A Simulation-based Decision Support
System to improve Healthcare Facilities
Performance — elaborated on an Irish

Emergency Department

By

Dipl.-Ing. Michael Thorwarth

Thesis submitted in fulfilment of the
requirements for the Degree of

Doctor of Philosophy

Dublin Institute of Technology

Supervisor: Dr. Amr Arisha, Ph.D., MSc.
External supervisor: Professor Paul Harper, Ph.D., MSc.

School of Management, College of Business

September 2011

Volume I of II



Abstract

0.1 Abstract

Emergency departments (EDs) are a crucial access point to the healthcare system
in Ireland. High patient demand and limited resources have resulted in long waiting
times and long lengths of stay in EDs. Some of this pressure on EDs could be ame-
liorated by more streamlined hospital processes particularly in managing discharges
and managing the volume of work. This research sought to develop a simulation-
based Decision Support System (DSS) to enable an accelerated development of a

simulation based solution to improve quality and care at Irish hospitals.

In order to investigate causes of bottlenecks and insufficient distribution of re-
sources, a novel process modelling approach is developed, where patient pathways
are investigated in relation to the work flow of medical staff with the consideration
of the dependence on limited resources. This approach is included in the simulation
based DSS which aids to consult managers of EDs by providing a comprehensive
perspective onto the crucial factors affecting their services and processes. To prove
this novel concept of Multiple Participants Pathway Modelling (MPPM) with re-
gard to Flexible Resource Allocation (FRA), a simulation study is applied to the ED
of an academic teaching hospital in Dublin. This research is divided into primary
and secondary research phases, in which the secondary — the applied field work —
is guided by a combination of qualitative and quantitative research methodologies.
EDs are an ideal test environment as they represent a dynamic working environment
where the allocation of medical staff is flexible and tailored to current patient de-
mand. However, exact medical procedures must still be followed. These factors are
considered by the application of MPPM with regard to FRA. These complex process
interactions form a holistic simulation process flow network allowing application of
scenarios that impact both process flow pathways: those of patients and of medical

staff.

This research makes a contribution to both theory and practice: the theory

is covered by the framework which outlines the simulation based DSS, while the
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practical objectives are delivered by its application in the ED. The investigated
scenarios offer a higher degree of confidence in the interpretation of the simulation
results and provide a clearer picture of the resulting consequences of the potential

introduction of certain policies.
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Chapter 1

Introduction

“A Healthy Nation is a Wealthy Nation” (Smadu 20006, p. 1)

This strong statement is the title of a report which links together the health, pro-
ductivity and wealth of a nation. This title immediately raises the question of how
much money is spent on health and how an adequate distribution can be achieved.
The ideal case would be that everybody receives the best treatment and care if they
are unfortunate enough to be struck down by illness. However, this ideal situation
would rely on many resources and require high levels of investment. An inevitable
knock-on effect from this would be a lack of funds and resources elsewhere for exam-
ple in education, research, and infrastructure to maintain productivity. The issues
addressed here are of a political, philosophical and ethical nature - discussing pro-
ductivity in this context may also appear unethical. However, the statement above
highlights various issues which show that health has its price and that resources for

the provision of healthcare are limited.

In addition to this limitation, healthcare systems and facilities in general are fac-
ing high demands resulting from a steadily ageing and growing population (O’Reilly
& Wiley 2007, United Nations 2009) (see Figure [[T] for the development in the
EU). Improving the current system is an essential challenge to everyone involved in

healthcare management.

Hospitals play an important role in the provision of healthcare and almost 33% of
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Figure 1.1: Development of the expenditure in health in comparison to the de-
velopment of of age and population size (based on WHO estimates, year 1995 are
referenced as 100%). Source: World Health Organization (2010).

health related governmental spending is dedicated to hospitals in general (Cochran
& Bharti 2006b), while in Ireland the share of hospitals providing health is approx-
imately 45% (Department of Health & Children (DoHC) 2007). The majority of
hospitals in Ireland are public and are largely funded from public healthcare sector
sources. Hence, patients have a citizen’s right to a satisfactory quality of service.
Indeed, the success of hospital management hinges crucially on customer satisfaction

and demand.

Management of Irish healthcare systems — in particular hospitals — are constantly
striving to meet customer requirements, but must manage within the constraints of
limited resources and increasing demand. This presents the need to find effective
ways of resource allocation (Proctor 1996). It is believed that one of the essen-
tial problems which the authorities must effectively handle is how to optimise the
use of the available resources with a view to achieving the targeted performance

(Carter 2002).
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Healthcare providers and suppliers therefore aim for efficient solutions to con-
tinue to provide their services. Hospitals play an important role as a healthcare
provider: medical care, surgical operations, diagnosis, and acute care are the key
missions, of which all share common resources like for example diagnosis devices,
treatment rooms, and waiting rooms. In order to provide their services as efficiently
as possible, it is in the interest of the hospital managers to allocate resources ac-
cording to the patient demand. Undersupply of resources results in long waiting
times, extended Length of Stay (LoS), complications for the patient and even death
is likely. In addition, an oversupply results in high costs, which endangers the pro-

vision of the adequate healthcare service.

To improve efficiency with regard to healthcare facilities, several measures can
be implemented ranging from Diagnostic Related Groups (DRG); a measure which
demands a sophisticated Hospital Information System (HIS) on one side (Jénicke &
Miiller-Lazarewski 2009). This measure also offers new improvement measures that
are accessible via additional features such as PACS (Picture Archiving and Commu-
nication System) which allow the transfer of diagnosis images hospital wide within
seconds and allows bedside consultations (Sainfort et al. 2005). To coordinate these
improvements and to manage the vast amount of data, clinical pathways — defined
by process management methods — coordinate the flow of patients through the sys-
tem. By identifying clinical pathways, additional improvement opportunities arise.
With the implementation of HIS and PACS, thorough data management is essential
in hospitals and opens a wide range of opportunities to improve the current system

which inherits a wide range of resources and services for their patients.

1.1 Problem Definition

The major cost drivers in healthcare are the knowledge intensive services which are

staff intensive (compare annual report of Dublin clinic group, where salaries and

16
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wages were 63% of the annual expenditure in 2007 (St. Vincent’s Healthcare Group
Limited 2007, p. 26)). The tasks of the staff are of a medical, technical, admin-
istrative and logistic nature. Those categories are intersecting disciplines and staff
must be multidisciplinary educated in order to provide the newest available diag-
nostic and therapy technology to their patients, and also be knowledgeable about
the latest developments in healthcare (Strayer et al. 2010). Logistical tasks such as
bedding, cleaning, and catering are among the duties which must be accomplished
for the wellbeing of patients. As the level of salary and wages differs highly it is
important that resources are allocated adequately with the consideration of cost
efficiency. These categories are typical for healthcare facilities and also applicable

to smaller hospitals or to smaller healthcare facilities.

Healthcare in general is additionally under high pressure as the demand steadily
increases with the growing and ageing population (Figure [LT]). This increased de-
mand urges healthcare managers to seek solutions in managing staff capacity under
budget constraints. These solutions can be found by considering an improved pro-
cess flow with supportive information systems, by allocating resources adequately
to the job type, and scheduling staff to match demand. The latter shows a gap
between demand and service provision which is getting wider with the current eco-

nomic condition and supply will not be able to close that gap.

In Ireland, the body responsible for the provision of health is the HSE, which
was established by the Health Act, 2004 as the successor of the ten regional Health
Boards. Its aim is to modernise and improve the distribution of healthcare services
among the Irish population. HSE plays an instrumental role in securing ”access” of
the Irish people to the healthcare services and also to monitor and maintain high
quality standard of healthcare delivery. Regular targets and reports provide a certain
level of transparency which helps to enhance its delivery. HSE performance began
slow in terms of achievements and this is clearly reflected in the results of European

Health Consumer Index (EHCI) report in 2005 ranked Ireland 25th among 26 in-

17
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vestigated European countries (Health Consumer Powerhouse 2006). Improvements
followed soon and in the next issued report in 2006, Ireland ranked 16th among
28 countries (Health Consumer Powerhouse 2007). This prompted the Health Con-
sumer Powerhouse to make the following comment:

“The Health Service Executive reform seems to have started improving

an historically dismal performance. Still severe waiting list problems

and less than fantastic outcomes.”, (Health Consumer Powerhouse

2007, p. 24)

The recent EHCI report in 2008 ranked Ireland as 15th out of 31 ranked countries
(Health Consumer Powerhouse 2009), while the expenditure of the Irish is among
the first quartile among the European countries with $3676 of their purchasing
power parity (PPP) per capita. Considering this relatively high annual expendi-
ture in health, the 15th rank is a disappointing outcome, especially when the 1st
ranked Netherlands only spends $73 more than the Irish population (World Health
Organization 2010). A comparison of some selected countries with their expenditure
and ranking outcome is provided in Table[LTl Looking at the ranking criteria within
the EHCI report, Ireland seems to score above average on medical outcome and on
pharmaceutical criteria, whereas they score below average in waiting times and in-
formation provision for patients. Hence, it is apparent that there is significant room

for improvement in the operation and tactical levels.

Given the fact that most — if not all — of the Irish hospitals operate on the verge of
their capacity limits, waiting lists represent a critical issue to the public and equally
to hospital management. One of the departments which is exposed to an extreme
pressure due to capacity limits of the hospitals is the ED as these are attached to

the hospitals and commonly share resources.

In general EDs primary mission is to provide acute care for severe and emergent
cases, where alternatives (e.g. General Practitioner (GP) or other primary care)

are not available. Department of Health & Children (DoHC) (2001) lists the prin-
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Table 1.1: Total expenditure on health per purchase power parity (PPP) in Dollar
— WHO estimates (World Health Organization 2010) — and as percentage of gross
domestic product (GDP) compared with the ranking outcome of the EHCI for the
year 2008 (Health Consumer Powerhouse 2009).

Country Total health Total health Ranked
(2008) expenditure expenditure as by EHCI
PPP$ per capita %of GDP
Netherlands 3749 9.9 1
Ireland 3676 8.7 15
Denmark 3630 - 2
United Kingdom 3230 8.7 13
European Union 2878 9.2 -
Italy 2825 9.1 16

cipal issues of the current primary care and provides reasons for its inavailability.
Hereby it is highlighted that the primary care infrastructure and capacity is poorly
develeoped and that the potential to reduce pressure on secondary care are not
fully realised (Department of Health & Children (DoHC) 2001, p. 17). Due to the

underdeveloped primary care the in Ireland, the EDs are usually characterised as:

—_

. Demand driven unit;
2. Highly dynamic environment;

3. Most patients who arrive at the ED require immediate service and attention

which creates extra pressure on staff;
4. Critical decisions have to be made with a high level of reliability and accuracy;
5. Diversity in range of medical services provided by the unit;

6. High level of uncertainty (i.e. one can never anticipate the casualty coming

next);

7. Information retrieval is essential. Updating and upgrading systems in the unit

can save lives;

19
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8. Most of the EDs have limited resources and issues in assigning the optimal

staff required.

Therefore planning and management of EDs represent a challenge. Many at-
tempts in different countries have aimed to alleviate some of the issues related to
ED performance. For example the employment of emergency GPs after GP open-
ing hours provides some relief to the demand of the ED. Such a scheme is also in
place in Ireland, but is largely unknown to the public and therefore patients seek
attention from their nearest ED. EDs in Ireland therefore are facing a high demand
(Regan 2000) and as a resulting side effect EDs struggle to provide adequate service
and consequently to provide the satisfactory service level. The Health Service Ex-
ecutive (HSE) (2007) states in their Emergency Task Force Report that: ” At least
7 of the Emergency Departments are unfit for purpose.”, (Health Service Executive
(HSE) 2007, p. 10). Some of the reasons addressed in the HSE report are due to

high variations in:

e Bed capacity;

The availability and quality level of clinical decision-making;

The accessibility of diagnostics, senior in-house speciality assessment and other

ED supports;

Internal control processes;

Community and continuing care capacity and processes.

In addition, EDs in Ireland are highly criticised by the public due to long waiting
times of patients. However, it is fair to say that the staff utilisation in EDs reaches
unbearable limits (95 - 99%) with stressful conditions. As a result, the nurses went
on a strike in 2007 for eight weeks in order to improve their working conditions. This
strike has shown gaps in planning and management of the unit and has highlighted

more hidden issues on the operation level.
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1.2 Research Motive

Demands on the health services continue to grow and increasing healthcare costs are
a reality which the Irish healthcare system addressed by undergoing rapid change
(Department of Health & Children (DoHC) 2007). Healthcare providers and sup-

pliers therefore aim for efficient solutions to continue to provide their services.

EDs are considered as gatekeepers for the hospital system. The highlighting of
problems with long waiting lists and overcrowded Irish EDs have shown that the
system currently in place cannot meet the demands placed on it (Lynch 2004). EDs
in hospitals all over the world face similar difficulties in terms of long waiting times,
staff resourcing problems, and capacity limitations (Brailsford et al. 2006). There
are three factors which must be considered and predicted by management for effec-
tive capacity planning: how many patients arrive, at what rate, and how long will
the service take (Fottler & Ford 2002)? These factors include a significant degree
of uncertainty, which should be kept as low as possible for efficient planning and
forecasting. Another source of uncertainty is the change of the distribution of the
patient-mix over time. Patient-mix is affected by the local placement of the ED and
seasonal changes; for example, a higher patient demand is identified to be related

to the cold seasons (Vasilakis & El-Darzi 2001).

