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Abstract

In a hospital, there are many dependencies between
different resources, processes, and departments. When
changes are made to part, it is often very difficult to
estimate the consequences for the rest of the hospital
and it is unclear how far they stretch. While there is a
tendency towards more integrated planning in hospitals,
analysing the effects and benefits, especially for the
whole hospital, is difficult. The aim of our research
project is to design and build a simulation framework
for a complete hospital including all departments,
processes, and resources that allows for a hospital-wide
analysis. By using a container-based approach, the
integration of various simulation models for different
departments and their interactions is possible. A
simulation-wide event calendar and clock align the
events and makes sure that the interaction between the
individual sub-models is well-coordinated and stable.
A first case study targets Tauranga Hospital in New
Zealand.

Keywords: Hospital logistics, discrete-event
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1. Introduction

Healthcare systems worldwide are complex service
networks with many dependencies and interrelations
(Moreno et al., 2000). Within these networks, hospitals
play a central role and serve as one of the key providers
of healthcare services (Anderson et al., 1994; Thune and
Mina, 2016). In recent years, healthcare systems and
especially hospitals have faced an increasing number of
challenges, including staff shortages and cost pressure,
not least due to the COVID pandemic. Efficient and
high-quality service in hospitals requires the necessary

resources, such as personnel and beds to be dimensioned
correctly and to be available in the right place at
the right time. Due to the increasing challenged
for hospitals, an efficient use of resources is crucial
(Martin, 2007). Typically, resource-related planning
problems are treated separately for each resource
without integrated planning across several resources,
leading to sub-optimal solutions (Rachuba et al., 2023).
In practice, these problems are often dealt with by
clinical staff who are not trained for this kind of complex
decision making and it also reduces their available time
for patient treatment and care. Optimization approaches,
ideally paired with mathematical simulation models, can
support decision making in healthcare practice, reduce
the workload for clinical staff and decision makers and
improve different objectives including efficiency, staff
or patient satisfaction, quality of care or costs.

As stated by Moreno et al. (2000), ”[a] hospital
is a complex system that is formed by a large number
of units with strong interrelationships”. Due to the
complexity, it is not possible to build mathematical
optimization models that address all departments or
resources simultaneously. In addition, some decisions
must be made onsite and in real-time. Simulation
models, especially discrete event simulation (DES)
models, can help with online decision making as well as
analysing the potential consequences when transferring
suggestions from decision makers or solutions from
mathematical models into practice. Still, simulation
models can get complex very quickly, and modelling a
whole hospital is a challenging task.

While in 2010, Günal and Pidd stated that ”it is
impossible and impractical to have a whole hospital
DES model that includes everything in a hospital”
(Günal and Pidd, 2010), 13 years later, we would argue
that it is now possible to model at least large parts
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of a hospital, even in detail, when choosing the right
structure and technical framework and that it is also
beneficial for studies and analyses at a larger scale.
Which level of detail is necessary for which part of
the model is an open research question that is worth
to be investigated. Based on discussions with decision
makers and our experience with practice we established
that it is of high interest to analyse and study impacts
and effects of changes throughout a complete hospital
and determine reasonable levels of detail. Therefore,
we aim for a framework that will allow a simulation
of a complete hospital. The idea is to not build one
single complex DES model, but to make use of a
modular structure that allows the integration of a number
of smaller simulation models (Anagnostou and Taylor,
2017).

Therefore, we aim to answer the following research
question: How can a simulation framework be designed
that allows the flexible modelling of a complete
hospital?

With the support of the Julius von Haast Fellowship
by the Royal Society of New Zealand, we aim to
design an integrated simulation framework to model
a complete hospital enabling the investigation of all
interdependencies and potential improvements as well
as the analysis of the benefit of integrated planning.

The remainder of the paper is structured as follows.
In Section 2, we summarise the relevant literature
regarding hospital simulation models and simulation
modelling frameworks. Section 3 discusses hospital
structures. In Section 4, we present the framework
outline, followed by the case study description of
Tauranga hospital in Section 5. The paper closes with
a summary and an outlook on future research in Section
6.

