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Abstract
Emergency department (ED) is a complex system that falls under the category of acute healthcare
institutions where health services are provided intensively regardless of the unknowingness of the
severity of the medical cases and their spontaneous arrivals. Accordingly, developing a simulation
model that exhibits the incurred interactions in ED will lend a hand in supporting the management
of the ED in dealing with all those uncertainties. The model performs as a decision-making tool
addressing the randomness nature of such an environment. Agent-based modeling simulation was
preferred to model the interaction of ED elements using a computer language called Netlogo. And
this selection was agreed upon after considering several literature reviews. The ED of Sultan
Qaboos University Hospital was monitored, and the medical staff was also interviewed too to gain
the required information to build up the model. A conceptual model of the ED was formulated
Then, a simulation model was developed.
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1. Introduction
Emergency department is one of the main components of the healthcare system since it is providing non-stop services
during 24 hours per day to patients with different needs. Moreover, the efficiency of this department has a major
impact on the entire system (Liu, Z., et al., 2014). Overcrowding in ED has been intensively investigated in the past
decade as an international problem. This issue has significant consequences on medical staff, patients as well on the
whole hospital (Vanbrabant, L., et al., 2019). Furthermore, this is also considered to be a challenge to hospital
managers and decision-makers because of the limited budget and resources. In order to reduce the congestion in ED
without affecting patients’ lives, an optimum planning of resources is required to ensure an efficient control of the
entire system through finding the best way to allocate those available resources. However, analyzing such complex
system is not an effortless thing due to the randomness and the presence of several random variables such as patients’
arrival and interarrival times. Over and above that, the time to diagnose patients and identify their proper medical care
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fall under the category of stochastic times and this indicates that they cannot experience a deterministic pattern. For
instance, the flow of patients within the ED of SQUH is illustrated as shown in Figure 1.

Figure 1 Patient flow to Emergency Medicine Department in SQUH
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Healthcare systems deal with the most supreme situations where the mission of rescuing the most precious thing on
this earth takes place and that is the life of human being. Emergency department is the part of hospital that is in charge
of executing the very foremost action towards the patients’ health regardless of their severity level. Therefore,
emergency department is considered to be the most sensitive and one of a kind reception center -if it can be said so.
ED has to be a well-prepared operating system that is capable of reacting with any type of health conditions under
stressful circumstances; due to potential overcrowding and scarce of resources, etc. For instance, ED is exposed to
high level of uncertainties and stochastic events which made it one of the challenging systems as an area of study. The
associated difficulty in predicting the overall performance of an ED and managing its operating system encouraged
the application of engineering aspects in such sector for the sake of creating more of a responsive environment that
pursue its functions as intended. Furthermore, performing an actual design of experiment directly to a real ED system
will be risky at the first place and time consuming as well. thereby, creating a virtual platform which simulate the
behavior of an actual ED is a convenient action. In this paper, simulation modelling was the key tool that is used to
clarify this kind of complexity and to provide the clue to explain its behavior in explicit way. the simulator is developed
using Agent Based Model Simulation (ABMS). it can be utilized as a decision support system (DSS) by the
administrators and the management of ED allowing them to gain an overall knowledge and a complete awareness of
possible occurrences in the ED.

2. Literature review

The objective of literature review section is to understand and gain knowledge regarding the problem of emergency
department workflow from different viewpoints. Moreover, this section aims to connect the various literature reviews
with each other and with the current problem and to identify if there are any gaps. This section will be organized as
follow: first section is to describe ED, second section is about simulation models, third section related to the selection
of ABMS, fourth section is associated with ABMS procedure, and the last two sections is about Netlogo software and
validation and calibration.