The Irish Situation

Evidence of the severe state of Irish EDs is manifested in academic papers, official
reports issued by HSE, Health Consumer Powerhouse AB and current media. It
is shown that the current state of the Irish EDs is in a severe condition with long
waiting times, unnecessary delays and blocked admissions. The Emergency Task
Force Report (Health Service Executive (HSE) 2007), for example, points out that

7 out of 21 surveyed EDs failed to deliver their service in 2006.
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To identify the problems with the Irish healthcare system, several sources are
consulted: firstly, academic papers which report long waiting and admission times
(Regan 2000, Nolan & Nolan 2005, McDermott et al. 2002), secondly official re-
ports (for example provided by HSE) displaying the need for action (Department
of Health & Children (DoHC) 2001, Health Service Executive (HSE) 2007, The
Irish Society for Quality and Safety in Healthcare, Royal College of Surgeons in Ire-
land and Ipsos MORI Ireland 2007, HSE 2007, Health Consumer Powerhouse 2009),
and thirdly, current media revealing public disappointment in the healthcare service
(Wall 20085, RTE RADIO 1 2007). Following the European Health Consumer Index
in (Health Consumer Powerhouse 2006) and (Health Consumer Powerhouse 2007),
it can be seen that the Irish healthcare system is not performing well: a change in
the ranking scheme lifted the Irish healthcare system from 25th out of 26 countries
(based on findings in 2005) to 16th out of 29 countries (based on findings in 2006),
but Health Consumer Powerhouse (2007) conclude that the HSE has achieved im-
provements on the overall performance, but issues remain apparent which address

the waiting list and the treatment outcomes.

In June 2007 the HSE reported the following indicators which emphasise the

severe conditions. These were stated in the Emergency Task Force Report (Health

Service Executive (HSE) 2007):

e EDs in Dublin operate at a utilisation level of between 95% and 99%;

e Long admission times to ward: 57% of all patients wait longer than 6 hours

and some (39%) wait longer than 12 hours.

Another official HSE report describes further need for action by stating that 35%
of patients have to wait more than half an hour to be triaged and 60% of patients
usually waited longer than an hour to be seen by a doctor in the ED (The Irish
Society for Quality and Safety in Healthcare, Royal College of Surgeons in Ireland
and Ipsos MORI Ireland 2007). The wait for treatment in six investigated Dublin

EDs was 6.5 hours in average (Regan 2000). These waiting times do not consider
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prioritised patients with severe conditions who may have quicker access to service

than the average patient.

The Irish EDs play an important part in the provision of primary care in Ireland,
considering the high self referral rate (The Irish Society for Quality and Safety in
Healthcare, Royal College of Surgeons in Ireland and Ipsos MORI Ireland 2007).
Access to the service within EDs is congested and the internal processes experience
various types of delay: diagnosis not available on time, doctors and nurses busy
with other patients and missing documents (Regan 2000). A recent statement by a

consultant in an Irish ED suggests that the state of Dublin EDs remains severe:

“Emergency departments have an extremely important function and com-
promising the ability of the staff and units to perform it by allowing them
to be dangerously overcrowded is potentially life threatening and abso-
lutely unacceptable.”, see (Gilligan 2007, Dr. Peadar Gilligan, Consul-
tant in Emergency Medicine, Beaumount Hospital, Letter to the Editor,

Irish Times, 26 February 2007.)

A combination of the three features: high utilisation of resources, long wait-
ing time for service, and diversion of ambulance admission, leads to the descrip-
tion of the status of an ED as ”overcrowding”. The mortality rate due to over-
crowding in the ED can be as high as 30% based on a study of Australian EDs
(Richardson 2006, Sprivulis et al. 2006). EDs in Dublin can be described as over-
crowded and the health service deliveries are far from their optimal settings with
long patient waiting times for treatment, delays of treatments, and a high occupancy
level (Health Service Executive (HSE) 2007). The findings of the above sources are
backed up with the findings of our current research, conducted at a large academic

teaching hospital (cf. Section B33 on Page [128]).

Long patient waiting times are not only uncomfortable and in some circumstances
painful to the patient, but the longer the patient waits, the more severe the situation

for the patient can become, which hence, again results in longer treatment times:
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“Patients are harmed in the process of delay, not only through wasted
time, but through unnecessary suffering, and through adverse medical
outcomes. Health care providers are harmed through the added cost
and reduced efficiency resulting from the complications of handling
delayed patients. For these reasons, it is imperative for all providers to
seek out and implement solutions that reduce delay.”, (Hall & Connelly

2006, p. 3)

To improve the current situation, the HSE has introduced targets especially for
EDs in which it is demanded that any patient should not stay for longer than 6
hours in between the first registration until their release (Buckley 2009, p. 10).
This target therefore aims for the LoS to not exceed 6 hours, and thus — strictly

speaking — no patients record should exceed this limit.

Due to the findings regarding Irish healthcare issues, it becomes apparent that
capacity planning is a key element to effectively manage the process within EDs.
Identifying the demand is an essential step to planning the required resources (short-
term / long-term) that facilitate thorough utilisation of capacity as well as a smooth
and uninterrupted flow of patients through the system. Errors in forecasting for ca-
pacity planning have an immediate impact on the service quality level. However,
considering the dynamic environment of an ED, the decision making is very chal-
lenging, especially regarding scheduling decisions to allocate resources in a demand-
driven environment. The high variability of demand increases the challenge for
decision makers. In order to resolve this issue, it is essential that transparency of
the system is available and that information is available when it is needed. Informa-
tion, such as patient data, allows the investigation of bottlenecks and constraints of
the system, and thus provides a basis for sound supported decisions. A system based
on replications and analysis of the past events thus would provide insight into the

mechanism of the system and provide opportunities to state ” What-If"-Questions.
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1.3 Aim and Objectives

Aim:

To develop a Simulation based Decision Support System (DSS)
which enables an accelerated development of a simulation based so-
lution in order to improve quality and care at Irish hospitals. The

DSS has to be flexible to accommodate various healthcare factors.

Objectives

The following objectives were set to be achieved in this project and in order to

achieve the above stated main aim:

e To examine current practices in A & E department in order to address different

sources of variability within the department;

e To develop or adopt a comprehensive modelling technique to help in capturing

the dynamics of the system under investigation;

e To construct ready-modules into a library form in order to speed the modelling

Process;

e To define bottlenecks and system constraints in order to develop corrective

actions (i.e. strategies and plans);

e To develop an optimisation capability to be integrated into the DSS for better

decisions such as stochastic uncertain environments.

The main aim and the objectives hence overall, provide a DSS which helps de-
cision makers in finding solutions on a sound information basis. It is therefore the
aim to provide a comprehensive DSS that delivers a novel detailed approach whilst
respecting the complexity and dynamics of healthcare systems and facilitates other

researchers and modellers to widen the potential of integrated solution methods.
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1.4 Thesis Outline

This thesis consists of seven main chapters and five appendices.

Chapter two covers the literature review where other approaches are investigated

and complexity issues are addressed.
Chapter three contains discussion regarding the research methodologies which
are applicable and highlights the research methodology that is used for the design

and the application of the DSS.

Chapter four describes the design of the DSS, the development of the modules

and the application fields.

Chapter five documents the application of the designed DSS in the ED of the

St. Vincent University Hospital by providing simulation experiments.

Chapter six yields the discussion where the results of the previous two chapters

are discussed.

Chapter seven concludes this thesis with a comprehensive view of the delivered

results and objectives. This conclusion delivers recommendations for future work.

The appendices comprise the following:

DVD containing source code, model and data

Instructions to apply for data processing

Description on process modelling techniques

Additional information for optimisation

Complete IDEF0 process map of the SVUH ED
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Chapter 2

Literature Review

Ageing and growing populations cause a steady increase in total costs for healthcare.
Every five years, an increase of approximately 1% of the fraction of healthcare costs
of the gross domestic product (GDP) is observed in the developed countries (World
Health Organization 2008). Within the Euro zone for example 9% of the GDP in
2007 was spent on health. In order to slow down this trend, healthcare professionals
and researchers are charged with finding new methodologies to manage operations

within healthcare as well as efficiently managing the provision of this healthcare.

This chapter introduces the issues that are of primary concern within healthcare,
starting with a broad overview before concentrating more specifically on problems
regarding Irish emergency departments (EDs). The complexity of healthcare as well
as the measurements in place are addressed in the next subsection in the context of
process simulation. This is followed by an overview of application examples. Op-
timisation will then be investigated as well as how it is integrated into healthcare
simulation models and how it can contribute to providing solutions. A discussion
section focusing on the identified gaps in the literature concludes the review chap-
ter. As an early revelation, it can be indicated that the identified gaps cover topics
that merge complexity consideration, process modelling, model generalisation, and

dynamics of the healthcare services (Section 2.5.2] on Page [I07).

Figure 2.1l provides an overview of the presented literature review and the topics

to be addressed. The topic boxes which overlap the literature review box indicate
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Figure 2.1: Topic Overview of the Literature Review.

that there is literature which cannot be presented here due to the capacity limita-

tions of this dissertation.

2.1 Healthcare Systems

Ever since societies introduced the division of labour, care for those with key skills
has been a crucial element within sustainable civilisations. Medical care and so-
phisticated healthcare treatments such as spine surgery date back to the ancient
Egyptians and Babylonians (Goodrich 2004). Within these ancient civilisations
such healthcare would not be available for all members of the society and would be
limited to the wealthy or important citizens. Throughout the development of soci-
eties, healthcare distribution has attracted a great deal of public interest. As a result
healthcare was administered more widely through churches as an act of caritas — the
origin of the word ”charity” — as it could be seen by medieval Christian monasteries

(Agrimi & Crisciani 1998). The lengthy transformation of such medieval healthcare
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systems to the now modern supply and distribution of healthcare is described by

Crislip (2005).

Health is a special good, which is intangible and scarce. The economic relation-
ships arising from this special context for the provision of healthcare are described
in detail by Folland et al. (2009) who illustrate the planning and organisation of
potential systems from an economic standpoint. Funding and financing the distri-
bution of healthcare is an important aspect for all societies. Finding the optimum
ration of GDP spent on health is a matter which is under constant assessment and
is the subject of a political debate among health providers, receivers and sponsors
(Aaron 2003). However, in the special case of the Irish population, the value of
provision of acute care as a service has been identivied as their right to access the

healthcare system by the public (Amnesty International Ireland 2011).

There are various methods which facilitate the distribution of healthcare services
such as governmental supervision, private market participants or a mixture of both.
A recipient of healthcare services may receive their treatment free of charge or may
have to make a full or capped payment. As health is a scarce good which is expensive
to provide, the funding must be organised in a sustainable manner. Governments
supervising funding refinance their costs via mandatory taxes and also allow private
or public insurance schemes. These insurance schemes can be either voluntary as
in the United States or mandatory as in Switzerland or Germany. In practice, the
public sector dominates when it comes to financing healthcare with the private sec-

tor occupying the role of complementary provider (Docteur & Oxley 2003).

2.1.1 General Healthcare Issues

Health is a special good; it cannot be produced in an industrial sense, nor can it
be guaranteed by the providers. The successful delivery is dependent on the people

who are distributing healthcare. For its accomplishment, the staff involved must to
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be educated, knowledgeable and trained for this particular purpose. The education
and training of healthcare staff is costly and furthermore they must be equipped
with the right technical equipment, pharmaceuticals, and knowledge so that they

can distribute healthcare to the best of their ability.

In order to maintain a sustainable healthcare system, the spiralling costs must
be covered by society. Several models for the coverage of costs are applicable, how-
ever not all are equally applicable to every cultural background. However fair the
attempts are to distribute the cost of healthcare, issues constantly arise which must
be considered — many involving healthcare insurance and financing healthcare. One
issue is that if insurance is volunteer based, then individuals with health risks are
more likely to get insured than those who are in good health. As a result of this,
the ability of healthcare insurance to pool financial risk and to promote access
to healthcare services is limited. In some cases an "adverse selection” can occur,
which results in limited access for higher-risk individuals, lower coverage and under-

consumption of healthcare services for several social groups (Docteur & Oxley 2003).

Another healthcare consumption issue is that individuals may tend to consume
service beyond the social optimum. It is certainly a challenge for societies to respon-
sibly educate potential patients — or ”customers” — so that health costs can be kept
to a minimum. In this context it is worth evaluating prevention measures as a way
of avoiding costs. There are a number of measures for the prevention of "modern
diseases” in industrialised countries. These measures include educating people so
that they make responsible life choices concerning tobacco consumption, obesity,

physical activity and diet plans (Sassi 2010).

Concerning the true need and scope of treatment, healthcare providers often
find that they are better informed than the patient or insurer. This advantage of
knowledge in the ”information asymmetry” may be used to trigger the demand for

treatment (Docteur & Oxley 2003). Accessing this advantage would be ethically
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and morally questionable; two very constraining factors.

Prevention is identified as a valuable measure to lower the impact of chronic
diseases on a long term basis (OECD Health Ministerial Meeting 2010). However,
unless the education of people begins to have a significant impact, the demand for
healthcare rises due to unhealthy diets, tobacco consumption and lack of physical
activity. It is thought that these causes will trigger a significant rise in disability
caused by unhealthy living: ”In ten European countries, the odds of disability, de-
fined as a limitation in activities of daily living (ADL), are nearly twice as large

among the obese as in normal weight persons” (Sassi 2010, p. 15).

Demands on the health services continue to grow and increasing healthcare costs
are a reality which the Irish healthcare system is currently addressing through imme-
diate and rapid change (Department of Health & Children (DoHC) 2007). Health-
care providers and suppliers are therefore attempting to find efficient solutions in
order to continue to provide their services and maintain healthcare service on a sus-
tainable level. Indeed healthcare management may decide to save expenses and cut
costs as much as possible, but at a certain point these measures become ineffective
and incredibly dangerous for the patients as they lower the quality of care. In order
to maintain the quality of care, decision makers look elsewhere to solve their prob-

lems, and acknowledge solutions applied and approved in the industrial sector.

