study using a larger sample, e.g., 
include other relevant workshops and conferences, such as Agent-Based 
Simulation, and journals such as JASSS, in order to reduce any bias. 
Another interesting study would be to make a comparative study with more 
traditional simulation techniques including aspects such as size, validation, 
etc. 
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With an increasing proportion of elderly and an 
increasing demand for healthcare, managerial ef-
forts are needed in order make the best use of 
resources and to keep cost under control. One 
of the most critical and expensive resources in a 
hospital is the operating theatre. This thesis aims 
to investigate the potential of computer-based 
modelling for supporting healthcare decision ma-
kers to improve management policies related to 
the hospital operating theatre. 
 In a study conducted at a medium sized Swedish 
hospital we identify important prioritisations and 
decisions made in relation to patient scheduling 
and resource allocation when planning for surgery. 
Patient scheduling and operating room planning 
are complex tasks with a number of influencing 
factors to consider like, e.g., uncertainty in patient 
arrival, uncertainty in surgery procedure time and 
medical prioritisations and diagnosis. Further, se-
veral intersected dependencies, e.g. pre- and post 
operative care, have to be considered as to pre-
vent occlusion and obtain a maximum patient th-
rough-put. With an optimisation-based approach 
we demonstrate how different criteria in patient 
scheduling and resource allocations can affect va-
rious objectives in terms of patient perspectives, 

staff perspectives and costs. For instance, we show 
that the current policy for resource allocation 
does not handle the variability generated by the 
patient diagnosis very well. In Sweden a law has 
recently been introduced, which advocates res-
trictions in elective patient waiting times. We ex-
tend the optimisation-based approach to include 
post-operative care and simulate a scenario based 
on patient data from a Swedish hospital to be able 
to predict the possible impact of the new law. The 
results indicate that the law causes an unsuitable 
increase in the waiting times for medium prioriti-
sed patients. Furthermore, we propose a combi-
nation of discrete-event simulation and optimisa-
tion to examine what impact different resource 
allocations of emergency and elective resources 
have on both utilisation rate and disturbance con-
sequences, i.e. surgery cancellation and overtime 
work, due to emergency cases and other unexpec-
ted events. We show that both utilisation rate and 
cancellation frequencies can be improved signifi-
cantly by the application of some minor changes in 
the resource allocation. Finally, we explore some 
future possibilities of using agent technology for 
modelling health care management decisions.   
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