2.1 Description of ED

ED was defined as a medical facility which is responsible for providing intense care to patients, who basically are
arriving in unanticipated way along with unknown health status. Regarding that matter, ED is 24hrs/7days/year
operating system. It is believed that ED is the main entrance in the hospital that is continuously exposed to randomness
and uncertainties. It is claimed that improving ED would enhance dramatically the efficiency and quality of service
(QoS) that are relevant to the overall performance of the medical institution (Liu, Z., et al., 2015; Allihaibi, W., et al.,
2017). Almost all areas of study which in this situation represent the corporative hospitals exhibit certain order of
acuity of patients. Emergency severity index (ESI) is a stratification method obeyed especially by the triage of the
hospital. It is a classification that involves five levels graduating from scale 1 (most urgent) to scale 5 (least urgent)
used to decide on the priority of treatment as shown in Table.1 below (Liu, Z., et al., 2015).
Table 1 Canadian Triage and Acuity Scale System (SQUH-EMD-LEAFLET, 01,2016)
Level

Urgency

Estimated
Time to be seen

Place

Level 1

Resuscitation

Immediately

Emergency

Level 2

Emergency

Within 15 min

Emergency

Level 3

urgency

Within 30 min

Emergency

Level 4

Less urgency

Within 60 min

Local health center

Level 5

Non urgency

Within 120 min

Local health center
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2.2 Simulation models

Simulation is one of the robust methods that has been widely used in studying the stochastic behavior of complex
service systems such as emergency department (Nahhas, A., et al., 2017; Taboada, M., et al., 2011). Furthermore, it
has the flexibility to model real-world variability (Friesen, M. R., & McLeod, R. D., 2014).
Mohiuddin, S., et al. (2017) reviewed literatures on patients flow within UK ED using systemic review process in
order to examine the different simulation approaches and grasp the causes of overcrowding in ED. Research has shown
that using computer simulation results in many advantages, such as: identifying and quantifying weaknesses and key
relationship in ED, investigate what-if scenarios to redesign the service and it can predict future performance. In
addition, computer simulation can be used to test the effect of making changes in ED care process before
implementation. According to Simon, S., et al. (2003), simulation also helps in decrease patients waiting time, improve
the flow of them within ED and illustrate the process of ED. Whereas modeling complex systems using mathematical
models require assumptions and simplifications to keep that complicated systems as simple as possible which therefore
results in unrealistic model as Liu, Z. (2016) mentioned. As Mohiuddin S., et al. (2017) explained, three types of
computer simulation are existed to deal with those dynamic systems. These types include discrete event simulation
(DES), system dynamic (SD) and agent-based model simulation (ABMS). A DES is a process-oriented method used
to model network of activities and queues. It has the ability to model different complex scenarios as the individuals
move in sequential path from one activity to another at a particular point in time. The application of this kind of
simulation appears mostly in manufacturing, distribution, and storage systems. SD is another commonly used method
which is associated with understanding ED behavior over time through top-down approach from macro to micro level.
Add to that, SD does not include random variables and input parameter as DES. So, SD is not the best method for
modelling stochastic systems as ED. An ABMS is a recently used technique in healthcare sector. It is a type of bottom
up approach which is started by modeling the agents, their behavior and the interaction between them then observe
the functionality of the ED after executing the simulator to provide analysis at both macro and micro levels (Liu, Z.,
et al., 2014; Liu, Z., 2016). The next section will demonstrate the advantages of using ABMS.