2.1.2 Role of Hospitals

Publicly funded acute hospitals are a large cost factor to the economy, with approxi-
mately one third of the healthcare expenditure being dedicated to them (Cochran &
Bharti 2006b). However, hospitals fulfil a key role in the provision of health: depen-
dent on size and mission, they comprise several units to provide general healthcare,
diagnostics, treatments, and medical care. Among several others, the main units are

surgeries, Intensive Care Units (ICUs), and EDs. Beside its primary treatment and
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care mission, the hospital must ensure a level of hospitality for their patients, which
includes accommodation and catering for the patient. As hospital beds are essential
for the accommodation of patients, the size of hospitals is indicated by the number
of beds provided. The hospital bed itself was treated as a cost factor within the
hospital for a long while until the introduction of the International Classifcation of
Diseases (ICD), which contributes costs to the treatment of the categorised disease
classification (World Health Organization (WHO) 2010). From the perspective of
process flow modelling, the number of hospital beds is thus a key element when it
comes to analysing and forecasting capacity. Despite capacity planning efforts, a
surplus of demand, leading to an increase in waiting lists, is sometimes inevitable.
The longer the waiting lists, the less the provision of necessary treatment can be
guaranteed to the local community. The ideal situation for the patient would be not
having to wait for a treatment; this however would result in low occupancy rates and
in high costs for the care provider (Vissers et al. 2007). Finding the optimum trade
off between capacity usage and patient demand is a crucial task for the healthcare

provider.

Reports on the development of bed usage show that hospitals in the OECD
countries tend to decrease bed capacity by increasing the inpatient activity. This
measure has a significant impact on day cases where the patients are treated ambu-
lant. The positive effects of this are that patients who have day surgery experience
an overall better experience, with improved clinical outcomes and a reduced risk
of hospital acquired infection rate (NHS Modernisation Agency 2004). Reductions
of bed numbers were about 15% (median based) among the OECD countries be-
tween 1995 and 2005, while Ireland maintained their hospital capacity and service
level (OECD 2006). Estimates highlight that ”338,000 more Irish patients could be

treated as day cases if Ireland performed as Canada” (HSE 2007, p. 60).

Hospitals play a key role as a healthcare provider: medical care, surgical oper-

ations, diagnosis, and acute care are the key missions, of which all share common
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resources such as diagnosis devices, treatment rooms, and waiting rooms. In order
to provide their services as efficiently as possible, it is in the interest of the hospital
managers to keep the ratio of uncertain patient arrival to elective patients, as low
as possible. Hospitals usually operate with a limited number of specially skilled
resources and activities (e.g., physicians, nurses, and radiology tests). As a result,
processes in the hospitals tend to include many hand-off ’s so that all patients have
access to these resources. These hand-off ’s generate process delays, longer patient
cycle time, and higher Length of Stay (LoS) (Bale & Krohn 2000). Most time spent
in the hospital is non-value added time, such as waiting in queues. This problem

can get worse with high arrival rates of patients attending the ED (Miller et al. 2003).

2.1.3 Challenges in Emergency Departments

EDs are considered as gatekeepers for the hospital system. Problems with long
waiting lists and overcrowded Irish EDs have shown that the system currently in
place cannot meet the demands placed on it (Lynch 2004). EDs in hospitals all over
the world face similar difficulties in terms of long waiting times, staff resourcing
problems, and capacity limitations (Brailsford et al. 2006). There are three fac-
tors which must be considered and predicted by management for effective capacity
planning: how many patients arrive, at what rate, and how long the service will
take ((Fottler & Ford 2002). These factors carry with them a significant degree
of uncertainty, which should be kept as low as possible for efficient planning and
forecasting. Another source of uncertainty is the change of the distribution of the
patient-mix over time. Patient-mix is affected by the local placement of the ED
and seasonal changes; for example, a higher patient demand is related to the cold

seasons (Vasilakis & El-Darzi 2001).

Capacity planning definition is thus a key element to effectively manage the pro-
cess within ED. Identifying the demand is an essential step to obtain the required

resources (short-term / long-term) which facilitate thorough utilisation of capacity
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as well as a smooth uninterrupted flow of patients through the system. Errors in
forecasting for capacity planning have an immediate impact on the service quality
level, for example; elderly people — previously served in community service centres

— may have to stay overnight in EDs (McDermott et al. 2002).

2.1.4 Issues in Irish Emergency Departments

The severe state of the Irish EDs is described in many sources, such as academic
papers, official reports (launched by HSE), and current media, all of which highlight

the need for a change of the current system:

“ .. this system s totally unsustainable for our children, were running
a health service at the moment that should be running at a far lesser cost
than other countries in the developed world with much older populations.”

(RTE RADIO 1 2007, transcript on page 4)

The former HSE chief executive Professor Brendan Drumm addresses issues con-
cerning the relatively high costs in comparison to other countries which are per-
forming better at the same cost level, for instance Netherlands or Denmark. These
countries have a similar expenditure on health (compare Table [[.T] on page [9) as
Ireland while their performance ranking is the best among Europe. In contrast,
Ireland is ranked just above average (Health Consumer Powerhouse 2007). This
statistic can be attributed to waiting lists and overall healthcare treatment out-
come. The expenditure on health per capita in the year 2005 was $3,125.- which
is 21 percent higher than the European average (World Health Organization 2008).
Nolan & Nolan (2005) support this finding by comparing OECD data with the per-

formance indicators of other countries.

Friction points for Ireland’s dismal performance are typical access points for the
public, to whom the primary care is dedicated and are thus open for public discus-
sion and assessment (Wall 2008a). As a part of the primary care EDs are one of the

most frequently used access points for gaining access to the Irish healthcare system
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(The Irish Society for Quality and Safety in Healthcare, Royal College of Surgeons
in Ireland and Ipsos MORI Ireland 2007). Long waiting times, unnecessary delays
and blocked admissions have been identified by Regan (2000) where the average
waiting time for Irish EDs was 6.5 hours in the year 1999. For the year 2006 the
HSE established that 5 percent of patients had to wait more than half an hour to
be triaged and 60 percent of patients usually waited longer than an hour to be seen
by a doctor in ED (The Irish Society for Quality and Safety in Healthcare, Royal
College of Surgeons in Ireland and Ipsos MORI Ireland 2007). Based on similar
results, the Emergency Task Force Report (Health Service Executive (HSE) 2007)
states that 7 out of 21 surveyed EDs failed to deliver their service to an adequate

quality level.

Focusing on the EDs of the Dublin area, the HSE identified that they operate at
a utilisation level between 95 and 99 percent. The admission times to the attached
hospital ward were longer than 6 hours for 57 percent of all patients and some (39
percent) waited longer than 12 hours. High utilisation and long waiting times are
two of the three indicators for ”overcrowding” — Sprivulis et al. (2006) addresses
these in addition to diversion of ambulances as the main indicators of ”overcrowd-

ing”. The mortality rate due to overcrowding in EDs can be as high as 30 percent

based on a study by Australian EDs (Richardson 2006, Sprivulis et al. 2006).

Improvement measures for the current situation have been introduced by the

HSE especially for EDs:

“In October 2007, a mazrimum twelve-hour target was introduced by the
HSE and in January 2009, a total waiting time target of 6 hours was
set from the registration of the patient in the emergency department to

admission or discharge.”(Buckley 2009, p. 10)

This target therefore aims to keep LoS times to not more than 6 hours and as a

result — strictly speaking — no patient record should exceed this limit.
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In addition to setting targets, a decision support tool is also applied by forecast-
ing performance outcomes on the basis of statistical economical parameters. This
tool provides a decision basis for planning. However, the outcome of this simulation
approach is very broad and static as it cannot take into account the changes of
the health status, perception or socio economic variations of a population (Behan

et al. 2009).

Healthcare managers are obligated to find efficient solutions that can potentially
reduce delay in order to reduce risks associated with overcrowding. To achieve this
task, analytical techniques and approaches offered by operational research can be
employed to investigate and improve processes (Hillier & Lieberman 2005). Eligible
approaches would consider scheduling, resource allocation, capacity planning, and
bottleneck analysis. Decisions in healthcare involve a high degree of uncertainty es-
pecially regarding patient demand. Simulation modelling can be used to facilitate /

integrate the afore mentioned approach taking into account the level of uncertainty

involved (Pidd 2004).

2.1.5 Background for Flexible Resource Allocation in Emer-
gency Departments

Flexible workload management can be observed in high demanding working areas
such as EDs where nurses and care personnel deal with several patients at a time.

The benefits of this flexible scheduling strategy are:

e Flexible work allocation

e Spontaneous adjustment of work force to demand

Flexible workload management is a daily routine and very common in hospi-
tal environments. When a patient is receiving an x-ray for example, the nurse or
porter is free to handle the next task or patient. At times when there is a high pa-

tient demand, this work arrangement can lead to stressful conditions whilst burnout
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symptoms are likely to occur. Burnout — a stress symptom — is a sense of frus-
tration or failure and is common when there are insufficient personal and reduced
vacation time (Sherman et al. 2006). It is also described as work-related emotional
exhaustion, depersonalisation, and reduced personal accomplishment. Studies in-
vestigating the effect and cause of burnout symptoms among healthcare person-
nel have found a connection between burnout and spontaneous absenteeism (Diez-
Pinol et al. 2008, Felton 1998, Hackett et al. 1989, Linzer et al. 2001, Shamian
et al. 2003, Unruh et al. 2007). In Canada for example nurses showed the highest
absenteeism rate among all employees in 1999 and created an economic loss of more
than 16 million nursing hours due to injury and illness (Shamian et al. 2003). Un-
planned absenteeism creates additional stress for remaining staff as the workload
increases unless a substitute nurse is available. The substitute nurse usually works
for several other units and may not be as experienced in that particular role as the
nurse he / she is replacing. The need to maintain such an external staff pool adds
further costs to the unit and lowers the quality of service. Investigations among
senior nurses have shown that high patient load is related to increased restraint use
and more patient deaths (Unruh et al. 2007). Another study in Australia has linked
high patient demand with low healthcare quality indicators. It identifies an increase
in patient mortality during observed periods of overcrowding within the emergency

department (Richardson 2006).

A high mortality indicator is probably the worst imaginable drawback along with
unadjusted staffing levels. Other unwanted side effects of unadjusted staffing levels
are higher treatment error rates, sick pay due to absenteeism, or even compensa-
tion payment due to physical injuries. An increase of absenteeism levels implicates
further negative effects on staff spirit and leads to higher administrational costs,
additional workload, and stress (Honkonen et al. 2006). Thus, this additional stress
could lead to further burnouts and perhaps even more absenteeism. In order to
break this vicious circle it is important to identify the optimum utilisation level

for staff so as they can operate in satisfactory conditions without consuming all
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resources. Therefore, managers responsible for creating a pleasant working environ-
ment for healthcare personnel must consider the aforementioned issues and work on

improving conditions.

Resource scheduling is a domain which simulation modelling has excelled in
handling due to its flexible approach which allows it to examine various strategies.
Simulation optimisation has been successfully applied in many studies (e.g. Bard &
Purnomo (2005), Centeno et al. (2003), Kim & Horowitz (2002), Rohleder & Klassen
(2002), Wijewickrama & Takakuwa (2005), and Yeh & Lin (2007)). These studies
focused on the shift arrangement in order to optimise the patient flow or treatment
costs and also focused on finding the optimum utilisation of healthcare units consid-
ering patient waiting times. The latter domain is more difficult to investigate as it
varies significantly from case to case. For example; a simulation model of an operat-
ing room identified that its optimum efficiency can be achieved between 85 to 90%
(Tyler et al. 2003). However, this result cannot be generalised and can certainly not
be transferred to other operating rooms or other units. EDs — demand driven units
— on the other hand need more work to identify their optimum utilisation under all

various constraints and limitations.

Simulation modellers have tried to achieve an accurate representation of health-
care units in general and emergency departments in particular. Due to the fact that
these models of emergency departments tend to be larger and more complex, han-
dling is more difficult than in the conventional factory world view (Hay et al. 2006).
Considering the fact that the complexity of the factory world view should not be
underestimated (Arisha & Young 2004), one might understand that developing an
holistic model of healthcare units requires a great deal of effort. In order to offer a
decision support model for managers, a generic model to consider flexible workload
among nurses is developed and verified. This model explains the effects of over-
staffing and understaffing in dependence of the arrival rate. Results identify a range

of parameters where this system tends to become unstable with the consequence of
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long waiting times and / or high workload for staff. Unstable conditions are espe-
cially undesirable when a high quality suffers due to stressed staff and long waiting

times (Thorwarth et al. 2009).

2.2 Complexity of Healthcare Simulations

Process simulation of flow systems as they are found in manufacturing, services, lo-
gistics and healthcare, involve many parameters. The first of these is the arrival time
of each incoming item and service times for each workstation, which may differ for
each processed item category. The aggregated service time for a product resembles
the cycle time, throughput time, or LoS — depending on the field different descrip-
tions are used to describe the same relationships. To gain a better understanding of
a system, the parameters consist of input parameters (describing the arriving time
and rate including the associated category of the item), internal parameters (service
times, maintenance times, transport durations) and output parameters (cycle time,

waiting times, output times).

The following sub chapter provides a brief overview of the complexity of sim-
ulation models with a focus on EDs. Formal descriptions, originating from manu-
facturing, are briefly discussed. In addition, certain limitations will be summarised
which may mean that this approach of complexity consideration can only be applied
to the healthcare sector. EDs have been chosen because they involve a high degree
of dynamics and also often include a reserve pool of staff in case of high demand

peak times.

2.2.1 General Complexity Considerations

Building models of a real system to be applied in simulations, requires an in-depth
analysis of the system parameters. Not unlike mathematical or physical models,

process flow models tend to involve a wide range of parameters. System analysis
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indicates the influence of the parameters on the behaviour of the system. In or-
der to describe a system, there are two different possible fundamental approaches:
the black-box model ignores the actual mechanism of a system while investigat-
ing relationships between input and output parameters. These relationships can be
replicated by Neural Network models which can be trained to replicate the behaviour
of the original system without a prior knowledge of the system — gaining insight into
a black box is a difficult undertaking (Johannet et al. 2007, Setiono et al. 2000). A
comprehensive guidance and framework with regards to this approach is given by
Hagan et al. (2002). The second approach used to describe systems utilises reengi-
neering methods — the aim is to identify the main mechanisms that trigger a certain
behaviour of the system. There are two investigative methods which can be applied,
either the observative method which uses quantitative statistical measures, or the
experimental method which actively changes parameters of the actual system and
measures the change of the output in accordance with the changing parameters.
Changing parameters on a running system can be harmful or costly, especially when

the outcome cannot be anticipated (Grover et al. 1995).