2. Foundations

2.1. Hospital simulation models

Mathematical simulation plays an important role
within healthcare modelling and has been applied to
many different departments and decision problems
within hospitals, e.g., operating room management
(Schoenfelder et al., 2021) or intensive care (Steins and
Walther, 2013). Emergency departments have especially
been addressed by a high number of publications, e.g.,
(Salmon et al., 2018). With respect to hospital wards,
Penn et al. propose a generic simulation model, of which
they also make their Simul8 implementation available
(Penn et al., 2020). Only few publications target
supporting processes in hospitals like cleaning or food
delivery. Di Mascolo and Gouin (2013), for example,

present a generic simulation model for sterilisation
processes in a hospital.

A review of simulation models in healthcare with
a dedicated section on hospital models can be found
in (Günal and Pidd, 2010), for example. Their main
findings that (1) most studies focus on a special problem
or process in a hospital unit or area, e.g. staff
shortages in the ED and (2) most models are built
for individual hospitals and generic models that can
be and actually are reused are rare, still hold today.
A more general analysis of simulation literature in
healthcare was published by Mustafee et al. (2010) or
Katsaliaki and Mustafee(2011), for example. Vanberkel
et al. summarise simulation approaches as one potential
approach in their review on hospital models that include
multiple hospital departments (Vanberkel et al., 2010).

Publications that present simulation models for a
complete hospital are still scarce and do not yet exist
at the level we are aiming for. Most existing models
only focus on one aspect, e.g. the patient flow,
and model that throughout the hospital, neglecting all
forms of supporting processes, for example. They
also mostly build one integrated simulation model,
making adaptions to the model or a transfer to another
hospital more difficult. Moreno et al. were one
of the first to address the simulation of a whole
hospital (Moreno et al., 2000). They focussed on the
patient flows through the hospital, trying to keep their
model fairly simple. The authors used the simulation
software MedModel that especially targets healthcare
applications. In their working paper, Fletcher and
Worthington describe the design of a generic Accident &
emergency department simulation model taking patient
flows in the whole hospital into account (Fletcher
and Worthington, 2009a). The same authors offer a
definition of a generic hospital simulation model based
on a literature search and expert interviews (Fletcher and
Worthington, 2009b). The authors then take a closer
look at the flow of emergency patients through acute
care hospitals. Furian et al. developed GEDMOD,
a generic toolkit for building discrete-event simulation
models for emergency departments (Furian et al., 2018).
They base their toolkit on a large set of ED simulation
models from the literature and also give a definition for
generic models.

Patient pathways in a general hospital simulation
have also been modelled by Ordu et al. (Ordu
et al., 2021). They focus on analysing bed capacity
and for that, consider all specialties simultaneously.
While making a step towards a hospital-wide simulation
framework, they sill only consider a part of it. Gunal
offers a guide for building hospital simulation models
from a conceptual as well as a technical view (Günal,
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2012). A few simple models for a complete hospital
are presented and the three simulation approaches,
discrete-event (DES), agent-based and system dynamics
are discussed.

On a more general note, Augusto and Xie propose
MedPRO, a modelling and simulation framework for
healthcare organisations (Augusto and Xie, 2013). It
includes the process view for patients’ care pathways,
the resource view to model activities of relevant
resources, and the organisation view that targets
dependencies and organisation of resources. In addition,
a few publications address the topic of hospital digital
twins, e.g. (Karakra et al., 2020; Karakra et al., 2022).

From the literature it can be concluded that while the
need and value of a hospital-wide simulation framework
has been confirmed (e.g. (Ordu et al., 2021)), it has not
been developed yet. Therefore, with this work we want
to address this topic and present the outline of such a
framework.