2.3 Selection of ABMS

ABMS considered to be an efficient tool in constructing a model, which is valid even in cases where the knowledge
about comprehensive interdependencies of the studied system are absent (Liu, Z., et al., 2015). Agent-Based Modeling
Simulation (ABMS) became an advanced method in simulating Emergency Departments (ED) which is classified as
one of the most sophisticated systems. For the sake of eliminating or at least minimizing the effect of complexity that
is associated with them. Therefore, many researchers have been engaged in simplifying the workflow in ED dealing
with all the uncertainties and stochastic events that take a place in such system. On that account, ABMS was adapted
as a potential tool and its utilization in healthcare institutions’ management was specifically investigated by many
efforts.
The logical initiation of the topic is to begin with how researcher identified the agent-based model simulation. Many
previous literature reviews agreed that agent-based modeling is a bottom-up approach which implies that it deals with
the behavior of individual agent separately and then aggregate them to understand the overall behavior of the system
that they participate in. Whilst others claimed that it is micro-to-macro level analysis approach. Furthermore, the
accumulation of the individual interactions between agents is responsible for the dynamic and complex features of the
system as this appears in ED and may reveal the root causes of the any hidden drawbacks related to the performance
of the system. There are two types of agents that interact with each other in such environment. Active and Passive.
Active agents represent the dynamic elements of the ED whereas passive agents represent the static elements. Mainly,
the ED episodes are formed by the dynamic relationships between those agents and luckily ABMS supports that kind
of modeling specifically. In addition, majority of agents in ED are distinguished by their spatial locations that describe
the interacting objects and transferring states. Since ABMS deals with the atomic behavior of agents it can withstand
many scenarios that are usually associated with modifications in system components. And this explains the ability of
ABMS to be reusable model to investigate any potential impact on the overall behavior of the system.
Whenever pros exist cons exist, there is a difficulty that may occur during validation and verification phases and
incompatibility might appear due possible lack of actual required data as well. ABS is specialized tool to inspect the
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interactions at a micro level in order to ensure a full consideration of each single concern related to the ED and will
lead to a discovery and realization of any possible hidden and overlooked factors that give arise to the formation of
obstacles and bottlenecks. The relationship among agents in ED have dynamic nature which can be represented
effectively in this kind of simulation modeling, also it supports model reusability which indicates that it is an adaptable
method and capable of holding many possible scenarios (Liu, Z., et al., 2015, [4], [5]).

2.4 ABMS procedure

Since the ED ABM simulator is supposed to be a close representation of the target system. In consequence, to initialize
the process of modelling an ED; a probabilistic model that reflects patients’ arrivals is a necessity as an input of the
ED simulator. This model describes the arrival of patients considering three input parameters patients’ severity, arrival
rate and arrival time. All those inputs must be extracted from a real collected data from the hospital information system
and by observations. After that, those data will be exposed to a statistic analysis to derive their corresponding
probabilistic distribution (Liu, Z., et al., 2015). On the other side, the output of the developed simulator of the ED
appears in relevant information that describes the nature of interactions that arise between agents. When considering
interaction between active agents in the ED environment, there was a complete agreement among all the reviewed
literatures on using what is called Moore Machine. Moore Machine is a state machine and from its name it implies
that each state has only one single output. Thus, in case of active agents, the input represents the occurred transitions
between different states, and each state is distinguished by its unique set of state variables that define it specifically
and it is known as state vector. But what made a difference in the usage of Moore Machine through the literatures is
the way of enumerating those state variables according to their own perspectives. Moreover, in some situations the
transitions between the states appear to have probabilistic nature, and this means that there is more than one next state
to consider when dealing with a certain current state or input. Thereby, the set of all possible transition is considered
and is associated with corresponding weights to clarify their different likelihood. Several literatures emphasize the
consideration of communication model as it contributes in the occurrence of interactions among agents. Three types
of communication are addressed according to number sources and receivers. First one is one-to-one communication
which takes a place between two individuals. Second is 1-to-n communication where a message is sent from one
source to multiple receivers (n). The third type is 1-to-location communication, in this case the reception
accommodates a certain area of the ED, where the message is received by each agent. In addition, descriptive
characteristics of the operating system of the ED such as number of waiting patients, utilization of physical resources,
occupation of healthcare staff as they also can be called as key performance indicators (KPI) of the system (Liu, Z.,
et al., 2015).