Modelling systems for simulation purposes are time consuming projects (Cooper
et al. 2007, Davies & Davies 1995) and therefore complexity considerations are

essential for the following aspects:

1. Estimate the creation time of a representative model,;

2. Deliver a degree of appropriateness towards the expected outcome;
3. Data requirements;

4. Precision of results;

5. Simulation execution run time / processing time;

6. Maintenance;

7. Customer satisfaction;
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8. Costs.

Arisha (2003) provides a comparison between complex and simple models in or-
der to evaluate whether a complex model is in the interest of the customer, or if
a simpler model would be more appropriate to deliver certain insights. The time
consuming aspect of complex models should not be underestimated, because at the
point when a model is ready to be used, the system under investigation may have
already changed, thus making the results obtained from the simulation model obso-

lete (see Figure 2.2 (Pillai 1999)).
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Figure 2.2: Development of the value gained from a simulation project over time.
Source: Pillai (1999).

Complexity in Manufacturing

Within manufacturing systems, complexity has long been an issue under investiga-

tion. Generally it is distinguished among sequential, parallel and mixed allocation
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of machines / processes. Sequential allocation is described as Flow Shop, while a
mixed combination of parallel and sequential routing of processes are commonly
described as either Hybrid Flow Shops (Ruiz & Vazquez-Rodriguez 2010), in cases
of parallel processing of sequential tasks, or Job Shops, where the routing of tasks

is flexibly allocated (Pinedo 2008).

A common notation for Job Shops is provided by Graham et al. (1979) and is
often cited as the (a, 3, v)-Notation where the production process, its restriction and
their objective function are described respectively. Adams et al. (1988) provide a vi-
sual representation of the («a, 3, 7)-Notation which is helpful with regards to solving
scheduling problems. In a broader context, it is apparent that simulation is applied
to scheduling problems in combination with optimisation in order to find the best

scheduling arrangement of input items, which in turn allows a minimum cycle time.

Complexity Applied to Healthcare

Scheduling and planning with regards to patients in healthcare deserves a special
consideration as patient arrivals may not always occur as arranged, and thus may
disrupt the minimised LoS which has been forecast. In some areas of a hospital
for example there are certain specialties where scheduling is applicable to a certain
degree. The operating room for instance would be such an example because the
patients arriving are known and the timetable can be arranged to a certain extent —
while spontaneous changes due to acute cases or complications can also be catered
for (Jebali et al. 2006). With the increase of variability — which occurs when a high
number of acute casualty patients are involved — scheduling becomes more challeng-

ing (Tyler et al. 2003, Utley et al. 2003).
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Planning Considerations in Healthcare

In order to evaluate and plan for the arrival of patients, healthcare managers tend to
consult arrival patterns for their healthcare facility. Forecasting patient demand to
an accurate level is greatly desired. As an arrival pattern, the Poisson distribution
is commonly identified by investigating the hospital records. For example Bowers &
Mould (2004) investigate the arrival pattern of an orthopaedic trauma centre which
resulted in a stochastic pattern, where the Poisson distribution showed to produce
the best fit. This distribution is varied in their means to adapt to arriving hour,

day and season which is hence applied to the simulation model.

Another example of fitting distribution to arrival data can be obtained by de Bruin
et al. (2007), where the frequencies — according to the grouped arrival minute cat-
egory — display an exponential distribution, which is later shown to be Poisson. A
very early study on hospital distribution approximation is that of Swartzman (1970),
which is a publication on hospital distribution testing. Testing hospital records for
statistical distributions is therefore a common exercise and can also be observed in

the projects published by Patrick & Puterman (2007) and Cochran & Bharti (2006b).

However monumental the effort, patient arrival is not always clearly identifiable
or approximations are difficult to retrieve. The DES models which require an arrival
pattern are therefore striving for a close fit, which cannot always be guaranteed. A
reasonable number of DES projects in healthcare can be identified, where statistical
proof of a fit cannot be retraced in their publications and a Poisson distribution
is assumed (Chu et al. 2003, Gutjahr & Rauner 2007, Utley et al. 2003, Vissers
et al. 2007). The assumptions appear to be appropriate for the context of their
research scope, as it takes time and effort to investigate the relevant patient arrival

groups, which again leads to the cost and value evaluation.
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2.2.2 Complexity Measure of Flow Models

Due to limited computing resources, complexity awareness and measurement is
utilised to retrieve an estimation with regards to the proportion of computing re-
sources which are consumed by a certain program or algorithm. Goldreich (2008)
delivers a comprehensive theory guideline to calculate and estimate computational
complexity. In a specific case, DES models can be seen as an instruction set (an-
other expression for program or algorithm), which influence the item flow through
the system. For overview purposes, these models are often represented as process
flow models, which is an abstraction of the actual code. Process flow models pro-
vide an impression of the functionality and complexity which can be expected from
a certain DES model. In 1976 complexity was as important if not more so, than it
is today. This is due to the limited computing power and the limited redesigning of
software during the construction phase. Therefore McCabe (1976) discusses a com-
plexity metric based on graph theory (Berge 1976) and introduces the Cyclomatic
metric which describes the behaviour of Work Flow (WF) nets. However, McCabe
focuses on the behaviour of a program in an abstract WF-net, without regarding
the actual code. In order to provide a measurement regarding the complexity of a
graph, that is representing some code, the graph is structurally described by the
number of edges, the number of vertices, and the strongly connected components.

Thus delivering the reachability of the Cyclomatic metric as:

M=E-V+P (2.1)

where E represents the number of edges, V' the number of vertices and P the

strongly connected components.

This metric can be applied to WF-nets which contain "IF THEN” constructs as
well as to "LOOP”s constructs. Decisions and loops are commonly used within DES
models, therefore the Cyclomatic metric is a valid representation of such models.

Lassen & van der Aalst (2009) extend the Cyclomatic metric by considering the
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Figure 2.3: Patient flow for emergency patients.
Source: (Baesler et al. 2003).

absolute value of the edges and vertices:

ECyM = |E| — |V|+ P (2.2)

This Extended Cyclomatic Metric (ECyM) is one measurement which is used

in order to describe the structure of a number of recent DES models that were

used to represent ED with the use of DES. Table 2.1l summarises the displayed flow

models presented by the corresponding author. For example, the process flow model

provided by Baesler et al. (2003) shown in Figure 23] is calculated as:

ECyM = |E| - |V|+P=11-8+6=09 (2.3)

The reachability of this particular graph is 9 due to 11 edges, 8 vertices and 6

strongly connected components.
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2.2.3 Complexity of Emergency Department Models

EDs are the departments which face the highest degree of uncertainty. The arrival
of patients depends on the characteristics of the population inhabiting the catch-
ment area. The primary mission of the ED is to provide acute care to patients. A
common yet unique feature of EDs is their extensive use of prioritisation by allo-
cating triage units, which are common and essential to providing immediate care
for patients with the most acute conditions (Mackway-Jones et al. 2006). To guar-
antee a fast response to most of the acute patients, it is necessary to identify the
upper limit of the utilisation of resources and staff of the ED in order to provide
a reserved capacity for spontaneous increases in patient demand. An example of a
generalised rule of thumb is a DES model detailing emergency admissions which is
used to identify an inpatient bed occupancy level of less than 85% as the upper limit.
This is done in order to avoid bed crises, which occur due to the lack of capacity
reserve (Bagust et al. 1999). The effects of an occupancy level above 90% are dra-
matic. When this occurs, the hospital will regularly encounter scenarios which can
best be described as bed crises. Consequently, a lack of capacity reserves endanger
patients as the phenomenon ”overcrowding” can occur. At this point it is impor-
tant to note that the relationship between overcrowding and mortality rate shows

that unreserved capacity may give reasons for concern (see Section 2Z.T.4 on page[34)).

Publications on ED models illustrate the simulation model either in displayed
flow charts or in written text. The assessed attributes of the DES models are
summarised in Table 2.2 The first column shows the number of main sequential
activities, whereas the shortest and the longest illustrates the shortest and longest
possible path. Branches in the second column give the number of alternative routes
through the system; the branches directly leading to the output are displayed in
brackets. The activities within the branches are listed in the third column and
grouped into the shortest and longest possible sub-route within a branch. Feedback
loops and the total number of activities within the model are directly obtained in

Table The number of possible entrances and exits is given by the number of
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Table 2.1: Extended Cyclomatic Metric of healthcare simulation models.

Strongly

Author Edges Vertices Connected ECyM

Components
Komashie & Ali (2005) 8 9 3 2
Hoot et al. (2008) 6 6 4 4
Yeh & Lin (2007) 9 8 4 5
Blake & Carter (1996) 6 5 4 5
Mayhew & Smith (2008) 7 5 3 5
Mahapatra et al. (2003) 9 4 4 9
Fletcher et al. (2006) 11 9 7 9
Baesler et al. (2003) 11 8 6 9
Bowers et al. (2009) 20 18 7 9
Centeno et al. (2003) 11 7 6 10
Ruohonen et al. (2006) 13 9 7 11
de Bruin et al. (2007) 12 3 3 12
Miller et al. (2004) 17 10 5 12
Ashton et al. (2005) 13 3 2 12
Takakuwa & Shiozaki (2004) 18 11 6 13
Gonzalez et al. (1997) 16 8 7 15
Martinez-Garcia & Mendez-Olague 25 13 5 17
(2005)
Kuban Altinel & Ulag (1996) 23 12 8 19
Sinreich & Marmor (2005b) 36 27 15 24
Blasak et al. (2003) 43 24 12 31
Wiinamaki & Dronzek (2003) 60 16 9 53
Samaha et al. (2003) 57 12 38 83
Model of this field study 168 43 15 140
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inputs and outputs respectively.

In order to provide an alternative measure with which the complexity of a DES
model can also be compared, the following estimated measurement is proposed and
displayed in the ninth column, which is entitled complexity estimated measure. This
measure is obtained by subtracting the number of branches that are directly linked
to the output from the total number of branches that can be found in a model.
These branches do not contribute considerably to the complexity, as subsequent
decisions are not made at this stage. The resulting number is hence multiplied with
the number of total activities counted. This will then provide the estimation, which
means that the models can be compared with regards to their degree of complexity.

This Estimated Degree of Complexity (EDC) can be described by:

EDC = (E — E,) * P, (2.4)

where E are the edges (branches), E, the number of branches directed to the
output and the P, represents all components. This method is not applicable to all
the models as not all required information can be retrieved from the publications.
In this case a close look at the set up of the model is inevitable and certain charac-

teristics of the model must be evaluated directly.

When comparing the results of the alternative complexity estimation EDC with
the ECyM, a difference for certain models is apparent, however the trend of the
complexity is similar. For example, the authors are ranked according to their degree
of complexity in Table 2.I] and Table 2.2 Only few authors differ in their ranks.
Bowers et al. (2009) for instance, is ranked the 17th most complex model according

to ECyM while it is 5th according to EDC.

The investigated models vary in their complexity: most of the investigated mod-
els consider less than ten activities (Ashton et al. 2005, Baesler et al. 2003, Connelly
& Bair 2004, de Bruin et al. 2007, Fletcher et al. 2006, Hoot et al. 2008, Komashie &
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Ali 2005, Kuban Altinel & Ulag 1996, Miller et al. 2004, Ruohonen et al. 2006, Yeh
& Lin 2007), while only five consider 10 to 20 activities (Centeno et al. 2003, Gon-
zalez et al. 1997, Mahapatra et al. 2003, Martinez-Garcia & Mendez-Olague 2005,
Takakuwa & Shiozaki 2004). Additionally, four models consider more than 20 activ-
ities (Blasak et al. 2003, Samaha et al. 2003, Sinreich & Marmor 20056, Wiinamaki
& Dronzek 2003). The highest number of activities is considered by Samaha et al.
(2003) which illustrated a model with 52 activities. Blasak et al. (2003) displays 90
activities of which a third directly describe the patients’ journey through the ED.
The last row of Table displays the current properties of the DES model of the St.
Vincent University Hospitals’ ED. Focusing on the estimated complexity measure,
it can clearly be seen that this model has a relatively high degree of complexity in

comparison to the other models, which is supported by the objective ECyM metric

(Table 21)).

Modelling the complex behaviour of an ED is a challenging task due to the in-
teraction of human and physical resources. Medical staff, for example, are rarely
dedicated to one patient or task, they treat several others while waiting for other
processes. This diversity of process interaction can be described as multitasking, a
common feature of ED operations. Yet, multitasking is rarely considered in DES
models of EDs (Giinal & Pidd 2006). Several tasks and processes, depending on
certain resources, result in interrupt-driven system behaviour demanding a well ad-
justed allocation of human and physical resources (Wild et al. 2004). The impact
of multitasking on ED simulation models certainly warrants further investigation,

especially on the background of scarce shared resources.

2.2.4 Barriers due to Complexity

However ideal the methodology appears, previous models on healthcare facilities
tend to be an abstract reflection of the original processes (compare Table 2] and

Table on pages [ and B0 respectively, in this section). Maintaining a low detail
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Table 2.2: Description of simulation models applied in EDs.

Author Main seq. Branches Activities | Number of Total
Activities | (directed | in Branch | Feedback- | Activities
(shortest/ | to output) | (shortest/ loops
/longest) /longest)
Blake & - 3 FORTRAN - - 500 lines
Carter (1996) Subroutines of code in
SIMAN
Bagust et al. - - - - -
(1999)
Rossetti et al.
(1999)
Hoot et al. 6/6 2(2) 1/1 0 6
(2008)
Miller et al. 5/5 1(1) 1/1 0 5
(2004)
Takakuwa & 3/7 5(5) 1/3 0 12
Shiozaki
(2004)
Connelly & - - - - 7
Bair (2004)
Komashie & - - - - 6
Ali (2005)
Ashton et al. 3/3 10(11) 0 0 6
(2005)
de Bruin 3/3 7(5) 0 1 3
et al. (2007)
Baesler et al. 7/9 2(1) 1/1 0 9
(2003)
Ruohonen 4/8 2(0) 1/1 1 8
et al. (2006)
Yeh & Lin 6/7 2 1/1 0 8
(2007)

Continued on page b2 ...