2.2. Simulation approaches and modelling
frameworks

Hospitals and other healthcare areas can be
seen as complex systems with many dependencies,
constraints and potentially conflicting objectives as
different stakeholders can be affected (Harper and Pitt,
2004). Research agrees that when developing these
simulation models, involving stakeholders is beneficial
to ensure the applicability of the developed models
(Eldabi et al., 2007). Tako and Kotiadis propose the
PartiSim framework for the participative development of
discrete-event simulation models in healthcare, when a
group of stakeholders is to be involved in the process
(Tako and Kotiadis, 2015).

In order to overcome limitations that can appear
with an increasing size of simulation models Misra was
one of the first to propose distributed discrete-event
simulation (Misra, 1986) (in contract to sequential
simulation). In this approach, no clock is needed, but
the individual discrete-event simulation models running
on different machines sent messages to each other. An
overview of distributed simulation or more generally
parallel discrete-event simulation was published by
Fujimoto (1990).

Conceptual modelling plays an important part
in the design and development of on hospital-wide
simulation models. Robinson defines a conceptual
model as ”a non-software specific description of the
computer simulation model (that will be, is or has
been developed), describing the objectives, inputs,
outputs, content, assumptions and simplifications of the
model” (Robinson, 2008). Shannon published the first

structured guidelines for the design of a conceptual
model. The author defines four major steps: 1)
specification of the model’s purpose, 2) component
specification, 3) parameter and variable specification,
and 4) the specification of the relationship between
variables, components and parameters (Furian et al.,
2015). A summary and discussion of conceptual
modelling approaches and frameworks can be found in
(Furian et al., 2015), for example.

More recently, Furian et al. (2015) introduced the
Hierarchical Control Conceptual Modelling (HCCM)
framework for the design of discrete-event simulation
models. The authors derive their framework design on
existing conceptual modelling frameworks and derive a
list of eight steps.

3. Hospital structure

When it comes to simulating a hospital and its
processes, there are different ways of breaking it
down. Probably the simplest way is to differentiate
between core services along patient pathways, i.e.
diagnostics, treatment and care, and supporting services
with only indirect patient contact, e.g. cleaning or waste
management. Following Günal and Pidd (2008), three
main areas can be defined in a hospital when focussing
on patient pathways: 1) accident and emergency
department, 2) inpatient units, and 3) outpatient clinics.
Note that the authors also define a waiting list submodel
which we exclude here as not being an actual physical
part of a hospital.

A more thorough differentiation of hospital logistics
is presented in Figure 1, which on the first level
distinguishes between logistics around goods and people
(Kriegel, 2012), which are then split up on the second
level into medical and non-medical goods as well as
visitor, patient and staff logistics. The third level
gives a thorough list of all the logistics that can be
found in a hospital and consequently modelled in a
simulation. Nevertheless, it is important to note that
there are differences in these logistics when thinking
of the envisioned hospital-wide simulation framework,
as some of the logistics happen within dedicated
facilities or departments, e.g. laboratory logistics or
operating theatre logistics, while others can span the
whole hospital, e.g. orderlies. For the third group,
dedicated facilities might exist, still there are links and
dependencies to other departments besides patients (or
staff), e.g. catering or bed logistics. A hospital can
have an in-house kitchen, but while staff might visit
the canteen, food will be delivered to the patients, for
example.

Consequently, another way of describing a hospital
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Figure 1. Hospital Logistics (Kriegel, 2012)

structure is by listing its departments and components.
This is more difficult to do in a generalised way
as there can be significant differences between
hospitals, also depending on their size, the country
they are located in, as well as the services they are
offering to patients. To the best of our knowledge,
no generalised or comprehensive list exist in the
literature. Cubukcuoglu et al. (2021) use the
following list for their hospital layout planning
problem, for example: Neurology, Obstetrics, Internal
medicine, Cardiology, Pediatrics, Gastroenterology,
Diagnostics, Laboratories, Administration, Orthopedics,
Physiotherapy, Hemodialysis, Infection diseases,
Surgery ICU, General ICU, Pediatric ICU, Urology,
Eye diseases, brain and general surgery, Dermatology,
inpatient wards, delivery rooms, operating theatres
incl. PACU, administration, kitchen, canteen. From
the level three logistics in (Kriegel, 2012) we could
add outpatient facilities, ED, storage units, laundry
facilities, sterilisation facility, bed cleaning facility and
a blood bank.