2.5 Netlogo software

Netlogo is one of the few computer modelling languages that is used to build ABMS for complex systems. As
discussed before, ABMS is a computational model that is utilized to simulate the actions of many and different agents
and the interaction between them; in order to take a look at the overall complex behavior that arise from the individual
agents and their simple rules (Dalle Nogare, D., & Chitnis, A. B, 2019).Netlogo includes 4 different types of agents:
turtles, links, patches, observer. Turtles is used to express the active agents whereas patches are the static parts that
create the cellular grid in which the turtles move. The links play the role of connecting the turtles to each other to
make networks, aggregates and graphs while the observer can create turtles and ask the agents to do something. There
are three main tabs in Netlogo: interface, info and code. The first tab is where the model run can be watched. This tab
includes many tools such as: buttons, sliders, plots, etc. that allow the user to change the variables in order to
understand the influence of making different scenarios on the simulation results. The info tab from its name it provides
information about the model. For example, what is the system? how it works? how we can use it? etc. The last tab
which is the code tab is responsible for storing the code of the model.

2.6 Calibration and validation

Developing an accurate simulator that is able to mimic the real system requires a complete and reliable actual data,
that is obtained from those targeted systems. Most of the time, it is difficult to find all needed parameters, they are
either unavailable or hard to measure, and this is what affects the accuracy of the model. Therefore, a calibration
process should be used for the estimation of the anonymous parameters such as the service time.
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Calibration (also called tuning) can be defined as a task of ensuring that the existing model produces accurate results
when compared to a reference model. Validation is a task of providing high level of assurance that a model or system
is produce consistent results. (Trucano, T., et al., 2006) illustrate the difference between the principles of calibration
and validation through some mathematical formalisms. Also, they identify some technical issues that must be
considered to get a successful validation and calibration of a predictive modeling capability. Applying calibration for
ABMS parameters is a great challenge because of the stochasticity in the model, the large independent parameters and
long simulation runtime (Fehler, M., et al., 2006). Consequently, the calibration of model parameter can be formed as
a simulation-based optimization process with objective function subject to several randomness levels (Liu, Z., et al ,
2017). Add to that, the objective function not necessary to be differentiable and the evaluation is computationally
expensive as a result of model complexity (Liu, Z., et al , 2017). In order to improve the calibration process, (Fehler,
M., et al., 2006) suggested an approach called white box calibration. This approach apply the knowledge of ABSM to
minimize the parameters space by breaking down the model into sub-models, then calibrating each sub-model before
combining them to form the overall model again and this is more efficient than trial and error method. Nevertheless,
the division and fusion operations in this method are difficult, and need further awareness about the model , which
make it difficult for simulator users (non-developers) to deal with it.

3. Methodology

the process of developing a simulation model for the workflow in the emergency department using ABMS method
and a programmable modeling environment such as Netlogo. The methodology consists of multiple steps where some
of them have an iterative nature as shown in Figure.2. The following steps are explained:
I. Firstly, a conceptual model is developed with the aid of data and extracted knowledge from interviewing the ED
staff. There are two types of data which are needed to perfectly represent the system episodes of the ED. Numerical
data such as patients arrival, available resources (number of beds, number of doctors, number of nurses,…), waiting
time, service duration, length of stay, triage time). Theoretical data such as simple rules of agents, criteria and
instructions that they adapt regarding the critical cases. The conceptual model as shown in figure.3 represents the
realistic operating system. Thereafter, relying on the conceptual model, an algorithm, or an agent-based model is to
be built.
II. Secondly, a programming language is used to transform the algorithm or the agent-based model into an empirical
simulation model. In this case, the entire model has been implemented in Netlogo simulation environment which is a
pure agent-based programming language and integrated modeling environment as shown in figure.4. During
simulation, each agent interacts continuously with others to perform their work, as many agents are linked together.
The advantage of building this model is to ensure that the entered algorithms of work and programming are compatible
with the actual system considering the conceptual model.
III. After validation of the empirical model, it will be able to react similarly like the ED system and will exhibit
simulation results that are consistent with the actual behavior of it. Consequently, a reasonable simulation results are
formed.