Continued on page [B1] ...
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(... Table continued):

Description of simulation models applied in EDs.

.. continued from page B0

Author Input / Data Comments | ECyM | Estimated
Output Degree of
Complexity
(EDC)

Blake & - 3 days - 5
Carter (1996)
Bagust et al. - - Spreadsheat - -
(1999) model

- - Few Descript- - -
Rossetti et al. ions only
(1999)
Hoot et al. 1/3 57,995 - A -
(2008) patients
Miller et al. 1/2 Assumpt- - 12 -
(2004) ions
Takakuwa & 2/3 - - 13 -
Shiozaki
(2004)
Connelly & - 682 12,714 - -
Bair (2004) patients modules
Komashie & 1/2 6,000 - 2 -
Ali (2005) patients
Ashton et al. 1/11 850 Simplified 12 0
(2005) patients
de Bruin 2/5 2,838 - 12 6
et al. (2007) patients
Baesler et al. 1/1 - - 9 9
(2003)
Ruohonen 1/1 4,000 - 11 16
et al. (2006) patients
Yeh & Lin 1/1 7 months - 5
(2007)

Continued on page B3l ...
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(...Table continued):

Description of simulation models applied in EDs.

.. continued from page

Author Main seq. | Branches | Activities | Number of Total
Activities | (directed | in Branch | Feedback- | Activities
(shortest/ | to output) | (shortest/ loops
/longest) /longest)
Centeno 8/12 3(1) 1/3 0 12
et al. (2003)
Gonzalez 6/12 4(2) 1/5 0 13
et al. (1997)
Martinez- 7/9 7(5) 9/9 0 16
Garcia &
Mendez-
Olague
(2005)
Mahapatra 7/10 5(1) 1/2 0 15
et al. (2003)
Bowers et al. 8/12 11(1) 1/2 0 13
(2009)
Kuban Al- 9/18 26(2) 4/8 0 8
tinel & Ulag
(1996)
Samaha et al. 13/31 11(0) 2/4 1 52
(2003)
Blasak et al. | 16/(33+ 21(0) 1/7 2 35+
(2003) 18+27) (19+36)
Wiinamaki & 8/16 15(0) 1/12 0 41
Dronzek
(2003)
Sinreich & 12/22 19(1) 1/10 3-4 35
Marmor
(20050)
Model of this 9/22 64(0) 7/13 0 57
field study
Fletcher 5/8 2(0) 2/3 0 8
et al. (2006)
Mayhew & 2/3 4(1) 2/3 0 5

Smith (2008)

End of Table

Continued on page B3] ...
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(... Table continued):  Description of simulation models applied in EDs.

... continued from page [51]
Author Input / Data Comments | ECyM | Estimated
Output Degree of
Complexity
(EDC)
Centeno 3/1 - ILP 10 24
et al. (2003) programing
Gonzalez 1/2 - - 15 26
| et al. (1997)
go Martinez- 1/5 3 months - 17 32
=1 Garcia &
g Mendez-
fé Olague
2 (2005)
£ | Mahapatra 1/1 160,000 - 9 60
= | et al. (2003) patients
Bowers et al. 2/3 - - 9 60
(2009)
Kuban Al- 1/3 14,000 - 19 192
tinel & Ulag patients
(1996)
Samaha et al. 2/2 - - 83 572
(2003)
Blasak et al. 1/5 - - 31 595
(2003)
Wiinamaki & 1/7 - - 53 615
Dronzek
(2003)
Sinreich & 1/1 16,250 models 24 630
Marmor patients patient
(2005b) from 5 arrival
hospitals data
Model of this 2/5 79,641 30,000 140 7552
field study patients modules
Fletcher 1/1 - - 9 16
et al. (2006)
Mayhew & 1/3 May-July - 5 18
Smith (2008) 2002
End of Table
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level has the advantage that the development time of such a system is kept short
due to computational, debugging and complexity issues. The modeller is caught or
tethered up by unnecessary details, however, important dependencies may be lost
or simply overseen, which could lead to the recommendations, made on the abstract
model, not delivering the anticipated results. With regard to this effect it is often
said that simulation is a shadow of reality. To overcome this conception, a valid
solution would be to increase the detail level of the simulation model, which again

risks the confrontation of the aforementioned disadvantages.

In computational complexity theory, complexity is well defined by the number
of runs that a deterministic or non-deterministic algorithm or function must go
through. A function is abstracted by its consumption of resources (e.g. number of
loops, recursive function calls, etc...) and describes the use of the computational
resources that can be used to estimate the computational efficiency of an algorithm
(Goldreich 2008). In DES, complexity is often considered by the number of utilised
functions (such as queues, activities, merging elements, etc.), diversions within the
routing, and by the number of processed items. Hence it can be said that the
size of the model determines the grade of complexity, which in comparison to the
computational complexity theory, is a rather crude measure. Having said that, it
does give an idea of the computational resources that are required for the execution
of simulation models.

However high the desire of the modeller may have been to add complexity in
structure and size, there is a certain reluctance from the modeller to apply measures
which increase the complexity of the model. Introducing complexity thus faces

barriers due to several factors:
e Higher amount of pre-processed data (e.g. statistical processed process data);
e More potential error which results in a high debugging effort;
e Delivery of the model takes longer (critical for a quick changing environment);

e Difficult to maintain the overview which requires more documentation effort;
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e Adaptations are difficult or difficult to address, which means that the model

appears difficult to adjust;

e Generalisability or transferability of the results is difficult.

Due to these resentments, experts in simulation modelling recommend starting
up with simple models and then evaluating whether complexity is really required
(Banks & Autosimulations, Inc. 2000, Banks et al. 2005, Law & Kelton 2000, Sackett
et al. 2007).

Starting up simple is not necessarily sound advice, especially as integrated net-
works are already complex in nature. The focus on a subset of the entity does not
deliver the whole picture and fails to deliver results on how the simulated system
behaves in relation to other systems. One might argue that system dynamics (SD)
may be an appropriate solution for simulating an integrated network, however on
the other hand, the details, which cause certain effects, are not considered, or are
not easily addressed or identified. For example, within a SD network, blockages due
to over-utilisation of a specific resource of the subsystem cannot be identified when
the overall system is investigated. Therefore, expanding the scale of DES may be
an appropriate approach. This example demonstrates that a structured approach

like FRA is essential to aid the DES modeller in building better complex models.

The last two examples extracted from Table are examples of the two ex-
tremes among the comprehensive level of ED simulation models. Building models
like EDSIM is time consuming but has the advantage of a high degree of trust from
decision makers. In order to ease the burden of such large models, specific modules
and libraries are required and help the modeller to accelerate the building process.
As elaborated above (in Section on page [80) for reusability purposes a guide-
line must be provided in the libraries and modules in order to equip the modeller

with the appropriate knowledge and tools for the process.
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2.3 Simulation Applications in Healthcare

A comprehensive and regularly cited review is given by Jun et al. (1999), who ref-
erence 117 articles which were published between 1952 and 1997. This paper refers
to previous research on single or multi-facility healthcare clinics and summarises
articles written on different topics such as patient flow and allocation of resources.
In addition, it also provides an outlook on future directions. Preater (2002) focuses
on queues in healthcare with a grouped bibliography (Preater 2001) such as ap-
pointments, outpatients and waiting lists, departments, compartmental modelling,
ambulances, and miscellaneous. Another focused review is given by Cayirli & Veral
(2003). Their review concentrates on outpatient scheduling in healthcare and di-
vides the topic into its elements and methodologies. Here simulation is mentioned
only as a side topic and not as a viable solution technique. A focused overview on
the planning and scheduling of an operating room is provided by Cardoen et al.
(2010), where simulation applications are grouped into comprehensive categories

that resemble topics of operational research interests.

Hence, a systematic and focused review is given by Fone et al. (2003) which
describes a survey of articles on the use and value of computer simulation modelling
applied in healthcare. This survey uses data resulting from the automated queries
on certain keywords of 60 articles in various literature databases. Another survey
and discussion paper has been published by Eldabi et al. (2007) in which the authors
conclude that simulation, with its flexibility, has advanced to a single solution-based
method to solve problems in healthcare. Limitations and boundaries of the term
simulation can be found in Streufert et al. (2001), which offers a good overview of
simulation projects applied in healthcare. Various references for simulation projects
on large scale emergencies are cited by Hongzhong et al. (2007), who also present a
modelling approach to provide communities with emergency care in a catastrophic

event.
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2.3.1 Requirements of a Decision Support System

A Decision Support System (DSS) is an assistance tool with many characteristics.
In the healthcare context, there are two types of DSS. Firstly is a DSS which sup-
ports decisions made by medical staff with regards to treatment. This type will be
referred to as a Clinical DSS (CDSS). In addition there are also Performance DSSs
(PDSSs) which are utilised in order to monitor or improve the overall performance
of a healthcare facility. Officially, there is no official differentiation among PDSSs
and CDSSs, therefore many simulation based DSSs which are primarily designed to

increase the performance of a healthcare facility are labelled as CDSSs.

Medical DSSs are designed to give advice to medical staff in uncertain cases. Gen-
erally this advice is backed up by statistical information regarding treatment success
/ failure of medical reports and studies. The ”Golden Standard” for treating diverse
diseases or illnesses defines actions in cases of certain developments and focuses pri-
marily on the medication of a patient (ELSEVIER 2011, Osheroff et al. 2005).
Clinical Pathways (CP) however, provide a more detailed insight into the treatment
process and provide a guideline, which is constantly assessed (Hall et al. 2006). CP

thus increase the transparency for decision making.

DSSs aiming to increase the performance of a healthcare facility do not usually
function as a CDSS in medical context. The PDSSs aim to increase the usage of
limited capacity within a facility (Groothuis et al. 2001) or aim to optimise the per-
formance output via scheduling measures (Everett 2002). The routing of the patient
is also under consideration while accessing a PDSS, either while designing a health-
care facility (Vos et al. 2007) or redesigning the patient flow through the system
via implementing ”fast tracks” (Rossetti et al. 1999, Cooke et al. 2002, Sinreich &
Marmor 2005a). PDSSs therefore aim to support the management in their decisions

and do not usually interfere with the decisions of the medical staff.

With the increase of the application of HIS, the usage of computers during con-
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sultation as a supportive tool is increasing whilst the paper based patient file is
gradually becoming obsolete. In addition to the patient data, the HIS may inte-
grate a CDSS which aid medical staff in their decision making. A study investigates
the degree to which GPs are managing their workload with computer aided decision
making. This study concludes that the full potential of the system is not utilised

due to a lack of knowledge regarding its workings (Gibson et al. 2005).

PDSSs are often simulation based as simulation projects applied in healthcare
are becoming increasingly popular. This can be derived from the fast growing num-
ber of publications applied in this field. Figure [2.4] shows how the publication rate
has increased throughout the last 15 years. This figure is obtained by accessing the
Publish or Perish database and by applying the search as follows: the black bars dis-
play the total number of possible DES projects applied in healthcare (Harzing 2009).
This number is obtained by entering the following keywords: ”discrete event simu-
lation” and either of the following: ”patient”, "healthcare”, "hospital”, and ”emer-
gency department”. The white bars display the number of DES projects applied in
EDs, the search has been done respectively according to the terms: ”discrete event
simulations” and ”emergency department”. This is certainly not an accurate repre-
sentation of the amount of research done in this field, but gives a good description

of how the interest of healthcare has increased in applying DESs.

Purpose and objective of the need for a simulation project specifies the range
of the detail level that is set by the initiator and applicant in agreement with the
modeller. There are several potential users at different management hierarchy levels
and its improvement objectives differ throughout the hierarchy. For example: the
objective of operational management is interested in finding the optimum setting
of staff and supply on either a day to day basis or on a monthly basis, whereas
cooperative management requires information for a longer time span which can help
to plan new treatment centres, or to plan the allocation of resources on long term

contracts. The operational and cooperative management are those which apply
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Figure 2.4: Number of annual publications on simulation applied in healthcare.
Source: (Harzing 2009).

DESs in order to retrieve the information that supports their decision making. By
increasing the time span, especially for strategic management, different modelling
techniques such as process flow simulation or heuristic simulation are more suitable
(Vissers & Beech 2005). Figure groups different stakeholders according to their
objective timespan and their operational function. Whichever technique is required,
with the development and improvement of HIS, the information is available to build

appropriate models which fulfil the needs of the decision makers.

As maintaining or increasing the quality of service is an ongoing task for health-
care decision makers, they strive for new techniques which could yield potential
solutions in the future. With increasing costs comes the demand for changes and
improvements. With this in mind, one feature of process simulation catches the
attention of healthcare decision makers: Scenario Testing: scenarios can be tested
on a model which represents the healthcare facility without interfering with the real

system. In order to build a representative model it is essential to retrieve all neces-
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Simulation as a Decision Support Tool in Health Care:

Decision: Time Horizon: Decision made by:
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Figure 2.5: Simulation as a Decision Support Tool in healthcare associated with
management level according to time span and decision purpose.
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Figure 2.6: Distribution of applied simulation in different health sectors.
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sary information regarding the system under investigation. Data mining techniques
provide a wide variety of ways in which to use quantitative and qualitative data
(Berry & Linoff 1997, Bradley et al. 1999, Ceglowski et al. 2007, Sundaramoorthi
et al. 2006). Hospital and patient records become an invaluable source of informa-
tion, as well as staff interviews, which provide an overview of how the patient flows
through the facility. Combining this data in a conceptual model, delivers a first

source for discussion regarding the validity of the modellers idea of the system.