4. Framework Outline

The overarching structure of the hospital-wide
simulation framework consists of three parts: 1) the
development process, 2) the modelling process, and 3)
the underlying technical structure.

For the development process of a concrete
simulation instance, we follow the work by Günal

(2012) and use the adapted five steps:

• Step 1: Conceptual modelling for hospital
simulation. We suggest to use the HCCM
framework (Furian et al., 2015).

• Step 2: Framing and level of detail. Definition
of the scope of the simulation, i.e. which
departments, processes and services are modelled
and included in the simulation project. This is a
very crucial aspect of the process. The logistics
components summarised on level 3 in Figure 1
(defined by (Kriegel, 2012) can act as a list to
choose from.

• Step 3: Data requirements and data availability.

• Step 4: Modelling objectives, generality, and
level of detail. Can be decided for the overall
project and individually for each submodel and
simulation component.

• Step 5: Simulation method. Per default,
submodels will be discrete-event simulations,
but it might be necessary and/or beneficial to
combine it with agent-based aspects or to include
(small) optimization models/approaches instead
of predefined rules, e.g. for assigning patients to
beds in wards.

For the modelling process, we apply the Hierarchical
Control Conceptual Modelling (HCCM) framework by
Furian et al. (2015) with the following eight steps:
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• Step 1: Understanding the problem situation.

• Step 2: Identification of modelling and general
objectives.

• Step 3: Defining Outputs.

• Step 4: Defining input factors.

• Step 5: Defining the model structure.

• Step 6: Understanding the individual model
behaviour.

• Step 7: Understanding the system behaviour.

• Step 8: Determining simplifications and
assumptions.

Note that there are natural overlaps between the
steps of the development process and the ones of the
modelling process, as the latter one is a major part of
the first and both must obviously be aligned to ensure
consistency.

With regards to the structure and the predefined
steps, the first two “Understanding of the problem
situation” and “Identification of modelling and general
objectives” (Furian et al., 2015) can be applied to
the general framework as well as the individual
hospital-wide simulation instances, while the other six
are only applicable for the individual models. The
general objectives as requirements for the simulation
framework include easy (re-)usability and adaptability
of the framework to different hospitals, integratability
of simulation models written in different programming
languages and the ability to fulfil individual modelling
objectives for concrete instantiations. These modelling
objectives can include the analysis of complete patient
or material flows through the entire hospital or the
evaluation of the benefit of integrated planning within
a hospital, for example.

From a technical and implementation point of view,
we suggest a modular setup of the framework, as
shown in Figure 2. A container structure will allow
us to plug different simulation models, potentially
written in varying programming languages like Julia or
Python, together, e.g., one for each department of a
hospital. Each container will include one submodel, e.g.
representing a hospital department, and can potentially
each be executed on a dedicated CPU, but does not
have to. In order to align models and ensure a stable
and efficient integration, a central event calendar and
discrete-event clock will be used. Due to the high
dependencies between the submodels of a hospital-wide
simulation leading potentially to millions of messages,

we decided against a distributed simulation approach,
but for using a centralised clock.

Within the submodels, we followingly apply
discrete-event simulation models, some submodels,
which might also be combined with agent-based aspects
if beneficial and/or necessary.

While the framework itself is generic in the sense
that it should be easily transferable for hospitals
worldwide, the actual simulation submodels in the
containers do not necessarily have to be. While it is
often preferable from an efficiency and re-usability point
of view, it might not always be possible, for example
when it is necessary or wanted to include concrete
details of a specific hospital in the models or existing
models of departments or processes already exist and are
to be reused. A discussion of generic simulation models
is presented in (Fletcher and Worthington, 2009b),
for example. Our framework will enable research to
investigate and determine the value and usability of
generic simulation models of hospital departments in
integrated planning.