Figure 2 simulation modelling Steps
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Figure 3 The conceptual model of ED

Figure 4 modeling in Netlogo

4. Results
the developed model is used to perform a what-if analysis addressing different scenarios in figures.5,6,7, and the
corresponding performance of ED in time interval [0, 116] hrs.
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Figure 5 scenario 1 parameters and outcomes

Figure 6 scenario 2 parameters and outcomes
© IEOM Society International

2971

Proceedings of the 5th NA International Conference on Industrial Engineering and Operations Management
Detroit, Michigan, USA, August 10 - 14, 2020

Figure 7 scenario 3 parameters and outcomes

5. Discussion of results
For scenario 1, the number of patients > the number of doctors and nurses. As it can be seen from the Figure.5, in the
previous page, that the doctor-patient- ratio value is less than one around 71% in the emergency area and it is
decreasing as time elapsed; never reaches 100%. As the census graph shows, at some points the number of patients
reaches 28 which massively exceeds the available number of doctors that is 12 doctors. 85% of beds are utilized and
as a result the crowding ratio appears high as well, having a value of 89%. The number of patients in the ED is
increasing as the census graph shows and the overflow of patients is increasing as well with time and both graphs
shows consistent results with the throughput graph whenever there is overflow of patients, that is the patients are being
discarded, the throughput graph shows a decrease. Therefore, we conclude that the ED is uncapable of handling more
patients due to the shortages in doctors and nurses and this will harm the overall efficiency of the ED.
Whereas in scenario 2, the number of patients < the number of doctors and nurses. As it can be seen from the Figure.
6, that the doctor-patient- ratio value is greater than one around 125% in the emergency area and it is decreasing as
time elapsed, but it is never less than 100%, at some point it reaches 244%; it implies that the received cases in the
emergency department are fully contained and the patients are being discharged (treated) from the ED. 80% of beds
are utilized as a consequence the crowding ratio is also around 85% ;since the ED is receiving more patients as the
situation is under control. The number of patients in the ED is increasing as the census graph shows however, the
overflow of patients is more less comparing to scenario 1 and shows consistent results with throughput graph. As it is
clearly seen that the throughput rate is increasing. Therefore, we conclude that the ED is capable of handling more
patients and this implies good efficiency of the ED.
In addition, in scenario 3, when care-time is set to be 100% which indicates that the doctors are taking care of their
patients in a continuous process. As it can be seen from the Figure.7, that the doctor-patient- ratio value is greater than
one around 222% in the emergency area and it is increasing as time elapsed, it reaches 315% at some point and then
it starts to decrease gradually as the patients are recovering and being discharged from the ED; thus assigning doctors
to patients on a continuous basis will insure faster recovery processes. 45% of beds are utilized indicates a crowding
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ratio of 56%. The number of incoming patients is expected to be increasing as the census graph shows but, the overflow
of patients remains insignificant; therefore, the throughput rate is increasing as indicated by the throughput graph. We
conclude that the ED is capable of handling more patients and this implies good efficiency of the ED.

6. Conclusion

After all, ED are supposed to be a highly sensitive system that would be able to survive through all faced variations
in severity. And due to its association with uncertainties that appear in arriving patients without prior appointment
along with unknown conditions as well; and that what ignites efforts to develop simulation models of the ED in order
to overcome those obstacles and get rid of potential bottlenecks that can lead to overwhelming side effects. ABMS is
a bottom up approach that was selected to perform this intended mission considering both active and passive agents
of the ED. Thus, the data were generated, and the model was successfully developed as it was intended. The monitors
and graphs which represent the output of the model is adequate to judge on the overall performance of the ED. So,
this simulator is an effective what-if analysis tool, where various scenarios can be considered and predict consequences
that are essential in optimizing the performance of any ED.
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