Once the conceptual model is translated into an executable simulation model,
"what-if”- questions can be answered by creating test scenarios. The consequence
of the scenarios can be investigated and potential avoidance strategies can be imple-
mented. Further investigations regarding the model identify bottlenecks — allowing
increasing throughput on a certain section, the objective being to increase the flow
of items. KPI measurements allow for a comparison of the as-is state with the
to-be state of the model. The combination of "what-if”- questions, optimisation,
the modelling itself, bottleneck identification and KPI comparison enhances process
simulation and make it a very attractive solution method for the healthcare domain

due to its manifold analysis possibilities.

2.3.2 Simulation in General

Simulation has successfully been applied in manufacturing as well as military and

logistic sectors and has proven to have many advantages such as (Pegden et al. 1995):

Scenario testing without interference with the real system;

Bottleneck analysis;

Capacity planning;

Investigations of certain phenomena;

Investigation of correlations of variables;
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e Integration of optimisation.

To access these advantages, many simulation packages are developed, which allow
the user to adjust simulation models to the analysed system. A survey, which
until recently appeared every two years, lists 48 different products, which allows a
comparison of their main features (Swain 2003). Several of these packages originate
from SLAM (Simulation Language for Alternative Modelling) and offer a shell to
build sophisticated models of the analysing system. These packages differ in certain

key features (Banks et al. 2005):

Model building;

Runtime environment;

Animation and Layout features;

Output features;

Definition of variables, functions and subroutines;

Vendor support and product documentation.

Increasing performance is one domain of operations research and its application
in healthcare is increasing. Simulation, which is one topic among a wide field of
operation research, is acquiring a greater acceptance as a solution finding methodol-
ogy among hospital managers. Almost 30% of simulation projects were implemented
between 1995 and 2008 (Thorwarth & Arisha 2008), which is a significant rise when
compared to the figure of 8% identified in 1980 (Wilson 1981, p. 825). The potential
of simulation to achieve an increase in performance within the available resources
is one of its major benefits. In addition, its flexibility to integrate other solution
techniques, such as optimisation, artificial intelligence, and data mining, as well
as its capability to consider uncertainty and complexity, enhance the reputation of

simulation as a solution finding technique within healthcare.

62



Literature Review

In general, simulation describes the procedure of finding a replica of an object
or system which allows the application of tests or scenarios without harming or
interfering with the original object. Process simulation differentiates between con-
tinuous flow and DES with the latter being the main focus of this research. An often
cited definition which defines DES is provided by Balci (1988) where four modelling

structure methods are identified:

e Process-interaction method;
e Event scheduling method;
e Activity scanning method;

e Three-phase method.

These four methods describe a system in different detailed abstraction degrees:
the highest detail level can be obtained by the process interaction method which
simulates each state and event. Within this method, for example, ”waiting” is
considered as a process. The next higher degree in abstraction level is the event
scheduling method, where time advances to the moment when something happens
next — "waiting” considered here as in a queue and as a rather abstract process in
comparison to the process-interaction method. The next abstract modelling struc-
ture is the activity scanning method, which is also known as the two-phase approach.
Within this research the simulation software is composed of two independent mod-
ules which scan a certain amount of time in the first phase, and in the second phase
the system is updated according to the scanned events. The three-phase method is
an equally abstract modelling structuring method to the two-phase method. The
scanning and update processes are divided into three separate steps: first, time is
advanced to the next event. The second phase releases all resources involved in the
activities, and the last phase starts activities in accordance with the global picture
and the available resources. Within this research, the applied field research is mod-

elled in a simulation software package which uses the event scheduling method.
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Simulation is a very flexible tool and can be applied in various domains and en-
vironments. We can distinguish between object simulation, such as flight simulator
(which shall not be of interest here) and process simulation, which is the primary
use of industry and servicescape. Process simulation is a collective term for contin-
uous flow simulation, process flow simulation and Discrete Event Simulation which
makes use of models to reflect the behaviour of real systems. Continuous simulation
is often applied to control processes in electrical engineering whereas process flow
simulation is commonly used to describe production lanes, where a large number
of objects flow through the system (Law & Kelton 2000). DES is characterised by
its ability to capture and describe activities that affect the system and items. The
type of simulation used is determined by the objective, required detail level, and the
domain characteristics. Systems where several million objects pass through would
more likely benefit from being modelled as a process flow simulation, whereas a
system which has a determinable amount of objects, profits from the use of discrete
event simulation. This is due to the fact that here, the detail level can be increased
to any activity in order to investigate the effects and causes of their interaction with

any other item or activity within the system.

In comparison to manufacturing, where raw material is transformed by interac-
tion of manpower and/or machinery into finished products, patients are served on
the basis of their diagnosis which must be identified in advance. In certain healthcare
facilities, diagnosis is a major contribution within the patient care process, such as
emergency departments, outpatient clinics, and partly hospitals. The other fraction
of hospitals plan their operating theatre timetables on the basis of diagnoses which
have been identified in advance. Since 1983 DRGs have been used in order to cate-
gorise the complaints of patients and to facilitate a higher transparency of founding
in healthcare. In 1998 there were 495 DRGs identified with several thousand ICD-9
codes — International Classification of Diseases (ICD) — which indicates side diag-
noses (McGuire 1998). The ICD-10 is the latest standard, which is assessed and
supervised by the World Health Organization (WHO) (World Health Organization
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(WHO) 2010). The DRGs were an important step towards the establishments of
patient care pathways. While DRGs are setting an economic target for the health-
care facilities, the care patient pathways enable a process optimisation of the patient
flow. Considering the high amount of DRGs, the amount of variations is high and

the description of care patient pathways is therefore complex.

Furthermore, boundary features of healthcare to manufacturing are similar to
those that are common in the service sector. For example, the system structure
and its components are not laid out in detail or even hard to obtain and special
attention is necessary for their identification. Another difference of manufacturing
is that manufacturing uses throughput time as a KPI, whereas in healthcare the
throughput time is replaced with the patient LoS and an additional KPI focuses
on the patient waiting time, which is commonly used to set targets for healthcare
facilities. Examples of this include the four hour target in the NHS (Department of
Health (DoH) 2001, Proudlove et al. 2007) or the six hour target set by the HSE
in Ireland (Buckley 2009). The service time and / or treatment time is heavily
dependent on the cooperation of the patient. Complications for example can occur
and afflict a sudden alternation to the anticipated journey of the patient through
the healthcare facility. With regards to simulation modelling, the focus is often on
how to achieve more with the available resources, which is more often than not the
initial starting point for the analysis of the healthcare system under investigation.
Recapitulating these features, it is increasingly obvious, that whilst manufacturing
is very complex, it shows weakness when compared to healthcare. Indeed healthcare
puts a high degree of variability and uncertainty to its systems, which is a special

challenge for the simulation modeller (Laughery et al. 1998).

For decision makers there are several good reasons to apply DES as an analysis
tool. These advantages are described by many authors (Banks et al. 2005, Law &
Kelton 2000, Pidd 2004) and can be summarised as the following:

1. Sound decision making — Investments and changes to the system can be evalu-
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ated and the potential benefit or loss is forecast on a sound decision basis. The
opportunity to ask ”What-If” questions is one of the most common procedures

within a simulation analysis (See Dooley 2002);

. Thorough investigation of events — On any particular point of interest, simu-
lation allows the investigation of events by compressing or decompressing the
time line. Repetitions of a single event allow statement about their degree of

randomness or their systematic occurrence (See Ceglowski et al. 2007);

. Understanding of cause and effect — Are events dependent on or independent of
each other? Is a bottleneck in a certain area a cause for a shortage somewhere

else? These questions are easily facilitated and answered (See Robinson 2007b);

. Scenario analysis — Alternatives, opportunities or even new possibilities can
be investigated without interfering with the actual system. The analysis of
scenarios allows an improvement of the system (See Arisha et al. 2004, Swisher

et al. 2001);

. Investigation of problems — Complex systems such as a modern factory floor
involve a high number of variables. It is therefore difficult to consider all the
variables in any given moment. Simulation, however, allows a focus on certain
effects by providing control of inflicting variables. The effects become more

transparent and avoidance strategies can be considered (See Stahl et al. 2004);

. Identification of bottlenecks — Investigations on the flow of the items explain
shortages or unwanted queues. Hence an increase in the capacity of the certain

shortage can now resolve the bottleneck (See Gonsalves & Itoh 2009);

. Understanding limitations — Eliminating one bottleneck on one side creates a
new bottleneck in a different location. Bottlenecks are common for complex
systems, and it is impossible to eliminate them all. The only possibility, is to
identify a trade off, which represents the most optimum setting for the system

(See Hall & Connelly 2006, Kuljis et al. 2001);
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10.

11.

12.

Transparency — Understanding of the system is increased due to the required
analysis phase on the system under investigation. Many simulation studies
had already achieved valuable insight, long before the first simulation run

(See Robinson 2007b);

Guided implementation of change — Once a scenario has been established,
which describes the future ”to-be” - state, simulation can guide by its im-
plementation. Tests and descriptions on intermediate scenarios on the model
can provide invaluable information in order to establish a smooth and unin-

terrupted change (See Pidd 1999);

Visualisation — With the use of animation a new perspective to the setting
is offered which allows additional analysis opportunities. Thus hidden bottle-
necks become transparent, unnecessary idle times appear obvious, and redun-

dant routes are visible (See Rohleder et al. 2007);

FEducational purposes — Simulation can be used to familiarise staff with the
system and the interacting processes. New insight offers a sound understanding
of the interfaces to other sectors and hence increases the commitment of staff

(See Connelly & Bair 2004, Streufert et al. 2001, Andersson & Vérbrand 2007);

Identifying requirements — Resource utilisation and its consumption can be
calculated on the actual utilisation of resources. These calculations are often
based on estimations which only reflect an average over whole consumption,
whereas simulation offers the opportunity to take peak utilisation into account,
which often results in a higher write off rate (See Thorwarth et al. 2009, Ivaldi
et al. 2003).

Despite these many advantages, DES also has its limitations:

1.

Special training required — Building simulation models requires special training
in two aspects. First the modeller must obtain a sound understanding of the
system, and secondly he / she must be familiar with the procedure and process

of building a representative system. Despite many advances in the provision
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of simulation modelling packages which smooth out the journey of modelling,

the modeller still requires expertise in these two areas (See Lowery 1996);

2. Experience required interpreting simulation results — Not only must the mod-
eller have a sound experience, the person interpreting the results must also
be knowledgeable with regards to the model itself, so that he / she is ca-
pable of understanding the difference between random events and systematic

appearances. A thorough understanding of statistics is also essential (See

Robinson 2007b);

3. Time consuming procedure — Modelling is just one part of the overall simu-
lation project. This project consists of data analysis, conceptual modelling,
communication with stakeholders, modelling itself, verification and validation,
optimisation or scenario analysis, and also the implementation of all essential
steps in the simulation project. For example, the better the data retrieval and
analysis is, the better set up the decision basis for the model. A short cut
taken here will inherit itself through the whole model and will most probably

endanger the trustworthiness of the entire project (See Lowery et al. 1994);

4. Transferability / reusability — Modularity principally allows building model
components that are easy reusable. However, as was highlighted earlier (Sec-
tion B.3]), the reusability of models in healthcare is apparently very rare. Rec-
ommendations for building such frameworks are available and theories have
already been discussed, but the basic element, a common module library, is

still not available (See Giinal & Pidd 2010).

Considering the outstanding features of healthcare, such as variability and un-
certainty, one might agree with the common misconception, that healthcare is not
suitable for process simulation as it is applied in manufacturing. For that reason
many researchers and simulation modellers see healthcare as a special challenge, and

offer many solutions to model healthcare facilities.
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2.3.3 The Healthcare Domain

To help decision makers in healthcare facilities, simulation has achieved a significant
level of acceptance among clinicians and hospital managers (Jacobson et al. 2006).
Despite the fact that it was first applied in 1952 with the development of a queu-
ing system for hospitals (Bailey 1952), the distribution of DES is less prevalent in
healthcare than in other sectors (Sanchez et al. 2000). However, the last decade
has witnessed a major change: the publication rate of simulation applications in

healthcare has been doubled compared to the previous three decades (see Figure [[1]

on page [IH]).

Healthcare in general is charged with providing care and / or treatment for the
benefit of an individual patient or of a population. Simulation concerning the ben-
efit of a population is often realised by another type of simulation which is system
dynamics. But as soon as the focus is set on modelling a certain facility, DES is the
preferred methodology. Reviewing the literature on simulation models in healthcare
facilities, it can be seen that approximately 78% of projects and studies have utilised
DES. Many use DES in conjunction with other solution finding techniques, such as
optimisation techniques, like genetic algorithms, linear programming, and so forth.
Process simulation is often described as a flexible approach, which allows integrat-
ing and combining many variances of solution finding techniques, either embedded
within the simulation model or closely interacting with the simulation model. This

flexibility facilitates process simulation to an ideal solution finding technique.

DES has proven itself as a flexible and adjustable solution technique for a wide
range of domains. Increasing the transparency of a complex system, through on-
going investigation, is one of the important positive side effects, which results from
a simulation project of a facility. Simulation also encourages the creativity of the
user in that he / she might not only state ”what-if ”-questions within a simulation
model, but also be tempted to ask the ”"what-if I could model the whole system”-

question. Very soon, the simulation approach (Banks et al. 2005) as we know and
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apply it today will face the barrier of complexity. This may however be achieved
by decreasing the detailed level to which the model represents the actual system.
Complexity of a system is a constraint for DES due to computational power and

limited lifespan of manpower, which in this case is the modeller.

However, to overcome the barrier of complexity, models have been built which
consider the differing detail levels of certain healthcare facilities, such as those which
investigate certain patient groups like the cardiac in-patients (de Bruin et al. 2007)
or those which focus on an entire facility within a hospital like an Intensive Care
Unit (ICU) (Ridge et al. 1998). There are also models which take into consideration
an entire hospitals (Harper & Shahani 2002) or even a network of hospitals (Chu
& Chu 2000). The detail level is dependent on the size of the model — not all in-
formation is necessarily relevant for a sufficiently representative simulation model.
Obtaining the certain detail level at which a facility is optimally represented is an

ongoing discussion in the academia (Young et al. 2009).