5. Case study hospital

For a first case study, we chose Tauranga Hospital
in the Bay of Plenty region in New Zealand (Hodson,
2022). With a capacity of 360 beds it is a rather small
hospital from an international point of view, but it is
the only public hospital in the area, with neighbouring
hospitals being about an hour drive away. It is classified
as a secondary facility, still providing 92 % of inpatient
care for the catchment area. The closest tertiary facility
is Waikato Hospital in Hamilton, about an 80 minutes
drive from Tauranga. While the hospital currently
serves about 200,000 inhabitants, the catchment area is
expected to include 270,000 people by 2048 (Hodson,
2022). The Bay of Plenty population is older than
the average in New Zealand, with an expected future
increase in residents over the age of 75. This leads to
additional challenges for the hospital in the future.

The hospital consists of the following departments
and services: Emergency Departments, Intensive Care
Unit/Coronary Care Unit, Medical Ward, Surgical Ward,
Rehabilitation, Outpatients Department, Mental Health
Inpatient Wards, Voyagers, Community Mental Health
Services, Community Child & Youth Health Services,
Child Development Services, and Community Oral
Health. A map of the hospital can be found in Figure
3.

Tauranga hospital faces the difficulty that there is
no possibility for the hospital to grow to cope with the
increasing number of patients. Therefore, they need
to use their space and their resources as efficiently as



Figure 2. Simulation framework outline

Figure 3. Tauranga Hospital map (Bay of Plenty District Health Board, n.d.)

possible. This is especially challenging with regards to
ED processes, as our meetings and discussions with the
hospital staff has shown.

As a first step, we will start modelling the processes,
patient flows, staff and resources in the ED (including
diagnostics facilities), ICU, operating theatres and
wards. Figure 4 shows the conceptual model of the
simulation framework. It will consist of five different
submodels for the ED, diagnostics, ICU, the wards and
the operating theatres. There are two sources of patients,
emergency patients coming into the ED and elective
patients arriving directly on the wards. Patient transports
will be modelled and used as a service that links the
submodels, but is not a submodel on its own.

The simulation framework as displayed in Figure 4
will allow us to address several problems and questions
and will allow us to provide decision support to
Tauranga hospital. These problems and questions (some
formulated as ”what-if questions”) include:

• What if capacity in the ED was increased, i.e.
additional staff and/or beds are made available.
Will this only influence ED utilisation or will
this have a measurable (positive) impact on
downstream departments like the wards or the
operating theatres?

• What if during patient triage in the ED the
probability for admission is estimated and if this



Figure 4. Simulation framework for Tauranga hospital

is probable enough, the respective ward will be
informed to prepare for the patient, can this
improve downstream from the ED to the wards?

• What if an overflow ward was installed next to
ED, for example to care for patients when their
dedicated wards are full or when they only need
to stay for at most 24 hours, will this improve ED
and ward performance metrics?

• What is the difference between using shared
diagnostics and individual facilities for Tauranga
hospital and what would be the better set-up?

• What would be the impact of staff sharing
between wards or departments, e.g. nurses?

• Analyse the impact of transport services /
orderlies throughout the hospital. Is the number of
orderlies per shift sufficient in Tauranga hospital
or should it be adapted?

We have already set up the container structure
successfully. We also have a set of discrete event
simulation models for the ED, the ICU, the wards and
the operating theatres from past projects with different
hospitals. We are currently investigating the processes in
the different departments and for the patient transports
to choose and adapt the existing models as necessary
and build the linking structures between the individual
models.

In a next step, we will conduct a workshop with
decision makers and practitioners at Tauranga hospital

to refine the objectives and constraints for our project
and the overarching simulation model based on the
framework. As preparation, we have sent the simulation
framework for Tauranga hospital (Figure 4) to the
hospital contacts for a first evaluation. During the
workshop, we will also discuss data sources and
data availability and if/how we might be able to
collect additional data ourselves. Data availability
may influence and limit the level of detail that can
be implemented and achieved. Hospital information
systems will be one of the main data sources. As
most hospitals worldwide, also New Zealand hospitals
use different software systems within their hospitals.
Inpatient data is stored in the electronic health records
an will provide data on admission, treatments, surgeries
and discharge, including time stamps. For the ED,
a separate system provides time stamps of patient
arrivals, treatments and discharge, while modeling
patient movements within the ED will pose a challenge,
as this data is missing.