Large scale simulation models may become quite unmanageable. This was the
conclusion reached by Moreno et al. (1999) after studying an entire hospital complex
located in De la Candelaria, Tenerife. A divide and conquer design methodology is
used in order to develop a micro and macro model of the hospital on a patient flow
basis. With this approach the target is to identify and eliminate bottlenecks. The
laboratory service is identified as such and eliminated by adding 10 more sessions.
These simulation results are implemented and the simulation model itself is used as a

decision support tool for further assistance to the management (Moreno et al. 1999).

General Hospital Resources Management

An investigation on the impact of the bed occupancy level on the inpatient bed crisis
is undertaken with a discrete-event stochastic simulation model at a hypothetical

acute hospital in England. Results show that hospitals operating at bed occupancy
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levels of 90% or more are likely to face regular bed crises. Hospitals with a bed oc-
cupancy level of less than 85% generally avoid a bed crisis as well as the associated
risks to patients. Management should therefore plan interventions on a long term
basis to match future demand growth (Bagust et al. 1999). This identified threshold
of the occupancy level was quickly acknowledged by the NHS in 2000 (Bourn 2000)
and was soon introduced as a rule of thumb recommendation for hospital managers
(Proudlove et al. 2007). This was done without providing signs whether a general-
isation is applicable to the original model and transferability to other hospitals is

feasible. (subsequently revised to 82% (Department of Health (DoH) 2001)).

In the following simulation project, the authors identified that up until to 2002
it was common to estimate the capacity requirements for hospital beds using the
average LoS figures in the Royal Berkshire and Battle Hospitals NHS Trust in Read-
ing. In order to support the hospital management in their decisions on bed usage
and patient flow, a tool based on simulation is designed which uses several programs
such as the simulation shell - TOCHSIM and the data collection tool — Apollo.
The designed simulation tool allows a more accurate interpretation of the current
usage of hospital resources. This is achieved via a flow model of the patient routing
through the whole hierarchy of the hospital. Scenarios are used to illustrate the
consequences of possible decisions by the hospital management. It is shown that the
previous LoS estimates are misleading in the interpretation of the current capacity
situation. Instead, applying the tool allows forecasting future bed requirements and
categorising of patients. In addition, quantifying the effects of combining speciality
bed-pools, helps to depict capacity simulations more accurately. Moreover, using
this simulation tool enables forecasting the effect of a change in admission policy

and hospital extension (Harper 2002).

Another case study on patient flow and allocation of resources within a general
hospital has been conducted by Vissers (1998). Until then, the hospital management

of certain hospitals applied estimates from previous assumptions in order to manage
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the utilisation of resources. Vissers (1998), instead, uses a mathematical approach
for the patient flow and builds a resource model. Patient records are extracted from
the hospital database and are integrated in these models, which are validated with a
detailed sensitivity analysis. The case study results in a comprehensive decision aid
for either the reallocation of resources or the reduction of LoS. It is concluded with
the description of the ”Time-phased Resource Allocation” method. This method
considers the correct level of allocations with the correct balance between alloca-
tions of different resources, avoiding capacity loss, as well as the correct timing and

avoiding unnecessary peaks and troughs (Vissers 1998).

A more general study, which is applied to a general hospital, is recommended as
a framework to other modellers. The benefits of the suggested framework are the de-
velopment of detailed integrated simulation tools for the planning and management
of hospital beds, operating theatres and workforce needs (Harper & Shahani 2002).
To reflect the hospital dynamics, a flow model based on continuous modelling is
chosen whereas the input for the model is classified by using the CART regression
tree analysis, which allows a categorised and therefore detailed view of the patient
records. Overall the framework illustrates the issues for modelling healthcare fa-
cilities. The case study which is used to demonstrate the benefits of this frame-
work may lead to a flattened occupancy rate, which utilises a 2% higher patient
throughput and a drop of the overall surgery refusal rate from 5 to 3% (Harper &

Shahani 2002). The results of this study are implemented in practice.

Cardoen & Demeulemeester (2007) present a project which uses integrated pa-
tient care pathways to derive the simulation model. The project is dedicated to
two case studies, the first was conducted at the Middleheim hospital in Antwerp
and investigated the consultation and surgery unit of the hospital. The second was
the catheterisation facility of the university hospital of Gasthuisberg. The use of
integrated care pathways eases the development of the simulation models because

the path of the patient is already well documented and relatively easy to derive and
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to integrate in a simulation model. Integrating these paths in a simulation model
guarantees that the model replicates the behaviour of the clinic. Investigation on
the model shows the effects of the changes in the bed capacity on bed utilisation.
In this particular study, unused bed capacity is freed due to the findings of the

simulation model (Cardoen & Demeulemeester 2007).

Patient Assignment / Scheduling

A novel nurse- patient assignment programme is developed on the basis of the data
provided by Baylor Medical Center at Grapevine TX and Patricia Turpin. Sun-
daramoorthi et al. (2006) apply a stochastic simulation model (SIMNA) which is
combined with a CART regression tree analysis to determine the transition prob-
abilities for nurse movements to predict the amount of time spent at a certain
location. To support their findings, validation is applied and the 40-20-40-rule is
referenced McKay et al. (1986), which suggests that a modeller should spend 40%
of the time on data analysis, 20% on the transition and 40% on the implementation
of the model. This assignment programme assists nurses in making better deci-
sions on nurse- patient assignments for a work shift. This results in a better care
for patients, balanced workloads for nurses, and cost savings for the whole hospital

(Sundaramoorthi et al. 2006).

Continuing with assignment tools, Vissers et al. (2007) introduce a platform
which compares the performance of admission systems for hospitals. This theoreti-
cal model is built on assumptions and assumes a simplified hospital. The following
admission plans are investigated: Maximum Resource Use (MRU), Zero Waiting
Time (ZWT), Coordinated Booked Admission (CBA), and Uncoordinated Booked
Admission (UBA). These different admission plans are then evaluated according to
the resource utilisation of beds, intensive care beds, operating theatres, and nursing
staff. Finally the paper proposes a contingency perspective to identify the most

suitable admission strategy (Vissers et al. 2007).
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Another assignment issue is concerned with the fluctuating demand loads in a
rolling- horizon environment by applying overload rules and rule delay (Rohleder
& Klassen 2002). Management chooses between the following overload rules: pure
overtime, double booking from first to last or from the last to the first, double book-
ing every fifth slot. The overbooking rules are combinable with the three rule delay
options: simply none, or the one and two day delay. The combined rules with the
overload options identify the best mix of rules. It is emphasised that the application
of these results depends strongly on hospital idiosyncrasies and the patient demand.
This paper identifies methods for minimising client waiting and server idleness which

are of significant value to practitioners.

An investigational study which incorporates the high uncertainty and variabil-
ity of patient demand is undertaken at a typical UK hospital by Bowers & Mould
(2004). A simple Monte Carlo simulation including the patient demand model is
used to emulate the orthopaedic trauma theatre. The use of simulation shows that
the scheduling of the trauma theatres is modified by accepting a higher risk of can-
cellation, which frees two additional surgery hours per week. These results when
applied to a general hospital in the UK increase the overall performance by 13%
per year on elective surgeries (Bowers & Mould 2004). These findings are published
in a technical manner in the European Journal of Operations Research (Bowers &
Mould 2004). In addition, healthcare management issues as well as implementa-
tion barriers are addressed in an article published in the Journal of Management in

Medicine (Bowers & Mould 2002).

Simulation on Surgery Departments

The following project study focuses on applying a straight forward discrete-event
simulation which considers the urgency of treating the patients. This model can be

used as a twofold operational tool, first to match hospital availability, and second
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to consider the patient needs. Expertise of the medical staff has been determined
to verify the accurateness of the model. This study focuses on the benefits of DES

when applied in a hospital (Everett 2002).

DES is used in another study in order to compare the use of pooled list with
scheduled lists. In contrast to scheduled lists, pooled lists are an assemblage of
undedicated tasks for various workstations. A DES model is built, including the
availability of surgeons for appointments that are also dependent on other clinic
activities. The results of the paper show that approximately 30% fewer patients
are waiting during weeks when no appointments are available under the pooled-list

method (Vasilakis et al. 2007).

Surgical departments in a hospital located in Genova, Italy, are designed by ap-
plying DES (Sciomachen et al. 2005). This was done in order to investigate the
performance indices with special focus on the productivity of wards in terms of util-
isation rate, patient throughput and overruns, resulting in unplanned overtime for
staff. Different scenarios are tested to compare the actual time table with initial
schedule which uses a blocked booking criterion for weekly scheduling. The model
considers a weighted priority rule, which depends on the time waited, pain or organic
dysfunction status, disability, and disease. Another scenario to be investigated is
the implementation of a pre and post recovery room. It is concluded, that applying
the master surgery schedule reduces the waiting list and the number of overruns by
around 25% and 10% respectively. The selection of the shortest processing time rule
in comparison to the longest processing time rule reduces the number of overruns
by 54% and the total overrun time by 30%. This leads to a general reduction of the

average utilisation rate (Sciomachen et al. 2005).

A study is undertaken by McAleer et al. (1995), which investigates a multi the-
atre suite by applying an entity life cycle diagram with data derived from the hospital

records, covering the time span of four "regular” weeks. The expertise of the staff
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is determined in order to validate the model. Common complaints by surgeons
about the understaffing of porters are shown to be incorrect once the first results
are retrieved. Other results suggest that the capacity of the recovery area should be
increased, which allows the six suite theatre block to operate with minimum time

delays between procedures (McAleer et al. 1995).

An outpatient surgery at the University of lowa, USA, uses simulation to model
their operating room utilisation, where the inputs of the model include different
methods to determine when a patient will be appointed for a surgery. Algorithms
similar to those applicable to the knapsack problem, such as the on-line bin-packing
algorithms, are used to consider case durations, lengths of time patients wait for
surgery, hours of block time for each day, and number of blocks each week. Schedul-
ing strategies such as next fit, best fit, worst fit, and first fit are evaluated. With the
evaluation of these strategies it is concluded that a mean waiting time of 2 weeks

for treatment is a reasonable goal (Dexter et al. 1999).

At the Children’s Hospital of Philadelphia, USA, a study focuses on the determi-
nation of the optimum operating room utilisation. Under the investigation of several
schedule policy schemes, it is illustrated that a reduced variability of durations of op-
erations increases utilisation, while higher variability allows less utilisation to meet
the target for patient delay. To consider these fluctuations it is concluded that the
operating room is used most efficiently when utilisation is between 85% and 95%

(Tyler et al. 2003).

2.3.4 Review on Simulation applied in Emergency Depart-
ments

However, healthcare managers may perceive barriers to the use of simulation: be-
sides the terminology gap and communication issue between the modeller and the

healthcare managers (Lowery et al. 1994), the biggest obstacle to overcome is that
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applying simulation is a time consuming process, compared to other solution finding
techniques applied in operations research (Banks et al. 2005). In order to overcome
the time issue, a proposal is made for the development of a framework, which deliv-

ers a template to enable the rapid development of a tailor made simulation for EDs.

The latest applications of DES to EDs show a high variety of possible applica-
tion fields, including capacity planning, scheduling of staff and resources, and general
conceptual planning for future development of the facility. One example displays
how capacity planning can provide an efficient patient flow (Bagust et al. 1999) by
calculating the maximum occupancy level of beds. To level out the peak of resource
utilisation, the arrival pattern of patients is identified, which allows a significantly
better planning of staff and resources (Sinreich & Marmor 2005b). A similar study
enabled a reduction of patient turnaround times (Sinreich & Marmor 2004a). Sim-
ulation also proved to be of great potential for the future development of an ED in
Istanbul; an extension plan is developed, which also increases the understanding of
the processes involved within the ED (Kuban Altinel & Ulag 1996). A major benefit
of DES is that scenarios can be tested by stating ”What-If ”-questions. In one par-
ticular study, scenario testing allowed the development of a new "fast track” lane
within the ED which absorbed a third of all patients (Blake & Carter 1996). DES
also offers interfaces for optimisation techniques, as for example genetic algorithms.
These enabled Yeh & Lin (2007) to reduce patient queuing time by an average of
43%.

As indicated in the introduction (Section [ILI]) the situation of EDs in Ireland is
very severe. With long waiting times and high utilisation, the relationship between
overcrowding and mortality rate challenges healthcare decision makers in Ireland.
In order to improve the situation the HSE introduced a target in January 2009
which is now consistently used in Irish EDs. This target aims to keep the LoS of

patients below 6 hours (Buckley 2009). The LoS here is in conjunction with the
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common definition of LoS which is the time spent from registration to admission or
discharge. In the same report, the average waiting time for admission from ED to
the hospital is compared with data from the period January to May 2008 with the
same period for 2009. Indeed, an increase is indicated in the number of patients
waiting 12 hours or more — in 2009, 46% of patients waited for longer than 12 hours
or more (The Irish Society for Quality and Safety in Healthcare, Royal College of
Surgeons in Ireland and Ipsos MORI Ireland 2007).

For the sake of simplicity, it is wise to consider the degree of complexity and
to bear in mind that abstract models may well be sufficient to solve the underlying
problems. However, as attractive as abstract models are, there is a the possibility
that the big picture might be missed in certain circumstances in comparison to a
comprehensive simulation model. An example for a comprehensive model is the ED-
SIM (abbreviation for Emergency Department SIMulation) (Connelly & Bair 2004)
model which is built in ExtendSim v.5. It is mentioned in Table 2.2] on page B0 as
a very comprehensive model but its properties could not be obtained because there
is only a description via text available. EDSIM considers the following features of
an ED: triage, prioritisation, several staff level types. Typical according processes
are also considered which represent imaging studies, laboratory studies, history and
physical examination, nursing activity, consultations, and bedside procedures. The
model however does not consider any different resources to human resources, which
limits the investigation in case of supply shortages. In addition it can be seen that

staff activities, which are off site from the patient, are not considered.

Modelling the complex behaviour of an ED is a challenging task, due to in-
teraction of human and physical resources. Medical staff, for example, are rarely
dedicated to one patient or task; instead they treat several others while waiting for
other processes. This diversity of process interaction can be described as multitask-
ing, a common feature of ED operations. Yet, multitasking is rarely considered in

DES models of EDs (Giinal & Pidd 2006). Several tasks and processes, depending
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on certain resources, result in interrupt-driven system behaviour demanding a well
adjusted allocation of human and physical resources (Wild et al. 2004). The impact
of multitasking on ED simulation models is worth further investigation, especially on
the background of scarce shared resources. The effects of multitasking on any human
resource within the model are more easily investigated with the introduced modules
and are quicker facilitated than with ordinary process modules. A study on the
stress impact on nurses is already facilitated with these modules and shows mathe-

matical regularities, which are derived from Queuing Theory (Thorwarth et al. 2009).

A combination of the dynamics of the DES model and the static description with
role activity diagram, is applied to describe the activities in an ED of a Mexican
Hospital. This combination enables describing the process flow together with socio-
technology issues. One of the major concerns of this study is to eliminate bottlenecks
and the results predict a rise in throughput of 20%. This is achievable by capacity

increase and elimination of bottlenecks (Martinez-Garcia & Mendez-Olague 2005).

This paper is provocatively entitled: ”Looking in the wrong place for healthcare
improvements: A system dynamics study of an accident and emergency depart-
ment” (Lane et al. 2000, p. 518). The study uses system dynamics to simulate
the interaction of demand patterns and ED resource deployment. Interfaces with
other hospital processes and hospital bed numbers are also considered as well as the
impact of variation on output policies. There are two conclusions: first a selective
stock-up of resources reduces unavoidable waiting times for patients, and second,
the reduction of bed numbers in the hospital does not affect waiting times but di-

rectly affects the cancellation rate for elective patients for surgery (Lane et al. 2000).

A NHS Walk-in Centre is planned and designed with the use of simulation at the
North Mersey Community National Health Service Trust. Simulation results show
how a Walk in Centre could be managed alternatively. This paper offers a basis for

discussion and suggests changes, for example, the publication of busy times at the
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centre in a local newspaper in order to reduce the rate of patient arrival at peak

times (Ashton et al. 2005).

Measuring crowding in an ED is achieved by Hoot et al. (2008). The theoretical
model is validated with patient data from an academic ED, which facilitates a pa-
tient tracking system. A sliding-window design validates the model, which ensures
separation of fitting and validation data in time series. Measures like the amount
of waiting patients, waiting time, occupancy level, length of stay, boarding count,
boarding time, and ambulance diversion are used to apply Pearson’s correlation and

to achieve a forecast for the short term of eight hours (Hoot et al. 2008).

An application of Total Quality Management (TQM) concepts aided by simulation-
animation is undertaken at an ED of Hospital Perea, Puerto Rico. The simulation
analysis covers triage, insurance filling, doctor visits, laboratory, x-rays, ct-scan, re-
covery room, and respiratory therapy. Conclusions specify a list of the recent ED
attributes which affect its performance: non-standardised job descriptions, insuffi-
cient number of doctors, nurses and equipment to service the demand, backlock of
hospital admissions. All these factors interrupt a smooth patient flow (Gonzalez

et al. 1997).

2.3.5 Generalisation of Simulation Models

Applying a simulation project involves a considerable amount of preparation and
effort which consumes manpower and time (see Section 2.2.3 on page [@]). Consid-
ering this background it is a sensible thought, that models should be reusable, or
at least a framework should be offered that eases the required investment into mod-
elling. Scanning the literature review by considering the timely investment it takes
to model a healthcare facility, none of the reviewed authors have reused a model by
different authors. This finding is supported by the latest literature review presented

by Giinal & Pidd (2010) who emphasise that the oddity of having thousands of
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Figure 2.7: Communication channels with increasing number of participants.

Source: (Babich 1986).
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clinics and thousands of models accordingly.

The idea of reusing models stems from software engineering where it is a com-
mon and a standard feature: parts of a program are built and assembled in libraries,
from which other programmers may access, use, and adjust to their needs. These
libraries can be either public (accessible through the internet) or privately owned
and protected by the specific developer. Throughout the decades, programmers have
developed several revision control systems which help with development of programs
and libraries. Concurrent Version System (CVS) is a good example for a tool that
provides guidance and transparency for developers as it has been shown by Ran-
dell et al. (1999). They discuss its use by presenting case studies on large complex
simulation models. Such a coordination guide is very valuable throughout the life
cycle of a simulation project, by considering the increasing amount of communica-

tion channels among multiple modellers, as seen in Figure 2.7

CVS is useful to achieve a coordinated cooperation among developers, but for
model reusability it should be distinguished among several possible types of model
reuse (Robinson et al. 2004): code scavenging, function reuse, component reuse,
and full model reuse. Code scavenging describes the procedure of seeking and using
some lines of apparently functional code to apply within the model. Function reuse
is addressed on a larger scale in comparison to code scavenging as the search for

a specific functionality such as a random number generator. Component reuse is
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based on locality and encapsulation, which is based on modularity (Pidd & Castro-
Bayer 1998) and is influenced by the ideas of object orientated programming (OOP)
(Pidd 1995a). The use of OOP as a tool within simulation modelling has previously
been discussed by Zeigler (1987). The origin of OOP is based on SIMULA, which is a
programming language to enable DES (Pidd 1995b). The concept of modularisation
enables the building of large and complex models which are able to represent large
structures. In current practice, the use of modules is common within simulation

software packages, which enables the building of hierarchical blocks for easy reuse.

Considering the ease of reusability, it is surprising that in healthcare only few
models were actually reused. Hence there are examples of reused models by the same
authors. However, to the authors’ best knowledge there has been no research carried
out regarding the actual reuse of a model from a different author. A good example of
reusability, transferability and evolution of a healthcare simulation model is provided
by Kim & Horowitz (2002), Kim et al. (1999), Kim et al. (2000). The authors fo-
cused on the simulation of an ICU and evolved their model continuously according to
new objectives. The first model represented the admission-and-discharge process,
whereas the second model investigated several bed-reservation schemes. The last
model on this particular ICU observed the advance-scheduling property for elective
surgeries, where a daily quota system had been tested. Another example of gen-
eralisability is provided by Sinreich & Marmor (2005b), who exploited their model
thoroughly by generalising to a very high degree. However, they achieved the gener-
alisability with such a high degree of complexity that it appears almost impossible
to rebuild from the model presentation within their paper. Discussions and advi-
sories regarding reusability and generalisability are obviously more frequent than

the actual use itself (Giinal & Pidd 2010, Robinson et al. 2004, Swisher et al. 2001).

Presenting a framework is also a common way of offering a specific idea for
generalisation. There are several authors who advise fellow researchers with frame-

works, whereas one example stands out by advising how to build frameworks for
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operational modelling in hospitals, which has been established by Harper (2002).
Within this paper the author provides guidance by illustrating which features and
aspects the modellers should consider in order to provide a framework that can be
used by other researchers. Thereby he addresses requirements such as flexibility
and versatility, ease of use, internationality, and validity. In addition to this guid-
ance, the author provides a case study, where he states an example towards his
own guide, and how it would be used to construct a framework. This is a very gen-

eral guide, which provides a check-list for future researchers to develop a framework.

A general methodology for the whole modelling procedure in healthcare facil-
ities is proposed by Baldwin et al. (2004) and Eldabi, Irani & Paul (2002), who
try to consider the specific features of the healthcare domain. They argue that the
modelling methodologies proposed by Law & Kelton (2000) and Banks et al. (2005)
are not directly applicable to the healthcare domain without considering the special
features of the healthcare domain, such as the active role of the patient within the
treatment process, as well as the high degree of complexity and uncertainty. They
conclude that their approach helps to involve the stakeholders in the project and
thereby achieve a higher degree of understanding with regards to the modelled sys-
tem due to ongoing communication among the modeller and the stakeholders. This
approach is rather abstract, but of high value throughout the modelling process,

because the information gained by the modeller is fed back to the stakeholders.

As illustrated within this sub chapter, it is becoming apparent that reusability
is still facing barriers. This is despite the fact that the necessary tools are provided
within simulation software packages, theories are thoroughly discussed, and exam-
ples are stated. Reasons for this are provided by Robinson et al. (2004) who explains
that models are built for several different objectives and hence the costs of adapting
a valid model would be higher than developing a new model. This is especially the
case when considering the need for adjustments and testing and whether a reused

model component, by different authors, requires thorough testing. A solution to
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this problem would be to provide a certificate for tested model components similar
to the way it is applied in software engineering (Monadjemi 2008). To acquire such
a certificate would demand a high detailed documentation of the model component
and also a detailed description of its interfaces. This certificate would reveal the
transparency and thus improve the trust towards a component whilst also lowering
the testing costs. To implement such a certificate a need would have to be identified
as well as a market which could maintain the necessary infrastructure. Neither of

these has yet to be established.

A different approach is emerging from the current healthcare environment, once
a closer glance is taken at HIS providers such as SAP IS-H (Siemens AG 2010): their
software provides all information necessary to build patient pathways, but instead of
building a separate conceptual and simulation model, the models are defined by the
data itself. Models are provided as templates for several different facilities. These
models are adjusted to the needs of the specific healthcare facilities and also allow
simulation and optimisation of staff scheduling (Jénicke & Miiller-Lazarewski 2009).
This automated procedure based on underlying patient data is a very promising at-
tempt to build models. However, the degree of generalisation of the model templates
defines the accuracy of the outcome of the simulation results. Hence where patient
data availability is often an issue, here the validity of the model must be questioned.
Some of these questions are rooted in the origin of simulation design, as for exam-
ple complexity: Are the models capable of displaying and considering all relevant
patient groups? Are scenarios tested on these models valid for adjustments to the
real system? Are specific needs of certain facilities considered? What is the origin
of the data — can the data provide the accuracy for all processes? The quality of a
simulation model is crucially bound onto the quality of the data entered. As long
as there is no quality control applied which checks that the data entered is sound,

the generated model based on data is questionalble.
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2.3.6 Implementation Issue for Simulation in Healthcare

Initially at the beginning of any simulation project, the aim is to implement promis-
ing results retrieved from the simulation model into the system under investigation.
In order to maintain this target, the simulation modeller must ensure the trust-
worthiness of the model throughout the whole project. Trust is neither given nor
granted, it must be established and maintained by successful management of the
project. The client must also be kept up to date on the progress of the model
(Musselman 1994). Eldabi, Irani & Paul (2002) have proposed an alternation to the
simulation modelling procedure which gives guidance on how the communication
channel can be well maintained among the stakeholders and the simulation mod-
eller. Good preparation of the project is the first step to its successful completion.
The more time which is invested in the problem formulation, and in the preparation

for the data, the more trustworthy the model becomes (Eldabi, Irani & Paul 2002).

Even though there are many guidelines on how to construct and accomplish
a good simulation research project (see Chapter M), many projects in healthcare
were not implemented. For example in the early 1980s Wilson surveyed 200 health-
care simulation projects, of which only 16 reported a successful implementation
(Wilson 1981). Following this, 20 years later, Fone et al. (2003) reported similar
results. This motivated the author to investigate recent simulation projects. In-
deed, 97 recent publications from between 1996 and 2009 on simulation modelling
in healthcare were investigated for any signs of result implementation. Thereby it
should be mentioned that it has not been determined whether the implementation
was successful. The mentioning of the application of the result was enough to take
it into account for application. From all of the consulted publications it can be seen
that only 29 projects were applied in various healthcare categories. Most were im-
plemented in demographic healthcare provision and / or in outpatient clinics. Table
2.3 shows a summary on the recent publications and findings. Focusing just on
the implementation for their intended facilities does not provide all the credit they

might have deserved: it is worth mentioning that Baldwin et al. (2005) identified
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an optimum utilisation rate for hospital beds in order to even out peak demands.
This utilisation rate has fast become a rule of thumb and a recommendation by
the National Health Service (NHS) for all UK hospitals. Clearly, this publication
example cannot be counted as a multiple implementation, but on the other hand it

shows the impact of successful simulation studies.

Table 2.3: Implemented simulation results in different healthcare sectors.

Sector Author Implem- Implement-
ented ation Ratio
Hospital Bagust et al. (1999),Cochran & Y 38%

Bharti (2006b),Giinal & Pidd
(2008),Harper  (2002),Moreno
et al. (1999)

Gutjahr & Rauner (2007),Harper N
et al. (2009),Harper & Shahani
(2002),Rohleder &  Klassen
(2002),Sundaramoorthi et al.
(2006), Vissers (1998),Vissers

et al. (2007),Vos et al. (2007)

Surgery Bowers & Mould (2002),Bowers N 0%
& Mould (2004),Cardoen &
Demeulemeester  (2007),Dexter
et al. (1999),Everett (2002),Je-
bali et al.  (2006),Lamiri
et al. (2008),Lehtonen
et al. (2007),McAleer
et al. (1995),Sciomachen
et al. (2005),Tyler et al.
(2003),Van Berkel & Blake
(2007),Vasilakis et al. (2007)

ICU Sachdeva et al. (2007) Y 14%
Griffiths et al. (2005),Kim & N
Horowitz  (2002),Kim et al.
(1999),Kim et al. (2000),Litvak
et al. (2008),Ridge et al. (1998)
Miscellaneous Cochran & Bharti Y 22%
Special (2006 a),Elkhuizen et al. (2007)
Units

Continued on next page ...
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Table 2.3: ...continued: Implemented simulation results in different healthcare sec-

tors.

...continued from previous page

Sector

Author

Implem-
ented

Implement-
ation Ratio

Medical
Imaging

Eme