As a result of the workshop, we are defining the input
and output factors (Step 3) and the model content (Step
4) of the HCCM framework. The conceptual model will
be designed in a generic way to be useful as a basis
for future instantiations of the simulation framework for
other hospitals as well.

6. Conclusion and outlook

The hospital-wide simulation framework will
enable the simultaneous analysis of different hospital



departments, patient pathways, care and logistics
processes as well as the use of resources. It will
also allow decision makers to determine the benefit
of planning two or more resources simultaneously,
and therefore allowing the analysis of solutions for
integrated planning problems. In addition, it will
provide insight into reasonable and beneficial levels of
detail, scale and model complexity for future research
on hospital logistics.

While operations research approaches can be
valuable tools for practice, researchers have not yet been
able to achieve the impact that could be possible. While
this is also true for simulation models (van Lent et al.,
2012), recent research has shown that simulation models
have more often led to impact in practice than classical
optimization models or heuristics (Rachuba et al., 2023).
We believe that by providing a hospital-wide simulation
framework, we will be able to address highly relevant
problems from practice and provide valuable decision
support, leading to measurable impact in practice.

In this work, we have presented the outline of
our framework and described how the design of a
hospital-wide simulation model can look like.

In a next step, we will apply and evaluate the
framework to an exemplary simulation instance for
Tauranga Hospital in New Zealand, using the hospital
specifics regarding department and process structures,
existing resources and patient pathways as well as
their data as described in the previous section. We
will build the simulation model incrementally, starting
with part of the hospital shown in 4. We will then
add additional departments and supporting services
including outpatient services, cleaning, food and waste
logistics, sterilisation, and rehabilitation in several steps,
allowing us to better analyse the affects of a growing
model and the necessary levels of detail for different
settings. We will increase the simulation model until
we have included every department, process or service
that can be modelled.

We aim to then transfer the framework to a hospital
in Germany (to which we already have the contacts) to
prove the general applicability of the framework and to
investigate different settings and healthcare systems. We
will also use this to study the reusability of the individual
submodels between hospitals.

We also want to use the simulation models to
investigate the impacts and benefits of integrated
planning in hospitals. For this, we will choose
and implement optimization models for integrated and
non-integrated planning from the review by (Rachuba
et al., 2023) and compare and analyse the results, not
only for the integrated resources, but also for the rest of
the hospital.

While in a first step we envision the simulation to
be primarily a tool for strategic planning and decision
making, we also want to investigate its use on an
operational level as a first step towards a digital twin
of a complete hospital. (Note that by a digital twin,
we mean a digital copy or virtual representation of a
physical system with an automatic, bidirectional data
flow and exchange of information between the physical
and virtual systems (Fuller et al., 2020; VanDerHorn and
Mahadevan, 2021).)

We also plan to conduct a survey with practitioners,
experts and decision makers in hospitals, starting in New
Zealand and Germany, to gather their opinions on the
framework, its applicability to their individual hospitals
and to hospitals in general, as well as their expectations
and needs. We want to better understand the decision
making processes in hospitals and people’s roles,
especially how to better support integrated planning and
hospital-wide decision making on logistical processes.
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Neubacher, D. (2015). A conceptual modeling
framework for discrete event simulation using
hierarchical control structures. Simulation
Modelling Practice and Theory, 56, 82–96.

Furian, N., Neubacher, D., O’Sullivan, M., Walker, C.,
& Pizzera, C. (2018). Gedmod–towards a
generic toolkit for emergency department
modeling. Simulation Modelling Practice and
Theory, 87, 239–273.
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